
MOLECULAR AND CELLULAR BIOLOGY, Sept. 2005, p. 7743–7757 Vol. 25, No. 17
0270-7306/05/$08.00�0 doi:10.1128/MCB.25.17.7743–7757.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

CD26 Mediates Dissociation of Tollip and IRAK-1 from Caveolin-1
and Induces Upregulation of CD86 on Antigen-Presenting Cells

Kei Ohnuma,1 Tadanori Yamochi,1,2 Masahiko Uchiyama,1 Kunika Nishibashi,1 Satoshi Iwata,1
Osamu Hosono,1 Hiroshi Kawasaki,1 Hirotoshi Tanaka,1 Nam H. Dang,2

and Chikao Morimoto1*
Department of Clinical Immunology, Advanced Clinical Research Center, Institute of Medical Science, University of Tokyo,

4-6-1 Shirokanedai, Minato-ku, Tokyo 108-8639, Japan,1 and Department of Lymphoma/Myeloma, M. D. Anderson
Cancer Center, 1515 Holcombe Boulevard, Houston, Texas 770302

Received 10 March 2005/Returned for modification 8 April 2005/Accepted 30 May 2005

CD26 is a T-cell costimulatory molecule with dipeptidyl peptidase IV enzyme activity in its extracellular
region. We have previously reported that the addition of recombinant soluble CD26 resulted in enhanced
proliferation of human T lymphocytes induced by the recall antigen tetanus toxoid (TT) via upregulation of
CD86 on monocytes and that caveolin-1 was a binding protein of CD26, and the CD26–caveolin-1 interaction
resulted in caveolin-1 phosphorylation (p-cav-1) as well as TT-mediated T-cell proliferation. However, the
mechanism involved in this immune enhancement has not yet been elucidated. In the present work, we perform
experiments to identify the molecular mechanisms by which p-cav-1 leads directly to the upregulation of CD86.
Through proteomic analysis, we identify Tollip (Toll-interacting protein) and IRAK-1 (interleukin-1 receptor-
associated serine/threonine kinase 1) as caveolin-1-interacting proteins in monocytes. We also demonstrate
that following stimulation by exogenous CD26, Tollip and IRAK-1 dissociate from caveolin-1, and IRAK-1 is
then phosphorylated in the cytosol, leading to the upregulation of CD86 via activation of NF-�B. Binding of
CD26 to caveolin-1 therefore regulates signaling pathways in antigen-presenting cells to induce antigen-
specific T-cell proliferation.

CD26 is a widely distributed 110-kDa cell surface glycopro-
tein with known dipeptidyl peptidase IV (DPPIV) (EC
3.4.14.5) activity in its extracellular domain (16, 38). This en-
zyme is capable of cleaving amino-terminal dipeptides with
either L-proline or L-alanine at the penultimate position. While
CD26 expression is enhanced following activation of resting T
cells, CD4� CD26high T cells respond maximally to recall an-
tigens such as tetanus toxoid (TT) (39). Cross-linking of CD26
and CD3 with solid-phase immobilized monoclonal antibodies
(MAbs) can induce T-cell costimulation and interleukin-2
(IL-2) production by either human CD4� T cells or Jurkat
T-cell lines transfected with CD26 cDNA (16, 56). In addition,
anti-CD26 antibody treatment of T cells leads to a decrease in
the surface expression of CD26 via its internalization, and such
modulation results in an enhanced proliferative response to
anti-CD3 or anti-CD2 stimulation as well as enhanced tyrosine
phosphorylation of signaling molecules such as CD3� and p56-
Lck (19). Moreover, we showed that DPPIV enzyme activity is
required for CD26-mediated T-cell costimulation and various
immune responses (23, 45, 58). We have recently shown that
internalization of CD26 after cross-linking is mediated in part
by the mannose-6-phosphate/insulin-like growth factor II re-
ceptor and that the interaction of CD26 and the mannose-6-
phosphate/insulin-like growth factor II receptor plays a role in
CD26-induced T-cell costimulation (20).

In a recent study, we demonstrated that caveolin-1 is a bind-
ing protein of CD26 and that CD26 on activated memory T
cells interacts with caveolin-1 on TT-loaded monocytes (43). In
this interaction, the scaffolding domain (SCD) of caveolin-1,
comprising residues 82 to 101, is associated with the caveolin
binding domain (CBD) of CD26, comprising residues 201 to
211. Caveolin-1 was first identified as a major tyrosine-phos-
phorylated protein in v-Src-transformed chicken embryo fibro-
blasts (18). Multiple lines of evidence now suggest that caveo-
lin-1 acts as a scaffolding protein capable of directly interacting
with and modulating the activity of caveolin-bound signaling
molecules. In support of this hypothesis, caveolin-1 binding can
functionally modulate the activity of G-protein-coupled pro-
tein, membrane protein, nonreceptor tyrosine kinase, and non-
receptor serine/threonine kinases such as H-Ras, Src family
kinases, protein kinase C isoforms, epidermal growth factor
receptor, and endothelial nitric oxide synthetase (48). Caveo-
lin-1 is the principal structural protein of caveolae and plays a
role in the vesicular transport system, including lipid ho-
meostasis, cell cycle regulation, apoptosis, and the regulation
of signal transduction pathways (48, 51). In immune cells,
caveolin-1 expressed on monocytes/macrophages helps to reg-
ulate scavenged lipids (28). Recently, we identified caveolin-1
on antigen-presenting cells (APC) as a binding protein for
CD26 and demonstrated that CD26 stimulation upregulates
surface expression of CD86 on APC by means of caveolin-1
and enhances TT-mediated T-cell proliferation (43). However,
the signaling pathways resulting from CD26-mediated phos-
phorylation of caveolin-1 (p-cav-1) that lead to the eventual
upregulation of CD86 in APC still remain to be elucidated.

In the present paper, we undertook studies to define the
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molecular mechanisms by which p-cav-1 leads directly to the
upregulation of CD86. We identify Tollip (Toll-interacting
protein) and IRAK-1 (IL-1 receptor [IL-1R]-associated serine/
threonine kinase 1) as caveolin-1-interacting proteins in APC
through proteomic analysis. We demonstrate that binding of
exogenous CD26 to APC results in the phosphorylation of
caveolin-1 and dissociation of Tollip and IRAK-1 from caveo-
lin-1 in the membrane of APC. Furthermore, following disso-
ciation from caveolin-1 in the cell membrane, IRAK-1 is phos-
phorylated in the cytoplasm, leading eventually to the
upregulation of CD86 through NF-�B activation. CD26 there-
fore enhances antigen-specific T-cell proliferation by engaging
signaling pathways of APC through its interaction with caveo-
lin-1.

MATERIALS AND METHODS

Cells, antibodies, and reagents. HEK293 human embryonal kidney, COS-7
monkey fibroblast, and THP-1 human monocyte cell lines were grown as de-
scribed previously (43). Human peripheral monocytes were purified from pe-
ripheral blood mononuclear cells using a MACS Monocyte Isolation Kit II
(Miltenyi), collected from healthy adult volunteers who were immunized with TT
within 1 year before donation, and incubated according to the methods described
previously (42). Informed consent was obtained from healthy adult volunteers.
To avoid the effect of lipopolysaccharide (LPS) contamination, polymyxin B
sulfate (20 IU/ml; Sigma-Aldrich) was added in all monocyte-containing cultures.

Anti-caveolin-1 rabbit polyclonal antibody (PAb), anti-IRAK rabbit PAb, anti-
I�B� MAb, anti-glutathione-S-transferase (GST) MAb, antihemagglutinin (anti-
HA) MAb, and anti-HA rabbit PAb agarose-conjugated antibodies were pur-
chased from Santa Cruz Biotechnology Inc.; anti-phospho-caveolin-1 MAb was
from BD Transduction; anti-Tollip rat MAb was from ALEXIS Biochemicals;
anti-vesicular stomatitis virus (VSV) rabbit PAb was from Medical & Biological
Laboratory Co. Ltd.; and anti-FLAG (M2) MAb, 3� FLAG peptide, and poly-
L-lysine were from Sigma-Aldrich. Polystyrene latex beads (Molecular Probes)
conjugated with recombinant soluble CD26 (rsCD26) were prepared as de-
scribed previously (42, 43).

Constructions of plasmids. HA–caveolin-1 and caveolin-1–enhanced green
fluorescent protein (GFP) were made by inserting caveolin-1 cDNA into pCG-
N-BL and pEB6-CAG-EGFP (a kind gift from Yoshihiro Miwa) vectors, respec-
tively (55, 61). A series of caveolin-1 deletion mutants were made by inserting
cDNA fragments of mutated caveolin-1 generated by PCR. FLAG-Tollip and
VSV–IRAK-1 were made by inserting Tollip cDNA into pFLAG-CMV-2
(Sigma) and pCORON1000 VSV-G (Amersham Biosciences), respectively.
GST–caveolin-1 and luciferase chimera of the 5�-flanking region of the human
CD86 gene were previously constructed in our laboratory as described elsewhere
previously (43). All constructs or cDNA fragments were confirmed by DNA
sequencing.

2D-PAGE. The membrane fraction from monocytes stimulated by rsCD26-
coated polystyrene beads was extracted with a ReadyPrep protein extraction kit
(Bio-Rad) according to the manufacturer’s instructions. Membrane proteins
were then cleaned up to pellets with a two-dimensional (2D) Clean-Up kit
(Bio-Rad) and resuspended in rehydration lysis buffer {8 M urea, 2 M thiourea,
4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS),
50 mM dithiothreitol, 0.5% ZOOM carrier ampholyte (pH range, 3 to 10)
(Invitrogen), 0.002% bromphenol blue} to a final concentration of 1 mg/ml.
Wide-range immobilized pH gradient strips (pH 3-10NL; Invitrogen) were re-
hydrated in 155 �l of rehydration lysis buffer containing 50 �g protein and
isoelectric focused at 1,367 V � h on a ZOOM IPGRunner system (Invitrogen).
Second-dimension sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed using 4 to 12% NuPAGE bis-Tris gels (Invitrogen).
Analytical gels were stained with colloidal Coomassie brilliant blue R250. Pep-
tide mass mapping was performed by recording peptide mass fingerprints of
typical in-gel digests of the corresponding gel spots using matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MALDI-TOF MS)
(AXIMA-CFR plus; Shimadzu Biotech) and by subsequently searching the
MASCOT database (Matrix Sciences).

Coprecipitation and immunoblotting. To study the interaction among endog-
enous caveolin-1, Tollip, and IRAK-1, lysates of monocytes were prepared using
radioimmunoprecipitation assay lysis buffer as described previously (21, 27, 43).
Following preclearing by control immunoglobulins (Igs), immunoprecipitations

(IPs) were performed by incubating lysates with specific antibodies followed by
the addition of protein G-Sepharose beads. Beads were then submitted to SDS-
PAGE and Western blot analysis. To examine the interacting domains with
fusion proteins, COS cells were transfected with HA–caveolin-1-, FLAG-Tollip-,
and VSV–IRAK-1-expressing plasmids. IPs with these cell lysates and Western
blotting were performed as described elsewhere previously (21, 27, 43).

Confocal laser microscopy. For fluorescent microscopy experiments using
monocytes, cells were treated and stained according to methods described pre-
viously (42, 43). For fluorescent microscopy experiments using HEK293 cells,
cells were preincubated in LAB-TEK 4-well chamber slide glass (Nalgen Nunc
International). GFP–caveolin-1 or HA–caveolin-1, FLAG-Tollip, and VSV–
IRAK-1 constructs were transfected using Lipofectamine 2000 reagent (Invitro-
gen). Cells were then washed with ice-cold phosphate-buffered saline (PBS),
fixed in ice-cold 50% acetone in methanol, and incubated with anti-FLAG (M2)
or anti-VSV antibodies. After being washed with ice-cold 5% bovine serum
albumin–PBS, cells were stained with specific secondary antibodies, followed by
mounting with an Antifade Prolong kit (Molecular Probes).

Luciferase assay. HEK293 cells were used to assay for human CD86 promoter
activity following CD26–caveolin-1 interaction with Tollip and IRAK-1. Lucif-
erase enzyme activity was determined using a luminometer (Promega), and
relative light units were normalized to the protein amount determined with
protein assay reagent according to the manufacturer’s instructions (Pierce Bio-
technology) (22, 32, 43).

Nuclear protein extraction and DNA-binding protein assay. Nuclear extracts
were prepared from purified monocytes with indicated stimulations, and enzyme-
linked immunosorbent assay (ELISA)-based DNA-binding protein assays were
performed using Mercury TransFactor kits (BD Biosciences) as described pre-
viously (43).

siRNA against human Tollip and IRAK-1. We selected two target sequences
from positions �186 to �206 (ss1) and �774 to �794 (ss2) downstream of the
start codon of human Tollip mRNA (sense 1 small interfering RNA [siRNA]
[ss1-siRNA], 5�-AAGTTGGCCAAGAATTACGGCdTdT; sense 2 siRNA [ss2-
siRNA], 5�-AACAAGGATCCGCCATCAACdTdT). Moreover, mismatched
siRNA (mis-siRNA) at 4 nucleotides was prepared to examine nonspecific effects
of siRNA duplexes (mis-siRNA, 5�-UAGTTCGCCAAGTATTACCGCdTdT).
siRNA targeting for human IRAK-1 was selected from positions �969 to �989
(ss3) downstream of the start codon of human IRAK-1 mRNA (5�-CCGGGC
AATTCAGTTTCTACAdTdT). These selected sequences were also submitted
to a BLAST search against the human genome sequence to ensure that only one
gene of the human genome was targeted. siRNAs were purchased from QIA-
GEN. Transfection of siRNA into monocytes was conducted using the HVJ-E
vector (GenomeONE; kindly provided by Ihsihara Sangyo Kaisha Ltd.) as de-
scribed previously (43).

Cell labeling, culture conditions, and flow cytometric analysis. For T-cell
proliferation assay, 1 � 106 cells/ml in PBS were labeled with an equal volume of
5 �M carboxyfluorescein diacetate succinimidyl ester according to the manufac-
turer’s instructions (Molecular Probes). Unbound carboxyfluorescein diacetate
succinimidyl ester, or the deacetylated form, carboxyfluorescein succinimidyl
ester (CFSE), was quenched by the addition of an equal volume of heat-inacti-
vated fetal calf serum. Analysis of cells immediately following CFSE labeling
indicates a labeling efficiency that exceeds 99%, and all cells remained labeled for
at least a 7-day period during cell culture. The labeled T cells were plated at 1 �
105 cells/well in round-bottomed 96-well microtiter plates with suspension in
AIM-V medium (GIBCO), and T-cell activation was achieved by the addition of
soluble anti-CD3 antibody (OKT3, 0.05 �g/ml) plus phorbol 12-myristate 13-
acetate (PMA) (10 ng/ml), or T cells were plated with 1.0 � 104 cells/well of
monocytes from the same donor, which were pretreated with or without TT and
siRNA as described above. After a 96-h incubation, T-cell proliferation was
analyzed by cell division of the CD3� subset of CFSE fluorescence using FACS-
Calibur and CellQuest Pro software (Becton-Dickinson).

Statistics. Student’s t test was used to determine whether the difference be-
tween control and sample was significant (with a P value of �0.05 being signif-
icant).

RESULTS

Identification of differential membrane protein expression
in CD26-stimulated monocytes. To explore signaling events in
TT-loaded monocytes stimulated by CD26, we characterized
changes in the expression levels of proteins found in the mono-
cyte membrane. For this purpose, TT-loaded monocytes were
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stimulated with rsCD26-coated polystyrene latex beads (43).
Membrane proteins of TT-loaded monocytes that were either
unstimulated or stimulated with wild-type rsCD26 (rsCD26-
wt)- or rsCD26-	201 (deleting CBD at residues 201 to 210)-
coated beads were harvested at various periods and separated
by 2D-PAGE as described in Materials and Methods. As
shown in Fig. 1, an obvious decrease or disappearance of two
spots in 2D-PAGE gel was observed after a 5-min stimulation
by rsCD26-wt but not by rsCD26-	201. To define the two
proteins found to be reduced by rsCD26-wt stimulation, the
compatible spots in gels treated with medium alone and
rsCD26-	201 were excised and analyzed by MALDI-TOF MS
for protein identification. Proteins displaying a significant
change in response to rsCD26-wt were found to be IRAK-1
(solid arrow in Fig. 1) and Tollip (arrowhead in Fig. 1).

IRAK-1 and Tollip interact with caveolin-1 in the membrane
of monocytes. To further determine the protein-protein inter-
action among caveolin-1, IRAK-1, and Tollip in monocytes, we
conducted IP studies using lysates of TT-loaded monocytes. As
shown in Fig. 2A, IRAK-1 and caveolin-1 were precipitated
with anti-Tollip antibody (lane 2, top and bottom panels).
Moreover, Tollip and caveolin-1 were precipitated by anti-
IRAK-1 antibody (lane 4, middle and bottom panels). To con-
firm this interaction, immunocytochemical analysis of mono-
cytes was performed. As shown in Fig. 2B, caveolin-1 was
located in the cell surface membrane and perinuclear area of
monocytes (panels a and d), and Tollip and IRAK-1 were
stained in the cell surface membrane and cytosol (b and g and
e and h, respectively). Caveolin-1 and Tollip were colocalized
in the cell surface membrane (Fig. 2B, panel c), and caveolin-1
and IRAK-1 were colocalized in the cell surface membrane as
well (panel f). Moreover, as reported previously by other in-
vestigators (5, 62), Tollip and IRAK-1 were clearly merged
with each other (Fig. 2B, panel i). These data strongly suggest

that certain numbers of IRAK-1 and Tollip molecules found in
monocytes are located in the cell surface membrane with
caveolin-1.

We next focused on caveolin-1-mediated signaling events
that upregulate CD86 expression following CD26 binding to
caveolin-1 on TT-loaded monocytes. As shown in Fig. 2C
(panel a), 0.5 to 10 min following stimulation with rsCD26-wt-
coated beads, caveolin-1 in the membrane fraction was phos-
phorylated as reported previously (43). To clarify the compar-
ison of protein expression levels, the changes in intensity of
p-cav-1 were shown as a bar graph in Fig. 2C (panel h, solid
bars). IRAK-1 and Tollip were found in IP complexes with
caveolin-1 PAb at 0- to 0.5-min periods and were dissociated
from caveolin-1 at 2 to 10 min following CD26–caveolin-1
interaction (Fig. 2C, panels b and c and light and dark gray bar
graphs in panel h, respectively). Of note is that the expression
of caveolin-1 was not affected by CD26 stimulation (Fig. 2C,
panel d and open bar graphs in panel h). At these time points,
IRAK-1 was found to be hyperphosphorylated by Western blot
analysis of total lysates (Fig. 2C, panel e). The protein level of
Tollip was not changed (Fig. 2C, panel f). In the previous
study, we had observed activation of NF-�B in inducing up-
regulation of CD86 in response to CD26–caveolin-1 interac-
tion (43). We therefore examined the potential involvement of
NF-�B in caveolin-1-mediated signaling events that lead to the
upregulation of CD86 expression following CD26 binding to
caveolin-1 on TT-loaded monocytes. For this purpose, total
cell lysates were used to evaluate the degradation of I�B�. As
shown in Fig. 2C (panels g and h), I�B� was decreased at 2 to
10 min following CD26–caveolin-1 interaction (dark gray bar
graphs in Fig. 2C, panel h). On the other hand, caveolin-1 was
not phosphorylated after stimulation with mutant CD26
(rsCD26-	201) beads. Similarly, neither release of Tollip nor
shift of IRAK was observed (data not shown). These results
strongly suggest that the Tollip–IRAK-1–NF-�B cascade was
triggered by CD26–caveolin-1 interaction.

Identification of binding domains among caveolin-1, Tollip,
and IRAK-1. To further determine the binding domains in-
volved in the caveolin-1–Tollip–IRAK-1 interaction, we con-
structed a series of GST- or HA-tagged caveolin-1, GST- or
FLAG-tagged Tollip, and VSV-tagged IRAK-1 mutants (Fig.
3A). To determine the binding domains involved in the Tollip–
caveolin-1 interaction, we first performed a GST pull-down
assay using a series of GST-fused caveolin-1 with lysates of
THP cells by the same methods described previously (43). As
shown in Fig. 3B, Tollip was coprecipitated with GST-tagged
wild-type caveolin-1 (GST–Cav-1-wt), Cav-1–N-terminal re-
gion (NT)�SCD, and Cav-1–	NT (lanes 1, 3, and 5) but not
with GST-Cav-NT, Cav-	NT	SCD, and Cav-	SCD (lanes 2,
4, and 6), implying that the SCD (residues 82 to 101) of caveo-
lin-1 was required for binding to Tollip. Next, the binding
domains of Tollip to caveolin-1 were determined. As shown in
Fig. 3C, caveolin-1 was coprecipitated with GST-Tollip-wt,
Tollip (protein kinase C conserved region 2 [C2] plus coupling
of ubiquitin-conjugation to endoplasmatic reticulum-degrada-
tion domain [CUE]), Tollip-	CUE, and Tollip-C2 (lanes 1, 2,
3, and 7) but not with GST-Tollip-	C2	CUE, Tollip-CUE,
and Tollip-	C2 (lanes 4, 5, and 6). These results revealed that
the C2 domain of Tollip (residues 47 to 178) was associated
with caveolin-1 interaction. Furthermore, series of FLAG-

FIG. 1. 2D analysis of membrane proteins extracted from mono-
cytes. Freshly isolated monocytes were pulsed with tetanus toxoid and
stimulated with polystyrene latex beads coated with rsCD26-wt or
rsCD26 deletion mutant at residues 201 to 211 (rsCD26-	201). Fol-
lowing stimulation for 0, 0.5, 5, 10, and 15 min, membrane proteins
were extracted from these cells and then separated by 2D-PAGE using
pH 3.0-10NL (nonlinear) immobilized pH gradients in the first dimen-
sion and 4 to 12% SDS-PAGE and stained with Coomassie brilliant
blue 250R. Two spots clearly reduced or disappeared in monocytes
undergoing a 5-min stimulation of rsCD26-wt as demonstrated in the
figure (arrow and arrow head). Protein spots were identified using
MALDI-TOF MS. The protein with a higher molecular mass was
determined to be IRAK-1, with the other protein being Tollip. Similar
results were obtained in five independent experiments, and the panels
shown are the representative results.
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tagged Tollip mutants were cotransfected into COS cells with
HA-tagged caveolin-1–wt (Cav-wt) and VSV-tagged IRAK-
1–wt and then precipitated with anti-FLAG MAb. As shown in
Fig. 3D, Cav-wt and IRAK-1–wt were coprecipitated with
Tollip-wt and Tollip-C2�CUE (lanes 2 and 3). On the other
hand, Tollip-	CUE and Tollip-C2 coprecipitated only with
Cav-wt but not with IRAK-1–wt (lanes 4 and 6), while Tollip-
	C2 coprecipitated with IRAK-1–wt but not with Cav-wt (lane
5). These data implied that the Tollip C2 domain was required

for binding to caveolin-1 and that, as described previously (5),
the Tollip CUE domain was required for binding to IRAK-1.
Moreover, our findings strongly suggest that caveolin-1 is as-
sociated with IRAK-1 and Tollip containing both the C2 and
CUE domains. To examine whether caveolin-1 was directly
bound to IRAK-1, we next performed IP study with series of
HA-tagged caveolin-1 mutants which were cotransfected into
COS cells with FLAG-tagged Tollip-wt or Tollip-	C2 and
VSV-tagged IRAK-1–wt or IRAK-1–	CT. As shown in Fig.

FIG. 2. Caveolin-1 complexes with Tollip and IRAK-1 in monocytes. A. After being pulsed with TT, freshly isolated monocytes were lysed, and
IP assays were conducted with anti-Tollip, anti-IRAK-1 antibodies, or control Ig. IP complexes were then separated using 5 to 20% SDS-PAGE
followed by Western blotting and were immunoblotted with the indicated antibodies. Shown are the representative results obtained in five
independent experiments. IgH and IgL denote immunoglobulin heavy chain and immunoglobulin light chain, respectively. B. TT-loaded monocytes
were attached to poly-L-lysine-coated coverslips, fixed with paraformaldehyde, and permeabilized using 0.05% Triton X–PBS. Cells were then
stained with anti-caveolin PAb (a and d), anti-Tollip MAb (b and g), or anti-IRAK-1 PAb (e and h), followed by staining with fluorescein
isothiocyanate- or Texas red-conjugated secondary antibodies. Cells were visualized by confocal laser microscopy. Observations were made on 50
cells in each of five independent experiments. The micrographs are representative of more than 75% of the cells observed. Bars indicate a 10-�m
scale. C. TT-loaded monocytes were stimulated with rsCD26-wt-coated beads for the indicated time periods. Membrane proteins were extracted
and immunoprecipitated with anti-caveolin-1 antibody, and immune complexes were resolved by 5 to 20% SDS-PAGE and immunoblotted with
anti-phospho-caveolin-1 (a), anti-IRAK-1 (b), or anti-Tollip (c) antibodies, followed by stripping and reprobing with anti-caveolin-1 antibody (d).
Total cell lysates from monocytes stimulated as described above were also resolved by 5 to 20% SDS-PAGE and immunoblotted with anti-IRAK
(e), anti-Tollip (f), or anti-I�B� (g) antibodies. Position of IRAK-1 bands in e was indicated by an open triangle, and supershifted bands of IRAK-1
were indicated by a solid triangle. The reciprocal intensities of phospho-caveolin-1, caveolin-1, Tollip, and IRAK-1 in membrane proteins that were
immunoprecipitated by anti-caveolin-1 were demonstrated (h). The reciprocal intensity of I�B� in total cell lysates was also demonstrated (h).
Similar results were obtained in five independent experiments. WB, Western blot.
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FIG. 3. Determination of the binding domains involved in the interaction among caveolin-1, Tollip, and IRAK-1. A. Schematic representation of
HA-tagged or GST-fused caveolin-1, FLAG-tagged or GST-fused Tollip, VSV-tagged IRAK-1, and their mutants. In caveolin-1, residues 1 to 81
comprised the N-terminal region (NT) (open square), residues 82 to 101 comprised the scaffolding domain (SCD) (black square), residues 102 to 134
comprised the transmembrane region (memb; striped square), and residues 135 to 178 comprised the C-terminal region (dotted square). In Tollip,
residues 47 to 178 comprised the protein kinase C conserved region 2 (C2 domain) (black square), and residues 179 to 274 comprised coupling of
ubiquitin conjugation to endoplasmic reticulum degradation domain (CUE) (dotted square). In IRAK-1, residues 523 to 712 comprised the C-terminal
domain (CT) (dotted square). H, G, and F denote HA, GST, and FLAG, respectively. B. GST-fused caveolin-1 and deletion mutants on glutathione-
Sepharose (GSH) beads were incubated with THP-1 cell lysate after preclearing with GST on GSH beads. Bound proteins and a 1% amount of input
lysate were resolved by 5 to 20% SDS-PAGE and immunoblotted with anti-Tollip MAb, followed by stripping and reprobing with anti-GST MAb. Similar
results were obtained in three independent experiments. C. GST-fused Tollip and deletion mutants on GSH beads were incubated with THP-1 cell lysate
after preclearing with GST on GSH beads. Bound proteins and a 1% amount of input lysate were resolved by 5 to 20% SDS-PAGE and immunoblotted
with anti-caveolin-1 PAb, followed by stripping and reprobing with anti-GST MAb. Similar results were obtained in three independent experiments. D.
COS cells were transfected with FLAG-tagged Tollip mutants, HA-tagged caveolin-1–wt, and VSV-tagged IRAK-1–wt, lysed, and immunoprecipitated
with anti-FLAG (M2) MAb. Elutions of the FLAG-fusion protein complex were conducted by adding 150 ng/ml of 3� FLAG peptide. The eluted
samples were separated using 5 to 20% SDS-PAGE and immunoblotted with anti-HA (caveolin-1–wt) or anti-VSV (IRAK-1–wt) PAbs, followed by
stripping and reprobing with anti-FLAG (M2) MAb. Similar results were obtained in three independent experiments. E. COS cells were transfected with
HA-tagged caveolin-1, FLAG-tagged Tollip, VSV-tagged IRAK-1, and mutants, lysed, and immunoprecipitated with agarose-conjugated anti-HA MAb.
IPs were separated using 5 to 20% SDS-PAGE and immunoblotted with anti-FLAG (M2) (Tollip) MAb or anti-VSV (IRAK-1) PAb, followed by
stripping and reprobing with anti-HA (caveolin-1) MAb (top three panels). Whole lysates of COS cells transfected as described above were separated
using 5 to 20% SDS-PAGE to resolve expression of transfected FLAG-tagged Tollip and VSV-tagged IRAK-1 and mutants (bottom two panels). Similar
results were obtained in three independent experiments. WB, Western blot.
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3E, Tollip-wt and IRAK-1–wt were coprecipitated with caveo-
lin-1 (lane 6). On the other hand, IRAK-1 was not coprecipi-
tated with caveolin-1 in the absence of Tollip (lanes 2 to 5), and
Cav-wt did not coprecipitate with IRAK-	CT even in the pres-
ence of Tollip-wt (lane 8). Moreover, Cav-wt did not copre-
cipitate with Tollip-	C2 and IRAK-1–wt (lane 10). Taken to-
gether, the above-described results support the notion that the
SCD of caveolin-1 binds to the C2 domain of Tollip, the CUE
domain of which binds to the C-terminal (CT) domain of
IRAK-1. It was observed that caveolin-1 does not bind to
IRAK-1 directly.

In the previous study, we showed that caveolin-1 was phos-
phorylated by CD26 stimulation and transduced signaling
events to upregulate CD86 (43). To examine whether phos-
phorylation of caveolin-1 affected binding to Tollip and
IRAK-1, we constructed deletion mutant of tyrosine at residue
14 of caveolin-1 (HA-Cav-Y14)
, and IP study was conducted
as described above. As shown in Fig. 3E, the binding capacity
of this tyrosine-deleted caveolin-1 to Tollip (lanes 7 and 9) and
IRAK-1 (lane 7) did not change compared to that of Cav-wt
(lanes 6 and 8). On the other hand, rsCD26-wt was coprecipi-
tated with HA-Cav-Y14, which was not observed to be phos-
phorylated, while HA-Cav-wt transfected into HEK293 cells
was phosphorylated by exogenous rsCD26-wt (data not
shown). These results suggest that Cav-Y14 does not affect
binding to Tollip and IRAK-1.

Subcellular colocalization of caveolin-1, Tollip, and IRAK-1
in living cells. To confirm the above-described findings in liv-
ing cells, we performed immunocytochemical analysis with
HEK293 cells which were cotransfected with series of caveo-
lin-1, Tollip, and IRAK-1 mutants. GFP-fused or HA-tagged
caveolin-1–wt was cotransfected with FLAG-tagged Tollip-wt
or Tollip-	C2 and VSV-tagged IRAK-1–wt or IRAK-1–	CT
and stained with anti-FLAG MAb or anti-VSV PAb. As shown
in Fig. 4a to c, wild-type proteins of caveolin-1, Tollip, and
IRAK-1 were colocalized with each other. On the other hand,
caveolin-1–GFP was not colocalized with Tollip-	C2 (Fig. 4d)
or with IRAK-1–wt in the presence of Tollip-	C2 (Fig. 4e),
while Tollip-	C2 was colocalized with IRAK-1–wt (Fig. 4f).
Moreover, following transfection with IRAK-1–	CT, caveolin-
1–GFP and Tollip-wt were colocalized (Fig. 4g), while IRAK-
1–	CT was not colocalized with caveolin-1–GFP or with
Tollip-wt (Fig. 4h and i). Furthermore, following transfection
with Tollip-	CUE, caveolin-1–GFP and Tollip-	CUE were
colocalized, but IRAK-1–wt was not colocalized with caveolin-
1–GFP or with Tollip-	CUE (data not shown). These data
strongly suggest that the SCD of caveolin-1 binds to the C2
domain of Tollip and that the CUE domain of Tollip binds to
the CT domain of IRAK-1.

Tollip and IRAK-1 are necessary to enhance human CD86
promoter activity via CD26–caveolin-1 interaction through ty-
rosine phosphorylation at residue 14 of caveolin-1. In the
previous report, we revealed that NF-�B activation down-
stream of cavelin-1 resulted in the upregulation of CD86 in
TT-loaded monocytes stimulated with exogenous CD26 (43).
From our present results, we hypothesized that Tollip and
IRAK play a role in CD86 upregulation in monocytes down-
stream of the interaction between CD26 and caveolin-1. To
confirm this hypothesis, we evaluated CD86 promoter activity
following the interaction between CD26 and caveolin-1 in the

presence or absence of Tollip and IRAK-1 by using luciferase
chimera of the 5�-flanking promoter region of human CD86 (a
1.3-kb fragment upstream of the transcriptional site of the
CD86 gene), which was described previously (43). CD86 pro-
moter activity was enhanced following cotransfection of
Tollip-wt in a dose-dependent manner in the presence of
caveolin-1–wt (Fig. 5A, top). However, CD86 promoter activity
was not detected in the presence of Tollip-	C2 or Tollip-
	CUE with caveolin-1–wt or caveolin-1 Y14 (Fig. 5A, top).
Moreover, increasing doses of IRAK-1–wt resulted in in-
creased activity of the CD86 promoter with caveolin-1–wt but
not with caveolin-1 Y14 (Fig. 5B, top). Moreover, CD86 pro-
moter activity was not detected in the presence of IRAK-	CT
with caveolin-1–wt or caveolin-1 Y14 (Fig. 5B, top). On the
other hand, activation of the CD86 promoter was not observed
by stimulation with CD26 lacking the CBD (CD26-	201) or
with medium alone (middle and bottom panels of Fig. 5A and

FIG. 4. Subcellular colocalization of caveolin-1, Tollip, and
IRAK-1 in living cells. HEK293FT cells were transfected with GFP-
fused (a, b, d, e, g, and h) or HA-tagged (c, f, and i) caveolin-1-wt,
FLAG-tagged Tollip (wt or 	C2), and VSV-tagged IRAK-1 (wt or
	CT). Cells were then fixed and permeabilized with acetone-methanol
and stained with anti-FLAG (M2) MAb or anti-VSV PAb, followed by
staining with anti-mouse Ig (fluorescein isothiocyanate- or Texas red-
conjugated) or anti-rabbit Ig (Texas red-conjugated) antibodies.
Stained cells were mounted using a Prolong Antifade kit. Observations
were made with 10 to 15 cells in each of five different experiments. The
micrographs are representative of more than 75% of the cells ob-
served. Bars indicate a 10-�m scale.
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B). These data strongly suggest that tyrosine phosphorylation
of caveolin-1 at residue 14 is necessary to induce activation of
NF-�B to upregulate CD86 expression via Tollip and IRAK-1
following CD26–caveolin-1 interaction.

siRNA against Tollip attenuates CD26-mediated upregula-
tion of CD86 and inhibits T-cell proliferation driven by teta-
nus toxoid. To examine CD26–caveolin-1–Tollip interaction
on TT-mediated T-cell proliferation more directly, we per-
formed siRNA experiments in freshly isolated monocytes. For
this purpose, we prepared two sets of specific siRNAs against
Tollip as described in Materials and Methods, and both of
these siRNAs decreased Tollip expression in monocytes (Fig.
6A, lanes 3 and 4). Since Tollip expression in monocytes was
not significantly affected by HVJ-E vector or mismatched
siRNA (lanes 2 and 5), this inhibitory effect by siRNA was
specific. siRNA or HVJ-E vector did not affect expression
levels of IRAK-1 and caveolin-1 (Fig. 6A). We next examined
whether exogenously added CD26 exerted its effect on mono-
cytes in which Tollip expression was attenuated by siRNA. For
this purpose, freshly isolated monocytes that were untreated or
treated with siRNA against Tollip were incubated with
rsCD26-wt or CD26-	201 beads in the presence or absence of
TT, and the expression of CD86 on monocytes was examined
using flow cytometric analysis. As shown in Fig. 6B, CD86
expression on monocytes with medium alone or mis-siRNA
treatment was increased significantly after TT and rsCD26-wt
stimulation (Fig. 6B) as reported previously (42, 43). This
enhancing effect was not observed following treatment with
rsCD26-	201 beads, which did not stimulate caveolin-1 on
monocytes (Fig. 6B). On the other hand, treatment with
siRNA against Tollip in monocytes resulted in a significant
decrease in CD86 expression when monocytes were pulsed
with TT and rsCD26-wt beads (Fig. 6B). In fact, the CD86
expression level in these monocytes (Fig. 6B) was similar to the
level seen in monocytes that were not treated other than with
TT plus rsCD26-wt (Fig. 6B). These results suggest that Tollip
plays an important role in signal transduction following CD26
binding to TT-loaded monocytes, leading to the upregulation
of CD86, as shown in our previous study using monocytes of
caveolin-1 knockdown (43).

In the previous study, we demonstrated that activation of
NF-�B was involved in upregulation of CD86 following CD26–
caveolin-1 interaction (43). In Fig. 1 and 2, we showed that
Tollip mediates activation of NF-�B via phosphorylation of
caveolin-1 by exogenous CD26. To elucidate the more direct
effect of Tollip on inducing activation of NF-�B, we examined
activation of NF-�B using an ELISA-based DNA-binding de-
tection method. As shown in Fig. 6C, We detected significant
levels of the p50 and p65 NF-�B components in nuclear ex-
tracts (NE) of TT-loaded monocytes stimulated with wild-type
CD26 (Fig. 6C). The increase in p50 and p65 NF-�B levels was
inhibited by treatment of siRNA against Tollip (Fig. 6C). On

FIG. 5. Enhanced CD86 promoter activity by increasing doses of
Tollip or IRAK-1 in response to exogenous CD26 stimulation. A.
Twelve hours after HEK293 cells were cotransfected with human
CD86-promoter luciferase constructs, caveolin-1 (wt or deleting ty-
rosine at residue 14 mutant [Y14
]) and Tollip (wt, 	C2, or 	CUE)
vectors, wild-type-soluble CD26 (rsCD26-wt), or rsCD26 lacking the
caveolin-binding domain (rsCD26-	201) was added to the culture me-
dium and incubated for an additional 20 h. Cells were harvested for
measurement of luciferase activity and protein concentration. Lucif-

erase activity is shown as being relative to 1 �g of applied protein. Data
represent means � standard errors (SE) from triplicate experiments.
B. HEK293 cells were cotransfected with human CD86-promoter lu-
ciferase constructs, caveolin-1 (wt or Y14
), and IRAK-1 (wt or 	CT)
vectors, treated, and prepared for luciferase assay as described above.
RLU, relative light units.
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the other hand, the levels of p50 and p65 NF-�B did not alter
in NE of TT-loaded monocytes stimulated with TT alone or
with CD26 lacking the CBD (CD26-	201) (Fig. 6C), and
siRNA treatment did not alter activation of p50 and p65 by
PMA (Fig. 6C). These results strongly suggest that Tollip plays
an important role in signal transduction to activate of NF-�B
following CD26 binding to TT-loaded monocytes, leading to
the upregulation of CD86, as shown in our previous study using
caveolin-1 knockdown monocytes (43).

Furthermore, to determine whether T-cell proliferation
pulsed with TT was inhibited in the presence of monocytes
with decreased Tollip expression, proliferation assays were
performed using CFSE as described in Materials and Methods,
with purified T cells being from the same donor as the pre-
pared monocytes. In studies involving the CFSE fluorescent
profile, TT-induced T-cell proliferation was observed in the
presence of monocytes with unaffected Tollip levels (Fig. 6D,
panels a and b), as demonstrated by the increased numbers of
CFSE fluorescence intensity of CD3� cells. Meanwhile, TT-
induced T-cell proliferation was significantly enhanced in the
presence of exogenous rsCD26 (Fig. 6D, panel c), as described
previously (42, 43, 57). This effect was clearly inhibited by
Tollip knockdown (Fig. 6D, panel d). To quantify these obser-
vations, cell numbers to each cell division number determined
by CFSE fluorescence intensity of CD3� subset with or with-
out various treatments were demonstrated in line graphs (Fig.
6E). TT-induced T-cell proliferation was observed without
Tollip knockdown (Fig. 6E), and this proliferation was signif-
icantly inhibited by Tollip knockdown in monocytes (Fig. 6E).
On the other hand, as described previously (42, 43, 57), TT-
induced T-cell proliferation was significantly enhanced in the
presence of exogenous rsCD26 (Fig. 6E). This effect was more
profoundly suppressed by Tollip knockdown than the inhibi-
tion observed with TT alone (Fig. 6E). Knockdown of Tollip in
monocytes did not have an effect on anti-CD3 plus PMA-
stimulated T-cell proliferation (Fig. 6E, panel d). Moreover,

rsCD26-	201 did not enhance TT-mediated T-cell prolifera-
tion (data not shown). These results demonstrate that Tollip
has an important role in the enhancement of TT-induced T-
cell proliferation following treatment with exogenous CD26.

siRNA against IRAK-1 attenuates CD26-mediated upregu-
lation of CD86 and inhibits T-cell proliferation driven by tet-
anus toxoid. To examine directly the role of IRAK-1 in caveo-
lin-1-induced CD86 activation, we performed siRNA
experiments in freshly isolated monocytes. ss3-siRNA, de-
signed for knockdown of human IRAK-1, decreased IRAK-1
expression in monocytes (Fig. 7A, lanes 3). We examined
whether exogenously added CD26 exerted its effect on mono-
cytes in which IRAK-1 expression was attenuated by ss3-
siRNA. For this purpose, freshly isolated monocytes that were
untreated or treated with siRNA against IRAK-1 were incu-
bated with rsCD26-wt or rsCD26-	201 beads in the presence
or absence of TT, and the expression of CD86 on monocytes
was examined using flow cytometric analysis. As shown in Fig.
7B, CD86 expression on monocytes treated with medium alone
or mis-siRNA was increased significantly after TT and
rsCD26-wt stimulation, as reported previously (42, 43) and as
observed in Fig. 6B. This enhancing effect was not observed
following treatment with rsCD26-	201 beads, which did not
stimulate caveolin-1 on monocytes (Fig. 7B). On the other
hand, treatment with siRNA against IRAK-1 in monocytes
resulted in a significant decrease in CD86 expression when
monocytes were pulsed with TT and rsCD26-wt beads (Fig.
7B). In fact, the CD86 expression level in these monocytes
(Fig. 7B) was similar to the level seen in monocytes treated
with stimuli other than rsCD26-wt plus TT (Fig. 7B). These
results suggest that IRAK-1 also plays an important role in
signal transduction following CD26 binding to TT-loaded
monocytes, leading to the upregulation of CD86, as shown in
our previous study using Tollip (Fig. 6B) or caveolin-1 knock-
down monocytes (43).

Moreover, we detected significant levels of the p50 and p65

FIG. 6. siRNAs against Tollip inhibit the effect of exogenous CD26 on CD86 upregulation in TT-loaded monocytes and proliferation of T cells
in response to TT. A. Purified monocytes were transfected with or without sense siRNA (ss1 is targeted for positions �186 to �206, and ss2 is
targeted for positions �774 to �794) of the Tollip gene or mismatched siRNA (mis-siRNA) by using the HVJ-E vector. Cell lysates were resolved
by 5 to 20% SDS-PAGE and immunoblotted with the indicated antibodies, followed by stripping and reprobing with anti-�-actin antibody. All
experiments were performed at least five times with similar results. B. Purified monocytes were transfected with or without siRNA using the HVJ-E
vector, followed by treatment with TT. After stimulation with rsCD26 (wt or 	201)-coated beads, cells were subjected to analysis of surface CD86
expression by flow cytometry. Monocytes were identified by gating of the CD45-Cy Chrome- and CD14-phycoerythrin-positive population. Mean
fluorescence intensity (MFI) of cell surface CD86 is demonstrated. Data represent means � SE of five independent experiments. * shows points
of significant increase (P � 0.05), whereas ** indicates points of no significant change compared to controls. FITC, fluorescein isothiocyanate. C.
TT-loaded monocytes with or without siRNA treatment were stimulated with CD26-coated beads and harvested for extraction of nuclear proteins
(NE). Each 5 �g of NE was subjected to an ELISA-based DNA-binding protein assay. Binding activity to p50 and p65 NF-�B components was
revealed by an optical density value at 450 nm (OD450). Data represent means � SE from triplicate experiments. * shows points of significant
increase (P � 0.05), whereas ** indicates points of no significant change compared to controls. D. Kinetic analyses of T-cell division as proliferation
in populations of CFSE-labeled T cells. Isolated T cells were labeled with CFSE and cultured for 96 h with monocytes isolated from the same
donor. T cells were cocultured with untreated monocytes (a), with TT-loaded monocytes (b), with TT-loaded monocytes followed by addition of
rsCD26-wt (c), and with siRNA ss1-treated monocytes pulsed with TT and rsCD26-wt (d). T cells were revealed by CD3� populations in dot plots
as shown in the left panels. Histograms of the right panels show the CFSE fluorescence profile of CD3� subsets from each dot gram. The numbers
appearing above each histogram denote each division population (upper “Division #”) and percent cell numbers in each division [lower “Cell #
(%)”]. The undivided T cells reside in the rightmost peak, and the T cells having divided six times reside in the leftmost peak. The experiment
depicted here is representative of five separate experiments. E. Kinetic analyses of T-cell division as proliferation in populations of CFSE-labeled
T cells were shown as sequential line graphs, conducted as described above (C). T cells were cocultured with untreated monocytes (a), with
TT-loaded monocytes (b), with TT-loaded monocytes followed by addition of rsCD26-wt (c), and in the presence of soluble anti-CD3 plus PMA
(d). Before coculture with T cells, monocytes were treated with or without siRNAs as described in Materials and Methods. The numbers appearing
under each graph denote each division population (Division #), and the verticals are the percent cell numbers in each division [Cell # (%)]. Data
represent means � SE from triplicate experiments. Asterisks depict significant changes (P � 0.05).
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FIG. 7. siRNAs against IRAK-1 inhibit the effect of exogenous CD26 on CD86 upregulation in TT-loaded monocytes and proliferation of T
cells in response to TT. A. Purified monocytes were transfected with or without ss3-siRNA (targeted for positions �969 to �989 of human IRAK-1
gene) or mismatched siRNA (mis-siRNA) by using the HVJ-E vector. Cell lysates were resolved by 5 to 20% SDS-PAGE and immunoblotted with
the indicated antibodies, followed by stripping and reprobing with anti-�-actin antibody. All experiments were performed at least five times with
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NF-�B components in NE of TT-loaded monocytes stimulated
with wild-type CD26 (Fig. 7C), and the increase in p50 and p65
NF-�B levels was inhibited by treatment of siRNA against
IRAK-1 (Fig. 7C). On the other hand, the levels of p50 and
p65 NF-�B did not alter in NE of TT-loaded monocytes stim-
ulated with TT alone or with CD26 lacking the CBD (CD26-
	201), and siRNA treatment did not affect activation of p50 or
p65 by PMA (Fig. 7C). These results strongly suggest that
IRAK-1 also plays an important role in signal transduction to
activate NF-�B following CD26 binding to TT-loaded mono-
cytes, leading to the upregulation of CD86, as shown in Fig. 6
using siRNA against Tollip and as observed in our previous
study using caveolin-1 knockdown monocytes (43).

Finally, to determine whether T-cell proliferation pulsed
with TT was inhibited in the presence of monocytes with de-
creased IRAK-1 expression, proliferation assays were per-
formed using CFSE, similar to the methods used for the stud-
ies described in the legend of Fig. 6D and E. In studies
involving the CFSE fluorescent profile, TT-induced T-cell pro-
liferation was observed in the presence of monocytes with
unaffected IRAK-1 levels (Fig. 7D, panels a and b). Despite
the fact that TT-induced T-cell proliferation was significantly
enhanced in the presence of exogenous rsCD26 (Fig. 7D, panel
c), this effect was clearly inhibited by IRAK-1 knockdown (Fig.
7D, panel d). Mismatched siRNA (mis-siRNA) did not alter
enhancement of exogenous CD26-mediated T-cell prolifera-
tion, and knockdown of IRAK-1 in monocytes did not have an
effect on anti-CD3 plus PMA-stimulated T-cell proliferation
(data not shown). These results demonstrate that IRAK-1 has
an important role in the enhancement of TT-induced T-cell
proliferation following treatment with exogenous CD26.

DISCUSSION

In the previous study, we identified caveolin-1 in APC as a
binding protein for CD26 and demonstrated that external
CD26 stimulation induced phosphorylation of caveolin-1 to
enhance surface expression of CD86 on APC by activation of
NF-�B (43). This interaction resulted in enhancing CD26-
mediated T-cell proliferation in response to recall antigen such
as TT (42, 43). However, it remains to be elucidated as to how
caveolin-1 is linked to the activation of NF-�B in monocytes.

In the present study, we demonstrated that caveolin-1 binds
to Tollip and IRAK-1 in the membrane of TT-loaded mono-
cytes and that following exogenous CD26 stimulation, Tollip

and IRAK-1 disengage from caveolin-1, with IRAK-1 being
subsequently phosphorylated to upregulate CD86 expression.
Moreover, we showed that Tollip plays an important role in the
interaction among caveolin-1, Tollip, and IRAK-1 and in
CD26–caveolin-1 signaling to upregulate CD86, resulting in
subsequent T-cell proliferation in response to TT.

To identify the proteins associated with caveolin-1 following
exogenous CD26 stimulation, we conducted proteomic analysis
of TT-loaded monocytes in the presence or absence of exoge-
nous CD26 stimulation and identified a decrease in the level of
Tollip and IRAK-1 among membrane proteins following
CD26-wt stimulation (Fig. 1). It was previously reported that
Tollip was involved in IL-1R/Toll-like receptor (TLR)-medi-
ated signaling and that it linked IRAK to NF-�B, Jun N-
terminal protein kinase, and p38 mitogen-activated protein
kinase (7, 10). Originally, Tollip was cloned as a protein that
interacts with the IL-1R accessory protein (5). Subsequently,
Tollip was shown to associate directly with the cytoplasmic TIR
domains of IL-1Rs, TLR2, and TLR4 following the stimulation
of these receptors and to inhibit TLR-mediated cellular re-
sponses by suppressing the phosphorylation and kinase activity
of IRAK-1 (62). In resting cells, Tollip forms a complex with
members of the IRAK family, thereby preventing NF-�B ac-
tivation by blocking the phosphorylation of IRAK-1. After
receptor activation, Tollip–IRAK-1 complexes are recruited to
the IL-1Rs TLR2 and TLR4, which results in the rapid auto-
phosphorylation of IRAK-1 and its dissociation from the re-
ceptors. At the same time, IRAK-1 phosphorylates Tollip,
which might then lead to the dissociation of Tollip from
IRAK-1 and to its rapid ubiquitylation and degradation (25,
50). Tollip is therefore thought to function mainly to maintain
immune cells in a quiescent state and to facilitate the termi-
nation of IL-1R/TLR-induced cell signaling during inflamma-
tion and infection. However, our present findings showed that
Tollip in TT-loaded monocytes functioned as a recruiter of
IRAK-1 to caveolin-1 after CD26-mediated phosphorylation
of caveolin-1 and then transduced intracellular signals to acti-
vate NF-�B, leading to the upregulation of CD86 expression
(Fig. 2C, 5A and B, and 6B to D). Moreover, other investiga-
tors reported that increased expression of Tollip was observed
after LPS challenge, and thus, hyporesponsiveness to LPS was
prolonged with Tollip serving as a suppressor (1, 30). However,
we observed that the total expression level of Tollip did not
change following exogenous CD26 stimulation and dissocia-

similar results. B. Purified monocytes were transfected with or without siRNA using the HVJ-E vector, followed by treatment with TT. After
stimulation with rsCD26 (wt or 	201)-coated beads, cells were subjected to analysis of surface CD86 expression by flow cytometry with the same
method as described in the legend of Fig. 6B. Mean fluorescence intensity (MFI) of cell surface CD86 is demonstrated. Data represent means �
SE of five independent experiments. * shows points of significant increase (P � 0.05), whereas ** indicates points of no significant change
compared to controls. FITC, fluorescein isothiocyanate. C. TT-loaded monocytes with or without siRNA treatment were stimulated with
CD26-coated beads and harvested for extraction of nuclear proteins (NE). Each 5 �g of NE was subjected to an ELISA-based DNA-binding
protein assay as described in the legend of Fig. 6C. Data represent means � SE from triplicate experiments. * shows points of significant increase
(P � 0.05), whereas ** indicates points of no significant change compared to controls. OD450, optical density at 450 nm. D. Kinetic analyses of
T-cell division as proliferation in populations of CFSE-labeled T cells using the same method as described in the legend of Fig. 6D. T cells were
cocultured with untreated monocytes (a), with TT-loaded monocytes (b), with TT-loaded monocytes followed by addition of rsCD26-wt (c), and
with ss3-siRNA-treated (d) or mis-siRNA-treated (e) monocytes pulsed with TT following rsCD26-wt stimulation. T cells were revealed by CD3�

populations in dot plots as shown in the left panels. Histograms of the right panels show the CFSE fluorescence profile of CD3� subsets from each
dot plot. The numbers appearing above each histogram denote each division population (upper “Division #”) and percent cell numbers in each
division [lower “Cell # (%)”]. The undivided T cells reside in the rightmost peak, and the T cells having divided six times reside in the leftmost
peak. The experiment depicted here is representative of five separate experiments.
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tion from caveolin-1, although the Tollip level in the cell mem-
brane was decreased (Fig. 2C, panels c and f). Although the
precise mechanism is not known, we speculate that a change in
the total level of Tollip was not observed since only a small
amount of membrane Tollip exists in comparison to excess
level of Tollip in the cytoplasm (Fig. 2A and B). Although
IRAK-M is a catalytically inactive kinase in monocytes that
suppresses IRAK-1 function by inhibiting phosphorylation of
IRAK-1 or preventing its dissociation from the receptor com-
plex (26), we did not observe an association between caveolin-1
and IRAK-M (data not shown).

The generation of IRAK-1 knockout mice has revealed an
important role for this kinase in signaling by TLR4 as well as
the IL-1R (24, 53, 59). Cells lacking IRAK-1 exhibit an im-
paired ability to activate p38 mitogen-activated protein kinase,
Jun N-terminal protein kinase, and NF-�B and to secrete in-
flammatory cytokines (e.g., tumor necrosis factor alpha [TNF-
�] and IL-6) when stimulated with LPS or IL-1 (24, 53, 59).
Notably, IRAK-1-deficient mice are less susceptible to the
lethal effects of LPS than their wild-type counterparts (53).
Despite this, whether IRAK-1 plays a role in immune response
of memory T cells has not been described, presumably because
there are many differences in adoptive immunity between mice
and humans (36). In particular, CD26� T cells have different
functions in mice and humans. In mice, the CD26 molecule
was found as a thymocyte-activating molecule expressed on
CD4 CD8 double-negative immature thymocytes, and this mol-
ecule might be involved in an important activation pathway
during thymocyte differentiation (41). On the other hand,
CD26 was originally characterized as a T-cell activation anti-
gen in human T cells and expressed on CD4� or CD8� med-
ullary thymocytes in the human thymus (39). Human CD26 is
also preferentially expressed on a specific population of T
lymphocytes, the subset of CD4� memory T cells, and is up-
regulated after T-cell activation (11, 12, 38). Thus, the murine
system may not be appropriate for studying CD26 and adoptive
immunity, especially compared to the human system.

Our findings, which establish a biochemical protein-protein
association, raise questions about the functional implication of

FIG. 8. Model for CD26–caveolin-1 interaction leading to upregu-
lation of CD86. A. Caveolin-1 in monocytes (APC) resides at the inner
membrane in the presence or absence of Tollip and IRAK-1 (1). After

uptake of tetanus toxoid into monocytes via caveolae, some population
of caveolin-1 is exposed on the outer cell surface of TT-loaded mono-
cytes (2). Migration of CD26� antigen-specific memory T cells to areas
of antigen-loaded APCs results in contact with TT APC, leading to the
association of CD26 and caveolin-1 (3). Aggregation of caveolin-1 in
the contact area occurs, presumably by homo-oligomerization (via its
residues 61 to 101), followed by its phosphorylation. Phosphorylated
caveolin-1 (phospho-caveolin-1) dissociates complexed Tollip and
IRAK-1, presumably due to conformational changes, and IRAK-1 is
then phosphorylated in the cytosol (4). After IRAK is phosphorylated,
NF-�B is activated to lead to upregulation of CD86 (5). B. Antigens
such as tetanus toxoid are loaded into monocytes and are then pro-
cessed and presented with MHC class II (MHC II) on the cell surface
along with exposure of caveolin-1 N terminus (1). Memory T cells
expressing CD26 have contact with these antigen-presenting cells, and
maturation of the immunological synapse occurs via T-cell receptor
(TCR)-MHC class II, CD28-CD86/CD80, and CD26–caveolin-1 inter-
actions (2). T cells and APC are then activated and cytokines are
secreted (3). CD86 upregulation therefore leads to greater T-cell–APC
interaction and the development of activated T cells locally and acti-
vated immune response, resulting in potential autoimmune diseases
(4).
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caveolin-1 binding to Tollip and IRAK-1 as well as exogenous
CD26. Many other receptor systems appear to localize to
caveoli, which are defined by their cholesterol- and sphingo-
myelin-enriched lipid environments as well as by their mor-
phological features (51). As an example, TNF receptor
(TNFR)-associated factor 2 (TRAF2) is reported to be asso-
ciated with caveolin-1 to activate NF-�B signaling by clustering
caveolin-1–TRAF2 and TNFR2 (15). If exogenous CD26 were
associated with caveolin-1 and TRAF2 clustering, 2D-PAGE
analysis of membrane proteins of APC may detect changes in
the levels of other proteins. However, we only observed
changes in the levels of Tollip and IRAK-1, as shown in Fig. 1.
Further study will be needed to determine whether caveolin-
1–CD26 association alters signaling complexes other than
Tollip and IRAK-1. Another issue raised by our findings is how
the complex containing exogenous CD26 and caveolin-1 clus-
ters with the complex containing Tollip and caveolin-1, since
both CD26 and Tollip bind to the SCD of caveolin-1 (Fig. 3B
and our previous report [43]). Our speculation is as follows: a
part of caveolin-1 binds to Tollip in the cytoplasm, while an-
other part of caveolin-1 binds to exogenous CD26 following
the external exposure of caveolin-1 that accompanies process-
ing of TT. Both heterocomplexes may associate with each
other via interaction of the homo-oligomerization domain (res-
idues 61 to 101) of caveolin-1 (49, 52). It would be of consid-
erable interest to define this interaction in future studies. Deg-
radation of IRAK-1 after CD26–caveolin-1 stimulation is
another issue to be elucidated. It has been reported that spe-
cific phosphorylated amino acids on IRAK-1 contributed to
recognition by ubiquitin ligases, which mark phosphorylated
IRAK-1 for proteasomal degradation (6, 31, 60). On the other
hand, other investigators suggested that IRAK-1 is not de-
graded but is instead translocated to the nucleus upon IL-1
treatment, where it fulfills an unidentified function (3). Al-
though the exact role of IRAK-1 degradation in IL-1 signaling
is controversial, it is known that degradation of IRAK-1 leads
to a shutdown of the IL-1 response and represents a negative
feedback loop in the NF-�B pathway. So far, the precise mech-
anism of IRAK-1 ubiquitination and degradation has not been
studied, but Tollip is a good candidate to bring the ubiquiti-
nation machinery into the proximity of IRAK-1 (25, 62). It is
important to elucidate the metabolic pathways of IRAK-1 as
well as Tollip following CD26-mediated caveolin-1 phosphor-
ylation in future studies.

On the basis of our results and previously reported findings,
we propose a model to describe the signaling events in mono-
cytes triggered by CD26–caveolin-1 interaction (Fig. 8A). In
this model, a part of N termini of caveolin-1 is exposed after
tetanus toxoid is trafficked in monocytes (43), and CD26 in-
duces aggregation and phosphorylation of caveolin-1 expressed
in the T-cell–APC contact area as demonstrated in our previ-
ous report (43). Following caveolin-1 phosphorylation, disso-
ciation of Tollip and IRAK-1 is induced with subsequent phos-
phorylation of IRAK in the cytosol. This sequence of events
allows for activation of NF-�B and transcription of the CD86
gene. T cells then expand clonally and acquire additional ef-
fector functions as a result of CD26–caveolin-1 interaction as
well as CD28-B7 and CD40-CD154 interaction (2, 29, 35).
Consequently, T-cell proliferation that is dependent on the

presence of CD26 is observed in response to recall antigen
such as tetanus toxoid (Fig. 8B).

In endothelial cells (EC), inhibition of the scaffolding do-
main of caveolin-1 reduces inflammation by inhibition of en-
dothelial nitric oxide synthetase, which is bound to caveolin-1
(4). Moreover, human EC in vivo express constitutively major
histocompatibility (MHC) class II molecules and caveolin-1 (9,
51), whereas murine EC do not express MHC class II mole-
cules (9). Thus, human EC have an ability to present antigens
to CD4� T cells inducing proliferation of memory T cells (46)
and play an important role in grafting of transplants (54) as
well as in presenting recall antigens in human delayed hyper-
sensitivity reactions (13, 46). In this regard, inhibition of caveo-
lin-1 and CD26 interaction in the human system may provide
a significant treatment strategy not only for the inflammatory
state but also for transplantation. In the clinical setting, pa-
tients with autoimmune diseases such Graves’ disease and
rheumatoid arthritis have increased levels of CD26� T cells in
inflamed tissues such as thyroid and synovial membrane and
fluids (14, 37). In addition, enhancement of CD26 expression
in these autoimmune diseases may correlate with disease se-
verity (17, 40). Moreover, it has been shown that T cells mi-
grating through endothelial cell monolayers in vitro express
high levels of CD26 (33, 34), while the fact that chemokines
play a key role in T-cell migration supports the notion that
CD26/DPPIV may interact with these biological factors (23,
44, 47). These findings imply that CD26� T cells play a role in
the inflammation process and subsequent tissue damage in
autoimmune diseases. Our results may thus provide a new
approach to the treatment of autoimmune diseases or other
immune-mediated disorders by directly interfering with acti-
vated T-cell and APC interaction. Moreover, targeting the
interaction of the pocket structure of CD26 and the scaffolding
domain of caveolin-1 may lead to novel therapeutic ap-
proaches utilizing agonists or antagonists that regulate antigen-
specific immune response in not only immune-mediated disor-
ders but also cancer immunotherapy and viral vaccination as
strategies to enhance immune response (8).
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