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Cutting Edge: Role of Tall-Like Receptor 1 in
M ediating |mmune Response to Microbial Lipoproteins'

Osamu Takeuch* ' Shintaro Sato.* Takao Horiuchi,*
Katsuaki Hoshino,* Kiyoshi Takeda,* Zhongyun Dond,
Robert L. Modlin® and Shizuo Akird "

translocation of a transcription factor, NdB. The signaling ulti-
mately culminates in the production of proinflammatory cytokines
to evoke host defense responses and alert acquired immunity. Re-
cent studies disclosed the ligands for various TLRs. TLR2 recog-
nizes a variety of bacterial components, such as peptidoglycan
(PGN), bacterial triacylated lipoproteins, mycoplasmal diacylated

TheToall-likereceptor (TLR) family acts as pattern recognition
receptors for pathogen-specific molecular patterns (PAMPS).
TLR2 is essential for the signaling of a variety of PAMPs, in-
cluding bacterial lipoprotein/lipopeptides, peptidoglycan, and
GPI anchors. TLR6 associates with TLR2 and recognizes di-

acylated mycoplasmal lipopeptide along with TLR2. We re-
port herethat TLR1 associates with TLR2 and recognizes the
native mycobacterial 19-kDa lipoprotein along with TLR2.
M acrophages from TLR1-deficient (TLR1™/~) mice showed
impaired proinflammatory cytokine production in response to
the 19-kDa lipoprotein and a synthetic triacylated lipopeptide.
In contrast, TLR1™/~ cells responded normally to diacylated

lipoprotein, and GPI anchors fromrypanosoma cruzi (4-10).

TLR4 is essential for responses to LPS, a glycolipid specific to
Gram-negative bacterial cell walls. TLRS5 is reported to recognize
flagellin, a protein component of bacterial flagella. Furthermore,

nucleotides specific to pathogens and nucleotide analogs are also

detected by TLRs: TLR3, TLR7, and TLR9 participate in the rec-
ognition of viral dsRNA, imidazoquinolines, and bacterial DNA

with unmethylated CpG motif, respectively (1-3, 11).

There is evidence that TLRs can form heterodimers, which fur-
thers defines their ligand specificity. Notably, TLR6 has a unique
property to recognize a mycoplasmal lipoprotein cooperatively
with TLR2 (12, 13). TLR6-deficient (TLR& ™) mice failed to
produce proinflammatory cytokines in response to diacylated my-
coplasmal lipopeptides, termed macrophage-activating lipopeptide
_ 2 kDa (MALP-2), whereas they responded normally to a triacy-
U] CF THYIe esh A0, dleeh H0SiL, lated bacterial lipopeptide. TLRZ~ macrophages did not respond
to either of these lipopeptides (13). These observations indicate

he Toll-like receptor (TLR) family participates in innate that TLR6 discriminates a subtle difference in the acylation of

I immunity by detecting invading pathogens (1-3). So far, lipopeptides derived from microbial pathogens. Furthermore, these

10 members of the human TLR family have been discov-findings raised the possibility that TLR2 forms a heterodimer with
ered. Most of the known TLRs recognize discrete pathogen-assd different TLR to recognize other PAMPs, in particular triacylated
ciated molecular patterns (PAMPs) to trigger the activation of sim-lipopeptides.

ilar intracellular signaling pathways, leading to the nuclear TLR1 shows high similarity with TLR6 (14). It was reported
that overexpression of TLR1 inhibited the TLR2-mediated re-

sponses to phenol-soluble modulin secreted ft&aphylococcus

*Department of Host Defense, Research Institute for Microbial Diseases, Osaka Uniepldermldls (15)' On the other hand, another report showed that

versity, Osaka, JapariSolution Oriented Research for Science and Technology, Ja TLR1 participates in the recognition of soluble factors released
pan Science and Technology Corporation, Osaka, Jépepartment of Cancer Bi  from Neisseria meningitides (16). However, the ligand of TLR1 in

ology, University of Texas M. D. Anderson Cancer Center, Houston, TX 77030; and,_ . . tto b larified. In th t stud ted
SDivision of Dermatology, Department of Microbiology and Immunology and-Mo VIVO IS yet 10 Dbe clariiied. In the present study, we generate

lecular Biology Institute, University of California, Los Angeles, School of Medicine, TLR1™/~ mice and analyzed the role of TLR1 in the recognition
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lipopeptide. TLR1 interacts with TLR2 and coexpression of
TLR1and TLR2 enhanced the NF-kB activation in responseto
a synthetic lipopeptide. Furthermore, lipoprotein analogs
whose acylation was modified were preferentially recognized
by TLR1. Taken together, TLR1 interacts with TLR2 to rec-
ognize the lipid configuration of the native mycobacterial li-
poprotein as well as several triacylated lipopeptides. The

Copyright © 2002 by The American Association of Immunologists, Inc. 0022-1767/02/$02.00
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575795 of the mouse Tir1 gene with a neo cassette flanked by 1.0 kb of
the 5 genomic fragment and 10 kb of the 3" genomic arm. An HSV-tk
cassette flanked the 3" genomic arm. A targeting vector was linearized with
Sall and introduced into E14.1 embryonic stem (ES) cells. We screened
125 of G418- and gancyclovir-resistant clones for homologous recombi-
nation by PCR and confirmed by Southern blot analysis. Three ES clones
were correctively targeted and were injected into C57BL/6 blastocysts. The
chimeric mice were bred to C57BL/6 females to obtain F, offsprings.
TLR1™/~ mice were obtained by intercrossing heterozygotes. TLR1 ™/~
mice and their wild-type littermates from these intercrosses were used for
experiments.

Mice, bacteria, and reagents

TLR2 ™/~ mice were generated by gene targeting as described previously
(7). The Mycobacterium bovis bacillus Calmette Guérin (BCG) was pur-
chased from Kyowa (Tokyo, Japan). The native Mycobacterium tubercu-
losis 19-kDa lipoprotein was purified as described elsewhere (4). A syn-
thetic N-palmitoyl-S-dipalmitoylglyceryl (Pamg) Cys-Ser-(Lys), (CSK,)
and MALP-2 were as described previoudly (5, 8). A synthetic lipoprotein
analog, JBT3002, is as described previously (17). Other lipopeptides car-
rying different N-termina acyl functions such as N-palmitoyl-S-dilauryl-
glyceryl (N-Pam-S-Lau,) CSK,, N-lauryl-S-dilaurylglyceryl (Laug) CSK,,
and N-myristyl-S-dimyristylglyceryl (Myrz) CSK, were synthesized by the
Peptide Institute (Osaka, Japan).

Preparation of peritoneal macrophages and ELISA

Mice were injected i.p. with 2 ml of 4% thioglycolate (Difco, Detroit, MI).
Three days later, peritoneal exudate cells were isolated from the peritoneal
cavity. Then the cells were cultured for 2 h and adherent cells were used
as peritoneal macrophages. Peritoneal macrophages (5 X 10%) were cul-
tured in RPM1 1640 medium (Nacalal Tesgue, Kyoto, Japan) supplemented
with 10% FCS and were stimulated with indicated bacterial components
for 24 h. Concentration of TNF-a (Genzyme Techne, Minneapolis, MN)
and IL-6 (R&D Systems, Minneapolis, MN) in culture supernatants were
determined by ELISA.

Expression vectors

Human TLR1 tagged with hemagglutinin (HA) at the carboxyl terminus
was generated by PCR and ligated into the expression plasmid pEF-BOS.
pFLAG-TLR2 and pFLAG-TLR4 were as described previously (13).

Luciferase assay

Human embryonic kidney (HEK) 293 cells were transiently transfected
with indicated vectors along with a pELAM luciferase reporter plasmid
(18) and a pRL-TK (Promega, Madison, WI) for normalization of trans-
fection efficiency by Lipofectamine 2000 (Invitrogen, San Diego, CA).
Twenty-four hours after transfection, the cells were stimulated with 10
ng/ml Pam;CSK, for 8 h. Then the cells were lysed and luciferase activity

A

Wild-type allele

FIGURE 1. Establishment of TLR1-deficient
mice. A, A mouse TLR1 genomic locus and the tar-
geting vector. A filled box denotes a coding exon.
Restriction enzymes: B, BamHlI, E, EcoRl. B, South-
ern blot analysis of genomic DNA extracted from
mouse tails digested with BamHI. DNA was elec-
trophoresed, transferred to nylon membrane, and hy-
bridized with the radiolabeled probe indicated in A.
C, Northern blotting analysis of thioglycolate-elic- B
ited peritoneal macrophages. Total RNA (10 wg)

was electrophoresed, transferred onto nylon mem-

brane, and hybridized with acDNA probe for TLR1.

Mutated allele

TLR2 and GAPDH.

Targeting vector
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was measured using the dual-luciferase reporter assay system (Promega)
according to the manufacturer’s instruction.

Immunoprecipitation and Western blotting

HEK?293 cells were transiently transfected with 3 ng of Flag-tagged TLR2,
TLR4, or 6 ng of HA-tagged TLR1 asindicated. After 36 h, the cells were
lysed in the lysis buffer containing 1.0% Nonidet P-40, 150 mM NaCl, 20
mM Tris-HCI (pH 7.5), 5 mM EDTA, and a protease inhibitor mixture
tablet, Complete (Roche Diagnostics, Indianapalis, IN). The lysates were
precleared for 1 h with protein G-Sepharose and immunoprecipitated with
2 pg of anti-Flag M2 Ab or 2 ug of anti-HA 12CA5 Ab and protein
G-Sepharose for 12 h. The beads were washed with the lysis buffer four
times and immunoprecipitated proteins were eluted in SDS-PAGE sample
buffer, separated on SDS-PAGE, and transferred onto polyvinylidene di-
fluoride membrane. HA-tagged TLR1 was detected with anti-HA Ab
(Roche Diagnostics) and HRP-labeled anti-mouse |g Ab. Flag-tagged pro-
teins were identified with HRP-conjugated anti-Flag M2 Ab. Then the Abs
were detected by the ECL system (DuPont, Boston, MA)

Results and Discussion
Generation of TLR1L™~ mice

To investigate the functional role of TLR1, the mouse Tirl gene
was disrupted by homologous recombination in ES cells. A tar-
geting vector was constructed for the deletion of a part of exon
containing aa 575-795 of the mouse TIrl gene (Fig. 1A). This
portion corresponds to a transmembrane and cytoplasmic region of
TLR1. Chimeric males were crossed to C57BL/6 and F, heterozy-
gous offspring were obtained. Intercrosses of these heterozygotes
gave rise to homozygotes deficient in Tlr1. The targeted disruption
of the TIr1 gene was confirmed by Southern blotting of genomic
DNA (Fig. 1B). Peritoneal macrophages from TLR1~/~ mice did
not express TLR1 mRNA (Fig. 1C). In contrast, the expression of
TLR2 mRNA in TLR1 '~ macrophages was normal compared
with that in wild-type cells. TLR1™/~ mice grew healthy, fertile,
and did not show any obvious abnormalities for up to 6 mo. Lym-
phocyte populations in thymocytes and splenocytes were not al-
tered in TLR1 ™/~ mice (data not shown).

Involvement of TLR1 in the recognition of the native
mycobacterial 19-kDa lipoprotein

To screen the components recognized by TLR1, we first examined
the cytokine production from TLR1 ™/~ macrophages in response
to a variety of PAMPs purified from bacteria. These include the
native 19-kDalipoprotein purified from M. tuberculosis, LPS from
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Salmonella minnesota Re595, and PGN from Staphylococcus au-
reus. Thioglycolate-elicited peritoneal macrophages from wild-
type and TLR1~/~ mice were cultured in the presence of these
PAMPs for 24 h, and the concentration of TNF-« in culture su-
pernatant was measured. In response to the 19-kDa lipoprotein,
wild-type macrophages produced TNF-« in a dose-dependent
manner. In contrast, the production of TNF-« from TLR1 ™/~ mac-
rophages was markedly impaired for each concentration of li-
poprotein tested (Fig. 2A). The production of IL-6 in response to
the lipoprotein was also reduced in TLR1 ™/~ macrophages com-
pared with that of wild-type cells (Fig. 2B). When stimulated with
LPSand PGN, TLR1 '~ macrophages produced TNF-« in a dose-
dependent manner to amost the same extent as wild-type cells
(Fig. 2, C and D). We next examined whether TLR1 isinvolved in
the recognition of whole mycobacteria. Peritoneal macrophages
were cultured with increasing amounts of live M. bovis BCG for
24 h, and the concentration of TNF-« in culture supernatant was
measured. As shown in Fig. 2E, the ability to produce TNF-« in
response to BCG was partially impaired in TLR1™/~ macro-
phages. These results indicate that TLR1 is involved in the recog-
nition of the 19-kDa lipoprotein purified from mycobacteria as
well as live mycobacteria.

TLR1 enhances synthetic triacyl lipopeptide-mediated responses

Lipoproteins are produced by avariety of pathogensincluding my-
cobacteria, Gram-negative bacteria, and Mycoplasma species (19).
The N-terminal acylated lipopeptide region is responsible for the
immunostimulatory activity of bacterial and mycoplasmal lipopro-
teins. Bacterial and mycoplasmal lipoproteins differ in the degree
of acylation of N-terminal cysteine. Lipoproteins of bacteria are
triacylated, whereas those of mycoplasma are diacylated (20). Syn-
thetic lipoprotein analogs consisting of a palmitoyled version of
N-acyl-S-diacyl cysteine and S-diacyl cysteine mimic the immu-
nostimulatory activity of bacterial and mycoplasmal lipoprotein,
respectively (21, 22).

We have previously shown that TLR2 is essential for both tri-
and diacylated lipopeptide response and TLR6 specifically recog-
nizes diacylated lipopeptide in conjunction with TLR2 (13). Cy-
tokine production in response to the 19-kDa lipoprotein prepara-
tion was abrogated in TLR2™/~ macrophages (23). All of these
results suggested that TLR1 also cooperates with TLR2 to recog-
nize triacylated lipoprotein. To clarify the chemical structure rec-

CUTTING EDGE: ANALY SIS OF TLR1-DEFICIENT MICE

ognized by TLR1, we stimulated peritoneal macrophages from
wild-type and TLR1 ™/~ mice with the synthetic bacterial lipopep-
tide Pam;CSK,, and synthetic mycoplasmal diacylated MALP-2.
TLR1 '~ macrophages showed significantly impaired TNF-« pro-
duction in response to Pam;CSK, compared with wild-type cells,
whereas TLR1 ™/~ cells responded normally to MALP-2 (Fig. 3, A
and B). These results indicate that TLR1 isinvolved in the recog-
nition of triacylated bacterial lipoprotein. In addition, TLR1 and
TLR6 differentially recognize TLR2 ligands, distinguishing the de-
gree of acylation of the lipopeptide.

To further investigate whether the coexpression of TLR1,
TLR2, and TLR6 results in the modulation of NF-«xB activity in
response to lipopeptide stimulation, HEK293 cells were cotrans-
fected with TLR1, TLR2, and TLR6 expression vectors along with
pPELAM-luciferase reporter plasmid. Transfected cells were stim-
ulated with 10 ng/ml Pam,CSK, for 8 h, and luciferase activity
was measured. As shown in Fig. 3C, the expression of TLR2 con-
ferred the NF-«B activation in response to Pam;CSK , stimulation
and coexpression of TLRL1 significantly enhanced the activation. In
contrast, coexpression of TLR6 and TLR2 did not augment the
NF-«B activation induced by Pam;CSK, stimulation. These re-
sults indicate that TLR1 and TLR2, but not TLR6, are involved in
the cooperative recognition of Pam;CSK .

We then examined whether TLR2 and TLR1 interact in mam-
malian cells. HEK293 cells were cotransfected with Flag-tagged
TLR2 or TLR4 and HA-tagged TLR1. Immunoprecipitation of
HA-tagged TLR1 resulted in coprecipitation of Flag-tagged TLR2,
but not of TLR4 (Fig. 3D). Reciprocally, HA-tagged TLR1 also
coprecipitated with Flag-tagged TLR2. However, stimulation with
Pam,CSK , did not affect the extent of association between TLR1
and TLR2 (data not shown). These results suggest that TLR1 and
TLR2 associate in a ligand-independent manner in HEK 293 cells.

N-Pam-S-Lau, lipopeptides were preferentially recognized by
TLR1

Although the response to Pam,CSK , was significantly impaired in
TLR1 ™/~ mice, we can still observe TLR1-independent cytokine
production. Since TLR1 and TLR6 discriminate subtle differences
in the lipid moiety of lipopeptides, we hypothesized that there are
some other ligands recognized by TLR1 more preferentially and
that the configuration of lipid moiety iscritical for the involvement
of TLRL.

A 19kD Lipoprotein B
1.2 5 W Wild-type
FIGURE 2. Impaired TNF-a production in re- -m Wild-type E 1 g 4 [] TLR1 -~
sponse to the mycobacterial 19-kDa lipoprotein in 0.8 >
TLR1-deficient macrophages. A, C, D, and E, Perito- - TR1-+ [ S46 £3
neal macrophages (1 X 10°) prepared from wild-type LE 0.4 3 2
and TLR1™'~ mice were stimulated with increasing E 0'2 9
concentrations of 19-kDa lipoprotein purified from M. '0
tuberculosis (A), live M. bovis BCG (C), S. Minnesota S5 o
Re595 LPS (C), S aureus PGN (D) and live M. bovis 0 1 (ig/r’lﬁ Q\Q’b\o i)Q,\é@ \i{o
BCG (E) for 24 h. Then TNF-a concentration in the C . E <
culture supernatant was measured by ELISA. Data are S. minnesota Re595 LPS S. aureus PGN BCG
shown as the mean = SD of triplicate wells and are —_ 3 =4 A12
representative of three independent experiments. B, € 2.5 E g10
IL-6 concentration was measured in the culture super- 2 2 23 2 8
natant of wild-type and TLR1™/~ macrophages stim-  Z'1.5 = > = 6
ulated with 1 ug/ml 19-kDa lipoprotein and 100 ng/ml '2 1 % % 4
LPS. Data are shown as the mean = SD of triplicate o5 1 = o
wells. 0 0 0
0 1 10102108 0 101 10 102 0 1 10 10?
(ng/ml) (ug/ml) (ug/ml)
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FIGURE 3. Involvement of TLR1 in synthetic
bacterial lipopeptide recognition. A and B, Perito-
neal macrophages (1 X 10°) from wild-type and
TLR1 ™/~ mice were cultured with increasing con-
centrations of PamzCSK , (A) and synthetic MALP-2
(B) for 24 h. Then the concentration of TNF-a was
measured. Data are shown as the mean = SD of
triplicate wells and are representative of three inde-
pendent experiments. C, HEK293 cells were tran-
siently cotransfected with control vector, TLR1,

TLR2, and TLR6 expression vectors plus pELAM- G 800+
luc reporter plasmid. After 24 h, the cells were stim- = 700+
ulated with 10 ng/ml Pam,CSK , for 8 h, and the cell 2 600+
lysates were assayed for luciferase activity. D, S 500-
HEK?293 cells were transiently transfected with the < 400-
indicated combination of expression vectors for 4.0 3004
ng/ml Flag-TLR2 or Flag-TLR4, and 6.0 pg/ml L 200
HA-TLR1. Total amount of plasmid DNA was kept 1004
constant with 10 ug by supplementing with empty 0-
vector. Thirty-six hours after transfection, the cells Cont. -+
g - ) } TLR2 +

were lysed, immunoprecipitated with anti-Flag or TLR1
anti-HA Ab (IP), and subseguently immunoblotted TLRe

with anti-Flag or anti-HA Ab (WB) as indicated.

To further screen the specific ligands recognized by TLR1, we
synthesized lipopeptides bearing different combinations of fatty
acids at their N terminus. These include Myr,CSK,, Lau;CSK,,
N-Pam-S-Lau,CSK ,, and a lipoprotein analog used for anticancer
therapy, JBT3002 (17) Asshown in Fig. 4, they differ in the length
of fatty acids substituted on the N-terminal cysteine of the pep-
tides. The lipid moiety of N-Pam-S-Lau,CSK, and JBT3002 are
the same. We stimulated macrophages from wild-type, TLR1™/~,
and TLR2™/~ mice with these compounds and measured TNF-a
production. All of these synthetic lipopeptides activated wild-type
cellsto produce TNF-« in a dose-dependent manner (Fig. 4). Mac-
rophages from TLR2/~ mice did not produce any detectable
TNF-« in response to either of these lipopeptides. The ability of
TLR1 ™/~ cellsto produce TNF-a was also impaired in response to
Myr,CSK, and Lau,CSK, (Fig. 4, A and B). Interestingly, when
stimulated with N-Pam-S-Lau,CSK , and JBT3002, the production
TNF-a of was profoundly defective in TLR1 ™~ cells, indicating
that a subtle difference in lipid moiety of lipoprotein is critical for
the TLR1 requirement (Fig. 4, C and D).

In summary, the present study provides evidence that TLR1 is
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involved in the recognition of triacylated lipoproteins as well as
mycobacterial products. TLR1 and TLR2 cooperate to detect
Pam;CSK , by interacting in each other, indicating that TLR2 pairs
with TLR1 or TLR6 to recognize different PAMPs. However, it is
still unknown whether TLR2 forms a heterodimer with other TLR
or whether there exists a large receptor complex consisting of
TLR1, 2, 6, and others. Further studies will clarify the exact com-
ponents of the receptor complex. In addition, the response to PGN
was not abrogated in either TLR1-or TLR6-deficient mice. It is
possible TLRs other than TLR1 and TLR6 pair with TLR2 to
recognize PGN or TLR2 aone may be sufficient to detect it. Since
TLR10 is highly homologous to both TLR1 and TLRS, itisaso a
candidate to form a pair with TLR2 to recognize PGN (24). Fi-
nally, N-palmitoyl-S-lauryl lipopeptide and its analog were pref-
erentially recognized by TLR1. Although the structural basis for
the TLR1 requirement remains unclear, these compounds are use-
ful to study the specific role of TLR1 in vivo. Investigations pur-
suing TLR1-specific agonists/antagonists may give us a new strat-
egy to design adjuvants and treatments for disease in which
triacylated lipoproteins are involved in pathogenesis.

A Myr,CSK, B Lau,CSK,

1
= [o] — ¢
Es8 LS4 - E® 12k
€s Ci4 03 2, Ciz o3
o] 4 H CH, 3 H CH,
5 TG 5NN SK, 5 C1o oV g SK, FIGURE 4. Differencesin the lipoylation altered
F2 = 0 TLR1 responsibility. Peritoneal macrophages (1 X

0 10°) from wild-type, TLR1~/~, and TLR2~/~ mice

2103 110 102103 (ng/ml : o . .
0 110 10210° (ng/mi) 0 0 10710° (ng/mi) were stimulated with increasing concentrations of

C D MyrsCSK, (A), Lau,CSK,, (B), N-Pam-S-Lau,CSK ,

8N-Pam-S—LaUQCSK4 o 4 JBT3002 o (C), and JBT3002 (D) for 24 h. Then the concentra-
3 L12_Jlo- z Ll2_io- tion of TNF-«a was measured. The results are shown
EN ng: 53 C12 ggj as the mean + SD of triplicate wells and are repre-
‘:' 4 : gHzC K %2 : gHzc NO sentative of three independent experiments.
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