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Expression of Toll-Like Receptor 2 onyo T Cells Bearing
Invariant V y6/Vée1l Induced by Escherichia colilnfection in
Mice'

Yasuji Mokuno,* T Tetsuya Matsuguchi?* Manabu Takano,* " Hitoshi Nishimura,*
Junji Washizu,* T Tomohiko Ogawa} Osamu Takeuchi® Shizuo Akira,® Yuji Nimura, T and
Yasunobu Yoshikai*

We recently reported that the number of yé T cells was increased after infection withEscherichia coliin C3H/HeN mice. We here
showed that an i.p. injection with native lipid A derived from E. coliinduced an increase ofyé T cells in the peritoneal cavity of
LPS-responsive C3H/HeN mice and, albeit to a lesser degree, also in LPS-hyporesponsive C3H/HeJ mice. The purifiédr cells
from C3H/HeN and C3H/HeJ mice expressed a canonical TCR repertoire encoded byy6-Jy1/V61-D62-J62 gene segments and
proliferated in response to the native lipid A derived from E. coli in a TCR-independent manner. The lipid A-reactiveyé T cells
bearing canonical Vy6/Val expressed Toll-like receptor (TLR) 2 mRNA, while TLR4 mRNA was undetectable. Treatment with
a TLR2 anti-sense oligonucleotide resulted in hyporesponsiveness of thé T cells to the native lipid A. TLR2-deficient mice
showed an impaired increase of theyé T cells following injection of native lipid A. These results suggest that TLR2 is involved
in the activation of canonical Vy6/Vé1 T cells by nativeE. coli lipid A. The Journal of Immunology,2000, 165: 931-940.

hours by innate immunity that preexists and is not Ag (TLR) family is the cell-surface receptor for LPS, the prototypical

specific. Cells of innate immunity such as macro- activator of NFxB and other proinflammatory responses (14-17).
phages discriminate between self and nonself by receptors thdtoll was first identified as a protein controlling dorsoventral pat-
identify molecules synthesized exclusively by microbes. LPS, aern formation in the early development Bfosophilaand was
characteristic component found on the outer membrane of Granshown to participate in anti-microbial immune responses (18, 19).
negative bacteria (1), is one of the most ideal targets for innaté&kecently, several mammalian Toll homologues have been identi-
immunity. LPS typically consists of the polysaccharide region co-fied (18—-22). One of the human Toll homologues, TLR2, has been
valently bound to the lipid region, termed lipid A. Lipid A is gen- shown to be involved in LPS signaling (14-16). In mice, there is
erally regarded as a target for the LPS receptor and consequentividence for a missense mutation in the cytoplasmic domain of
as the bioactive center of LPS (2—-6). CD14 Ag has been widelyTLR4 in C3H/HeJ mice exhibiting impaired ability to respond to
recognized as an LPS signaling receptor for immune cells (3, 7)L.LPS (23, 24), strongly suggesting that TLR4 is the dominant re-
and, until now, several classes of molecules on leukocytes haveeptor for at least some types of LPS. This was confirmed by
been recognized as receptors for LPS, such as CD11/CD18 intexperiments using TLR4 gene-knockout mice (25). More recently,

M ost microorganisms are detected and destroyed within Several lines of evidence suggest that the Toll-like receptor
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grins (3, 8-11), P-selectin (12), and L-selectin (13). However,it has been suggested that TLR2 functions not only as an LPS ‘€
CD14 lacks a transmembrane domain (3, 7), and cytoplasmic dcsignal transducer (14, 16, 26) but also as a receptor for bacterial ’i

mains of CD11/CD18 integrins do not appear to be necessary fdipoproteins from Mycobacteria or Gram-positive bacteria
signaling translocation of NikB in response to LPS binding (9). (27-29).
Thus, these receptors may function to transfer LPS to a second Based on the type of TCR they express, T lymphocytes can be
receptor that transduces the signal. divided into two major groupsyp andyd T cells. yd T cells are
further divided into subsets, based on their expression of ceytain
andé-chains and their prevalence in certain tissues. Most of these
Lab ¢ Host Def 4 Germree Life. R o Institute for DI subsets bear, as d@8 T cells, junctionally diverse TCRs, but two
*Lal oratory o ost Defense an ermiree Lite, Researc nstitute for Disease . . . .
Mechanism and Control, and&First Department of Surgery, Nagoya University v T cell subsets in Fhe mouse bear invariant TCRs. These !nclude
School of Medicine, Nagoya, JapaiDepartment of Oral Microbiology, Asahi Uni-  the Vy5/V 81 subset in skin and the6/V§1 subset that comprises
versity School of Dentistry, Gifu, Japan; afidepartment of Host Defense, Research most of theyd T cells in the female reproductive tract (30-32).
Institute for Microbial Disease, Osaka University, Osaka, Japan . . .

] o o Under normal circumstances, these two subsets bear truly invariant
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We and others (33-35) previously reported that i.p. infection ofcentrifugation at 110x g for 5 min, washed twice, and resuspended at
mice with E. coli induced a marked increase # T cells in the  optimal concentrations in RPMI 1640 medium (Life Technologies) sup-

: ; _ plemented with 10% serum. Smear specimens for differential counts were
peritoneal cavity (33, 34, 36) and that thyé T cells had a pro stained with Giemsa solution. PEC were spread on plastic plates and in-

tective role against the infection (37). In the present study, W& pated for 1 h in a CQincubator at 37°C to obtain nonadherent cells.
focused on the responsivenessyéfT cells to native lipid A. Our

results demonstrated that the purifigd T cells in both C3H/HeN ~ Sorting ofyd T cells

and C3H/HeJ mice responded to native lipid A from not oBly  Theys T cells were purified by cell sorting using a FACSVantage (Becton
coli but also Porphyromonas gingivalisn a TCR-independent Dickinson, San Jose, CA) electric cell sorter from the plastic nonadherent
manner. The LPS/lipid A-reactived T cells, which used a canon- cells on day 3 afteE. coli or lipid A injection. The purity of sorted cells
ical TCR repertoire encoded byy8-Jy1/Vs1-D62-J52 gene seg-  as~99% (data not shown).

ments, strongly expressed TLR2 mRNA. A TLR2 antisense oli-Flow cytometry analysis

gonucleotlde S|gn|f|car1tly |.nh|b|ted the prol_lf(.aratlon.w T cells For three-color analysis, plastic-nonadherent cells of PEC were incubated
in response to the native lipid A. TLR2-deficient mice showed any, saturating amounts of biotin-conjugated and purified Abs for 30 min

impaired increase of thes T cells following the injection of na-  at 4°C. Cells were washed twice and incubated with FITC-, PE-, and Red-
tive lipid A. These results suggest that the canonicgbNV 81 y8 613-conjugated secondary Abs for 30 min. Cells were analyzed with a

T cells respond to natural products frof coli via TLR2. The FACSCalibur flow cytometer (Becton Dickinson). The cells were carefully

implications of these findings for the mechanisms whereby a siggated by forward and side light scattering for live lymphocytes. The data

o . . . . ; were analyzed with FACSCalibur research software (Becton Dickinson).
nificant fraction ofyd T cells are activated during. coliinfection

are discussed. V gene segment usage analysis

. Total RNA was extracted by the acid-guanidium-phenol-chloroform
Materials and Methods method fromyd T cells purified by cell sorting. cDNA synthesis and PCR
Animals and microorganisms were performed using a cDNA cycle kit (Invitrogen, San Diego, CA). RNA

was primed either with 20 pmol of-chain C region (@) primers (5'-
C3H/HeN and C3H/HeJ mice were purchased from Japan SLC (Shizuok&C TTATGGAGGATTTGTTTCAGC-3') or 6.7 pmol ob-chain J region
Japan). These mice were bred in our institute under specific pathogen-frggs) primers (5'-TTGGTTCCACAGTCACTTGG-3') in 2@d reaction
conditions. Eight- to 10-wk-old female mice were used for the experi-mixtures for reverse transcription. The PCR was performed on a PCR
ments. The mutant mouse (fiterbred from 129/0Ola< C57BL/6) strain  thermal cycler (Takara, Tokyo, Japan). PCR cycles were run for 30 s at
deficient in TLR2 was generated by gene targeting, as described previousy4°C, 30 s at 54°C, and 30 s at 72°C. Before the first cycle, a denaturation
(29). Age- and sex-matched groups of TLR2-deficient (TLR2 mice step for 7 min at 94°C was included, and afterc36les the extension was
and their littermate (TLR2'~) mice were used for the experimenis.coli prolonged for 4 min at 72°C. The’ 5/ primers are as follows: Y1/2,
(no. 26; American Type Culture Collection, Manassas, VA) grown in a’5'-ACACAGCTATACATTGGTAC-3; V2, 5-CGGCAAAAAACAAAT
brain-heart infusion broth (Difco Laboratories, Detroit, MI) was washed CAACAG-3"; Vy4, 5-TGTCCTTGCAACCCCTACCC-3 Vv5, 5-TG
repeatedly, resuspended in PBS, and storee Z2°C in small aliquots ~TGCACTGGTACCAACTGA-3; V6, 5-GGAATTCAAAAGAAAACAT
until use. The concentration of bacteria was quantitated by plate counts TGTCT-3"; Vy7, 5-AAGCTAGAGGGGTCCTCTGC-3' V&1, 5-AT
TCAGAAGGCAACAATGAAAG-3'; V82, 5-AGTTCCCTGCAGATC
Abs and reagents CAAGC-3'; V&3, 5-TTCCTGGCTATTGCCTCTGAC-3' Vd4, 5-CCG
Biotin-conjugated anti-CD8mADb, FITC-conjugated anti-TCR3 mADb, CTTCT?TGTGAACTTCC'& V5, S'CAGATCCTTC(,:AGTTCATCC_?”
PE-conjugated anti-TCR/& mAb, purified rat anti-mouse CD11la mAb V86, 5-TCAAGTCCATCAGCCTTGTC-3; V&7, 5-CGCAGAGCTG
' ' CAGTGTAACT-3; V88, 5-~AAGGAAGATGGACGATTCAC-3.

PE-conjugated anti-mouse CD11lb mAb, biotin-conjugated anti-mouse - )
CD11c mAb, purified rat anti-mouse CD14 mAb, and PE-conjugated anti- PCR products (4u/) were subjected to electrophoresis on a 1.5% aga-

rat IgG mAb were purchased from PharMingen (San Diego, CA) Red.0se gel (Life Technologies) and transferred to a Gene Screen Plus filter

‘ s : . . (New England Nuclear, Boston, MA). The Southern bloty@inds PCR
613-conjugated streptavidin was purchased from Life Technologies Galth( e > -
ersburg,J I\%D). Murir?e anti-TCRyg (UC7-13D) mAb was obta?ned(by products were hybridized with MNG6 cDNA containing thgZgene, 31

growing hybridoma cells in serum-free medium (medium 101; Nissui Pharproge (?'"gonuTIe?'t(ijd?%?£$E%iégﬁéié%¥%¢i$g%%ggY396?h
maceutical, Tokyo, Japan) and collecting the supernatant. The Ab was th obe (oligonucleotide; 5~ -3'). The

g . ;
concentrated and purified by 50% ammonium sulfate precipitation. The 2 probe was labeled withu}"*P]dCTP using a Megaprime DNA label-

purity of the preparation was confirmed by SDS-PAGE, and the concen'"Y system (Amersham International, Amersham, U.K.) according to the

tration of Ab was determined by the Lowry method. The mAbs, diluted to manufacturer’§ instructions. Thel a_nd .B_Z probes were labeled with
1 mg/ml in PBS, were stored .’Zt?O“C untﬁ use. LPS (E. coli, 026/B6) [y-**PIATP using a Megalabel 8abeling kit (Takara Shuzo, Kyoto, Ja-

- : : ! pan) according to the manufacturer’s instructions. Before hybridization, the
igﬂigpﬁé\)frmiﬁ' :(;Irlo(risgaslrﬁgnrgﬁ;a;ﬁ)nwgggtggggegdfrgqrﬂt;']%m vé\ja(ss t filters were incubated in 1 M NacCl, 1% SDS, 10% dextran sulfate, and 50
obtained from List Biological Laboratories (Campbell, CA). Lipid A from pg/ml heat-denatured salmon sperm DNA for 18 h at 60°C, and then the

RN : . T filters were washed in 2>6SC, 1% SDS for 15 min at 60°C. The radio-
P. gingivaliswas prepared as described (6). Bncoli-type synthetic lipid - ! ) .
A gnagllogue with plOV\‘I) toxicity (ONO—400(7))Was kin(tj)Il)F/) pré/vided bypOno activity of each band of PCR product was analyzed with a Fujix BAS2000

Chemical (Osaka, Japan) (38, 39). LPS was dissolved in pyrogen-free w. 3io-image analyzer (Fuji, TOkYO’ Japan). _For nL_JcIeotide sequenci_ng, RT-
ter at the concentration of 1 mg/ml. Lipid A was dissolved at a concen- CR produgts were resolved in Iow-melt'mg-pomt agarose gels, isolated,
tration of 2 mg/ml in 0.1% (v/v) triethylamine aqueous solution. The so- and cloned into the TA vector PCR Il (Invitrogen). Purified dsSDNAs were

3 ) : : ~ - _sequenced by using®agDye primer cycle sequencing kit (Perkin-Elmer,
Eé;%?ewl?ssei%?rggsrgely diluted with pyrogen-free PBS or culture medlumNorwaIk, CT) and an Applied Biosystems 373A DNA sequencer (Applied

Biosystems, Foster City, CA).

Cell line Expression of TLR genes

Cell lines were grown as adherent monolayers in tissue culture dishes % . . L . R
o i : } : ~ - C3H/HeN mice were killed 3 days after i.p. inoculation with lipid A. Ex-
37°C in 5% CQ with 95% air and passaged twice a week to maintain traction of total RNA from sorteéﬁ T cellsporaB T cells in PE% v6 T

logarithmic growth. The J774A.1 cell line was obtained from the American cells in liver, or J774A.1 (as a positive control) and cDNA synthesis were

Type Culture Collection. The cells growing as monolayers in tissue culture erformed as described above. Serial dilutions of total RNA were primed

gl(s;;?n\:\éenrtesdetached from the surface and washed twice with HBSS befo%,lth 20 pmol of random primer (Life Technologies) in 20-reaction

mixture for reverse transcription. Synthesized cDNAs were amplified by
Preparation of PECys T cells PCR with primers derived from the murine cDNA. The specific primers

were as follows: TLR2 sense, 5'-GGAGCGGCGGCTGCAGGACTC-3';
Mice were i.p. inoculated witlE. coli at a dose of 1X10CFU/mouse  TLR2 antisense, 5'-CCAAAGAGCTCGTAGCATCC-3’; TLR4 sense, 5'-
(one-fifth the 50% lethal dose), LPS, or lipid A in 1.0 ml PBS on day 0. AGTGGGTCAAGGAACAGAAGCA-3";TLR4antisense,5-CTTTACCA
Peritoneal exduate cells (PEC) were harvested on day 3 after inoculation (g CTCATTTCTCACC-3'(26).
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FIGURE 1. Increase in peritoneayd T cells after injection of the LPS or native lipid A derived fro coli. C3H/HeN and C3H/HeJ mice were
inoculated i.p. with the LPS or lipid A on day @, Nonplastic-adherent PEC from injected mice on day 3 were stained with antiypCéhti-TCR a3
mAb, and anti-CD3 mAb and analyzed with FACSCalibur. Analysis gate was set on lymphocytes using forward and side scatter gating ant. on CD
The number in each panel indicates the percentage df cells in the whole lymphocyte populatioB, Absolute numbers of8 T cells in the peritoneal
cavity after LPS or lipid A injection. The numbers were calculated by multiplying the percenta@elatells by the total number of peritoneal nonadherent
cells. The results are representative of those from three independent experiments. Values are the $fieahfive mice for each group:, p < 0.05 vs
the control group#*, p < 0.01 vs the control group.

&304 papeo|uMoq

Proliferation assay or LPS-hyporesponsive C3H/HeJ mice on day 3 after the inocu-

Tissue culture 96-well plates were incubated overnight at 4°C with 100Iatlon with LPS or lipid A. A representative result from three in-

wg/ml anti-TCR y8 mAb. The plates were then washed thoroughly and dependent experiments is shown in Fig. The absolute numbers
incubated for 1 h at 37°C with RPMI 1640 medium containing 10% FCS.of peritonealyd T cells were calculated by multiplying the abso-

The sortedyd T cells (1x 10°/well) were incubated in the 96-well plates |yte number of the nonadherent PEC by the percentage oj&he

for 48 h with or without immobilized anti-TCR:& mAb in the presence or P ;
absence of LPS or lipid A. During the last 8 h of incubation, LOi T cells, and they are shown in Fig. 1B. The relative numbeyéof

of [*H]TdR/well was added. The cells were then harvested, and the amounT cells in the PEC of C3H/H.e.N mice were inpreased, .constitu.ting
of [*H]TdR incorporated was determined by scintillation counting. In some >30% of the total CD3-positive cell population after inoculation
experiments, the sortegh T cells (1x 10%well) were cultured with phos  of 100 ug/mouse of LPS or 3pug/mouse of lipid A (Fig. 1A). The

phorothioate-modified anti-sense oligonucleotide (A-ODN), 5-GACCGC 5 T cells were also significantly increased in the peritoneal cavity
CTGCCCGGAGCCTAGG -3’, or sense oligonucleotide (S-ODN), 5'-

CCTAGGCTCCGGGCAGGCGGTC-3', specific for mouse TLR2 gene (5 ©F C3H/HeJ mice, albeit to a lesser degree compared with those in
wmol/L) in the presence of LPS for 48 h at 37°C. C3H/HeN mice (Fig. 1A andB). There is a possibility that the

native LPS and lipid A include the contaminated materials such as
lipoproteins. Therefore, flow cytometry analyses for the expression
The sortedyd T cells (1 x 10°well) were incubated in the anti-TCRS of CD3, TCRap, and TCRyd were conducted with nonadherent
mAb-coated plates for 48 h in the presence of LPS or lipid A. HrNvels PEC of C3H/HeN mice or C3H/HeJ mice on day 3 after the in-
|n'the culture supernatants were determmec_i by_ ELISA (Genzyme, Camgcylation with a synthetic lipid A analogue, ONO-4007. A repre-
bridge, MA). ELISA for IFN-y was performed in triplicate using Genzyme sentative result from three independent experiments is shown in
mAb according to the manufacturer’s instructions. - p i p

Fig. 2A. The absolute numbers of peritongalT cells were cal-
Statistical analysis culated by multiplying the absolute number of the total nonadher-

Data were analyzed by Studentsest, and a Bonferroni correction was €Nt PEC by th_e percentage of th@ T cells and are shown in Fig.
applied for multiple comparison. The value pf< 0.05 was considered 2B. Both relative and absolute numbers of the PECT cells in

2202 ‘v snbny uo 1s9nb Aq /640’ jounwiwi i :mmmy/:dny

IFN-vy assay

statistically significant. C3H/HeN and C3H/HeJ mice were significantly increased after the
inoculation of ONO-4007 (100g/mouse), although 210 times

Results dose of native lipid A was required.

In vivo response ofé T cells after an i.p. administration of

lipid A Vy and b gene expression by the PE@ T cells in the

We have previously reported thaé T cells significantly increased  Pefitoneal cavity induced by injection with native lipid A

in the peritoneal cavity of C3H/HeN mice on day 3 afercoli To compare the V gene expressions of §&T cells induced by
infection (37). To determine whether native lipid A derived from injection with E. coli, LPS, or lipid A in C3H/HeN and C3H/HeJ

E. colican induce an increase #® T cells, flow cytometry anal- mice, total RNA was extracted fromd T cells sorted from non-
ysis for the expression of CD3, TC&B, and TCR+ys was con-  adherent PEC of mice inoculated wikh coli, LPS, or lipid A 3
ducted with nonadherent PEC of LPS-responsive C3H/HeN micelays previously, and the V gene expressions analyzed by RT-PCR


http://www.jimmunol.org/

934

(A)

C3H/HeN

C3H/HeJ

FIGURE 2.

TLR EXPRESSION ONys T CELLS
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Increases of peritoneald T cells after the injection of a synthetic lipid A analogue ONO-4007. C3H/HeN and C3H/HeJ mice were

inoculated i.p. with ONO-4007 on day B, Nonplastic-adherent PEC from injected mice on day 3 were stained with antiybCatti-TCRa mAb, and
anti-CD3 mAb and analyzed with FACSCalibur. Analysis gate was set as described in Fig. 1. The number in each panel indicates the perggntage of

T cells in the whole lymphocyte populatioB, Absolute numbers ofé T cells in the peritoneal cavity after synthetic lipid A injections. The numbers were g
calculated as described in Fig. 1. The results are representative of those from three independent experiments. Values are-tB®rmééine mice for s
each group:, p < 0.05 vs the control group. %
8
<)
are shown in Fig. 3. The PE@S T cells from naive mice ex- canonical W6/Vé1 TCR, which was the same as thatkf coli- %
pressed W1/2, 2, 4, and a diversity of ¥genes, whereas the PEC inducedyd T cells. F
vd T cells of C3H/HeN mice inoculated with. coli preferentially i . q i ducti £ liid Adind '-g-
expressed ¥6 and V61 genes, findings that are consistent with Proliferation and cytokine production of lipid A-induced T
those obtained in our previous study (37). Similarlyeand 61 Cells in response to LPS in vitro _

genes were exclusively used by the PEET cells in both C3H/
HeN and HeJ mice injected with LPS or lipid A. These resultsinfection in C3H/HeN mice exhibited a strong proliferative re-
suggest that thes T cells expressing Y6/V81 genes were selec-
tively induced by the native lipid A, a natural product®f coli.
To determine the junctional diversity of they@-Jyl and \b1-
J82 gene rearrangements in thé T cells induced by the native
lipid A, we examined the nucleotide sequences of thg \and
V81 transcripts of the peritoneab T cells in the lipid A-injected
mice. As shown in Fig. 4, all 20 ¥6-Jy1 transcripts and 18 of 20
V§1-352 transcripts of theyd T cells from the lipid A-injected
mice showed no junctional diversity, resulting in in-frame invari- A-inducedyd T cells exhibited a strong proliferative response in
ant canonical sequences, which are preferentially expressed in fetdle presence of LPS. Notably, thé T cells in LPS-hyporespon-
thymocytes at the late stage (approximately day 17) of gestatiosive C3H/HeJ mice proliferated more vigorously in response to
(31) and in the intraepithelial lymphocytes of reproductive organsLPS than did those in LPS-responsive C3H/HeN mice. Fi&j. 5

We previously reported that thgs T cells induced byE. coli

oTNLUILL|

sponse to LPS even in the absence of APC under TCR engagemen
(37). Therefore, we examined the proliferative response and cyto- ¢
kine production of the lipid A-inducegé T cells from C3H/HeN
and C3H/HeJ mice in response to LPS. W&eT cells were pu-
rified by cell sorting from the nonadherent peritoneal cells on day
3 after lipid A injection, and they were incubated for 48 h with
immobilized anti-TCRyd mAb in the presence or absence of an
optimum dose (1Qug/ml) of LPS. Fig. 5Ashows that the lipid

2202 ‘v 1snbny uo 1senb Aq /610 |

such as the uterus (30). Taken together, these results suggest tishbws thatyd T cells stimulated with LPS produced a large
the lipid A-inducedyd T cells in the peritoneal cavity expressed a amount of IFN+, whereas neither IL-2 nor IL-4 was detected in

FIGURE 3. Vyor V5 usage ofyd T cells in PEC

on day 3 afteE. coli, LPS, or native lipid A injection.
Total RNA extracted fromys T cells sorted from five
C3H/HeN and C3H/HeJ mice injected with. coli,
LPS, or a native lipid A 3 days previously was reverse C3H/HeN
transcribed into cDNA and amplified by PCR with
primers for Cy or C and various \§ or V8 segments.
The Southern blot of thg PCR products was hybrid-
ized with MNG6. The Southern blot af PCR prod-
ucts was hybridized with an oligonucleotide probe for
J81 or B2. The results are representative of those

from three independent experiments.

lipid A [

C3H/HeJ E. coli
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Vy-JvY
germline [TGT GCA TGC TGG GAT A (VYy6) N / P AT AGC TCA GGT TTT (Jyl)
E.coli  |TGT GCA TGC TGG GAT AGC TCA GGT TTT| in frame | 20/20
Lipid A |TGT GCA TGC TGG GAT AGC TCA GGT TTT| in frame | 20/20
vd-D8-J6
germline|TGT GGG TCA GAT A (VS1) ATCGGAGGGATACGA (p52) N / p Co ACC GAC AAA CTC (J81)
C TCC TGG GAC ACC C (J82)
Ecoi  |TGT GGG TCA GAT ATCGGAGGGA G C TCC TGG GAC ACC C|in frame|17/20
-co out of
TGT GGG TCA GAT ATCGGAGGGATAC C GAC AAA CTC| frame | 3/20
. TGT GGG TCA GAT ATCGGAGGGA G C TCC TGG GAC ACC Clin frame|18/20
Lipid A
out of
TGT GGG TCA GAT ATCGGAGGGATAC C GAC ARA CTC| frame | 2/20

FIGURE 4. Junctional sequences ofy8 and W1 from y& T cells in PEC on day 3 afteE. coli or a native lipid A injection. RT-PCR products were
sequenced and analyzed as describellaterials and Methods.

the supernatant (data not shown). Moreover @ cells in LPS-
hyporesponsive C3H/HeJ mice produced more H-M-response
to LPS than those did in LPS-responsive C3H/HeN mice.

To determine whether the responsiveness of &€l cells to
LPS is mediated by TCR signal, sorted T cells induced by lipid
A were incubated for 48 h with or without LPS (1@/ml) in the
presence or absence of immobilized anti-T@&RmAb. As shown

O control
LPS

0
C3H/Hed  C3H/HeN

O control
LPS

0
C3H/Hed C3H/HeN

in Fig. 6A, theyd T cells exhibited a significant proliferative re-
sponse even without TCR stimulation, and the proliferative re-
sponse was augmented by TCR stimulation. In contrast, Fig. 6B
shows thatyd T cells stimulated with LPS produced a small
amount of IFNy in the absence of TCR stimulation compared
with those in the presence of TCR stimulation. These results sug-
gested that stimulation with LPS induced T cell proliferation
but that TCR stimulation was required for the IFNproduction.
Dose responses of LPS for proliferation§ T cells induced by
E. coliare shown in Fig. 6C. In the presence>ed.1 ug/ml of the
LPS, theyd T cells exhibited a significant proliferative response.
We next examined the effect of soluble anti-T@&mAb on the
proliferative response ofé T cells to LPS. Sortedyd T cells
induced by native lipid A were incubated for 48 h with the LPS (10
wpg/ml) in the presence or absence of an optimum doseuf{tl)
of neutralizing anti-TCRy8 mAb or the same dose of control IgG.
We confirmed that this concentration of anti-TGR mAb could
inhibit the proliferative response of the heat-kill&himonella-
specificyd T cells (40). Fig. 7Ashows that the proliferative re-
sponse to the LPS was not inhibited by the anti-T¢RAeutral-
izing mAb, confirming that the lipid A-inducedd T cells can
proliferate in response to the LPS in a TCR-independent manner.
Although macrophages from C3H/HeJ mice are hyporesponsive
to many types of lipid A, they are nearly as responsive as their
normal counterparts when stimulated wikh gingivalis native
lipid A (2). Therefore, we next examined the proliferative response
of the lipid A-inducedyd T cells to the lipid A fromP. gingivalis
besides the lipid A derived fror. colior S. minnesotaVhen the
sortedyd T cells were incubated for 48 h with each kind of the
lipid A (10 ung/ml), they exhibited a strong proliferative response
with each of them (Fig. 7B). Taken together with the findings for
theyd T cells from C3H/HeJ mice, these results suggest thayéhe
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FIGURE 5. The proliferative response and cytokine production of the T cells respond to the native lipid A using an LPS receptor other

lipid A-induced y8 T cells from

the peritoneal cavities of C3H/HeN or

C3H/HeJ mice in the presence of LRSS Purifiedyd T cells (1x 10°/well)
were incubated on anti-TCRS mAb-coated 96-well plates for 48 h in the
presence or absence of LPS (@8/ml). During the last 8 h of incubation,
1.0 uCi of [*H]thymidine was added, and the thymidine incorporation was injection with the native lipid A
determined by scintillation countin@, Purifiedyd T cells (1x 10%well)
were cultured similarly in the presence or absence of LPSu@/énl) for
48 h, and the culture supernatant was collected. TheF¥ncentration
in the culture supernatant was determined by ELISA. The data are reprel LR family proteins, TLR2 and 4, have been identified as LPS
sentative of three separate experiments and are expressed as the meansignaling receptors (14-17, 25, 26, 29). We attempted to deter-
triplicates+ SD. *, p < 0.05 vs the control group.

than TLR4, which is mutated in C3H/HeJ mice (23, 24).
Expression of the LPS receptors in thé& T cells induced by

CD14 andf, integrins (CD11/CD18) have been widely reeog
nized as LPS receptors for immune cells (3, 7-11). Recently, two

mine which LPS receptors are used by the lipid A-indugédr
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FIGURE 7. Proliferative responses of the lipid A-induced T cells

from the peritoneal cavities of C3H/HeN mice in the presence of LPS or a

0 oot o1 1 10 30 native lipid A. A, Purified y5 T cells (1x 10%well) were cultured in the
pg/mi presence of LPS (1@g/ml) for 48 h with or without the neutralizing

anti-TCR+y8 mAb. B, Purifiedyd T cells (1 x 10%well) were cultured in

the presence of a native lipid A (30g/ml) derived fromE. coli, S. min-

nesota, or P. gingivalifor 48 h. During the last 8 h of incubatiorfH]thy-

midine was added to the culture, and the thymidine incorporation was

determined by scintillation counting. The data are representative of two

separate experiments and are expressed as the means of triptic&@s

q«, p < 0.05 vs the control group:*, p < 0.01 vs the control group.

FIGURE 6. Proliferative responses and cytokine production of the lipid
A-inducedyd T cells from the peritoneal cavities of C3H/HeN mice in the
presence of LPSA, Purifiedyd T cells (1 10%/well) were incubated for
48 h in the presence or absence of LPS (iml) with or without im-
mobilized anti-TCRy8 mAb. During the last 8 h of incubation, 1,0Ci of
[®H]thymidine was added, and the thymidine incorporation was determine
by scintillation countingB, Purifiedys T cells (1 X 10°/well) were cut
tured in the presence or absence of immobilized anti-KR@RnAb with
different doses of LPS for 48 h, and the culture supernatant was collected.
The IFN-y concentration in the culture supernatant was determined bywere incubated for 48 h with LPS derived frd coli (10 uwg/ml)
ELISA. C, Purifiedys T cells (1x 10°/well) were incubated for 48 h with  in the presence or absence of a neutralizing anti-CD11a mAb (10
different doses of LPS. ThéHiJthymidine incorporation was measured as pg/ml) or the same dose of control IgG. As shown in Fi, &he
described above. The data are representative of three separate experimepig|iferative response of thgd T cells to LPS was not inhibited by
and are expressed as the means of triplicateSD. *, p < 0.05 vs the  pe neutralizing anti-CD11a mAb.
control group.##*, p < 0.01 vs the control group.
An essential role of TLR2 in the LPS response by the lipid A-
inducedyd T cells

cells. Flow cytometry analysis for the expression@fintegrins  To examine the TLR2 and TLR4 expressionsyd/T cells, total
and CD14 was conducted with nonadherent PEC on day 3 after theNA was extracted fromyd T cells sorted from nonadherent PEC
inoculation with lipid A. A representative result from three inde- of mice inoculated with lipid A 3 days previously, and TLR2 and
pendent experiments is shown in Fid\.8Theyd T cells expressed TLR4 expressions were analyzed by RT-PCR. As shown in Fig.
CD11a but not CD11b, CD11c, or CD14. To examine whether9A, theyd T cells in the peritoneal cavity expressed a significant
CD11a is involved in mediating LPS response, sofédr cells level of TLR2 mRNA but not TLR4 mRNA. In contrast, both
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FIGURE 8. Expression of the LPS receptors in
v8 T cells in the peritoneal cavity induced by a 3
native lipid A. A, Non-plastic-adherent PEC were DD Dy I DY ChY O ]
stained with anti-TCRy8, anti-CD3% mAb, and TCR 0

mAb against CD11a, CD11b, CD11c, and CD14

and analyzed with FACSCalibur. Analysis gate

was set on lymphocytes using forward and side

scatter gating and on the TCRSC cells. B, Puri- naive
fied y8 T cells (1 X 10°/well) were cultured in the

presence of LPS (1g/ml) for 48 h with or with- LR
out the neutralizing anti-CD11a mAb. During the

last 8 h of incubation, 1.uCi of [*H]thymidine E coli
was added, and the incorporation was determined 3
by scintillation counting. The data are representa- Bt e e TR s TR e Y R S
tive of two separate experiments and are expressed
as the means of triplicates SD.
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TLR2 and TLR4 mRNA were only marginally expressed by the mice. However, the increase ¢ T cells following an i.p. injec-

aB T cells in PEC andys T cells in the liver, which did not tion of lipid A were significantly impaired in TLR2 ™ mice com
respond to LPS. Thus, these results suggest thaydhe cells in pared with that of TLR2’~ mice (p < 0.05, Fig. 10,A andB).

the peritoneal cavity may respond to lipid A via TLR2. To test this Thus, these results indicate that TLR2 is at least partly involved in
issue, we examined the effect of a TLR2 A-ODN treatment on thethe proliferation ofyd T cells in response to the native lipid A from
proliferation response of thgd T cells to LPS. As shown in Fig. E. coli.

9B, treatment with the A-ODN reduced the expression of TLR2

mRNA in theyd T cells, and the proliferation of thgd T cells in

response to LPS was significantly impgired by this treatment comMpjiscussion

pared with that of S-ODN treatment (FigC® To further confirm

the involvement of TLR2 in the/s T cell-response to native lipid A significant fraction ofyd T cells is reported to respond to the
A, we examined the flow cytometry analysis for the expression of-PS fraction through an apparently TCR-independent mechanism
CD3, TCRap, and TCRyd with nonadherent PEC in TLR2™ or (41-43). Nitta et al. reported thab T cells in the peritoneal cavity
TLR2*/~ mice on day 3 after the inoculation of native lipid A. A 0f mice proliferate in response to TCR triggering in synergy with
representative result from three independent experiments is showPS (43). Leclercq and Plum reported that TCRS\tells, which

in Fig. 10A. The absolute numbers of the peritong&IT cells are exclusively associated with canonicalMchain and are pref-
were calculated by multiplying the absolute number of the nonaderentially present in the early fetal thymus and the epidermis of
herent PEC by the percentagedf T cells and are shown in Fig. mice, are activated to produce cytokines upon interaction with LPS
10B. The increase ofé T cells in TLR2"/~ mice with C57BL/  via a TCR-independent pathway (41). Similarly, in the present
6/129 background was relatively less as compared with C3H/HeMtudy, we found that thed T cells expressing Y6/Vé1 genes
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FIGURE 9. RT-PCR analysis of TLR2 and TLR4 of théd T cells induced by a native lipid AA, Total RNA extracted fromys T cells oraB T cells

in peritoneal cavities or livers sorted from five C3H/HeN mice injected with lipid A 3 days previously was reverse transcribed into cDNA and amplified
by PCR with primers for TLR2 or TLR4B, Purifiedyd T cells (1x 10°/well) were cultured in the presence of LPS @@ml) for 24 h with TLR2 A-ODN

or S-ODN in anti-TCRy8 mAb-coated 96-well plates, and total RNA was extracted, reverse transcribed into cDNA, and amplified by PCR with primers
for TLR2. C, Purifiedyd T cells (1 X 10°/well) were incubated in anti-TCRS mAb-coated 96-well plates for 48 h in the presence of LPgdAnl) with

A-ODN or S-ODN. During the last 8 h of incubation, JuTi of [®H]thymidine was added to the culture, and the thymidine incorporation was determined
by scintillation counting. The data are representative of two separate experiments and are expressed as the means of t8flicgtps< 0.05 vs the

control group.
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teria such a$. gingivalis (2, 49). These observations suggested
that proteins other than TLR4 may replace the function of TLR4 in
signal transduction for LPS responsiveness. Transfection of cell
lines with TLR2 confers them with the ability to respond to LPS
with activation of NF«B, thus directly suggesting that TLR2
serves in place of TLR4 (14, 16, 26). Our results demonstrated that
not only in C3H/HeN mice but also in C3H/HeJ, the lipid A-in-
ducedvys T cells exhibited a strong proliferative response in the
¥ = presence oE. coli native lipid A as well as the lipid A fraction

% & from P. gingivalis. Furthermore, thes T cells in the peritoneal
FoF cavity strongly expressed TLR2 mRNA, whereas those from the
FIGURE 10. Impaired increase of peritonegd T cells after the injec- liver that did_ not respond to the naive LPS in vitro (37) expressed
tion of native lipid A in TLR2-deficient mice. TLR2~ and control only a ma_rg'”a' Ie.\/el.o_f TLR2 mRNA. Treatment with TLR2 A-
TLR2*/~ mice were inoculated i.p. with native lipid A (1Q@a/mouse) on  ODN significantly inhibited the proliferation response of T

day 0. A, Nonplastic-adherent PEC from injected mice on day 3 were cells to the IIpId A. It has to be noted, thOUgh, that the inhibition
stained with anti-TCRy$, anti-TCR o8 mAb, and anti-CD8 mAb and  of cell proliferation was partial. This was probably because the
analyzed with FACSCalibur. Analysis gate was set as described in Fig. ITLR2 mRNA inhibition by the A-ODN was moderate (Fig8® In

The number in each panel indicates the percentagedof cells in the  serial dilutions of the samples, the inhibition wa35% compared
whole lymphocyte populatiorB, Absolute numbers o#é T cells in the with the S-ODN treatment. Moreover, the increaseydfT cells

peritoneal cavity after lipid A injection. The numbers were calculated asfollowing the i.p. injection of native lipid A was significantly im-
described in Fig. 1. The results are representatives of those from thresaired in TLR2'~ mice compared with that of TLRZ~ mice
independent experiments. Values are the meas® of five mice for each P ’

group. #, p < 0.05. However, we cannot exclude the possibility that a minor expres-
sion of TLR4 on theys T cells also acts as a LPS receptor for
signal transduction in thgd T cells in vivo. We previously re-
responded to native lipid A in vivo and in vitro in a TCR-inde- ported that afteiE. coli infection theyd T cells of the PEC in-
pendent manner. Thgd T cells in the peritoneal cavity expressed cluded many \6/V81 y8 T cells but those in the liver did not, and
Vy6-Jyl and W1-J62 mRNA with no N diversity, as they do in the former exhibited a strong proliferative response to LPS but the ©
the fetal thymus and uterus. Thus, it would appear that only primiatter did not (37). Taken together, these results suggested that=
itive y8 T cells with invariant TCR such as6/V81 and &6/ Vy6/V51l y5 T cells responded to the lipid A and that TLR2y4a
V81, which develop in the thymus at the early stage of gestationT cells is responsible, at least partly, for the LPS signaling in the
respond directly to the bacterial products from Gram-negative bacVy6/Vél yé T cells.
teria. We have previously demonstrated thatT cell-deficient It has recently reported that, TLR2 mediates monocyte activa-
mice with a truncated £gene are resistant to LPS-induced lethal tion by peptidoglycans, lipoteichoic acids, and microbial lipopro-
shock with impaired TNFx production (44). Furthermore, mice teins (27-29, 50). Roark et al. reported thate¥W/61 T cells pref-
depleted ofyd T cells by TCR8 gene mutation showed impaired erentially increase amongd T cells infiltrating inflamed tissues
host defense againgt coli(37). Like phagocytes, the primitivgd induced by infection withListeria monocytogenes, a Gram-posi-
T cells may play an important role in innate immunity againsttive bacteria (51). Takeuchi et al. have most recently reported that
bacterial infection through rapid responses to the bacterial comTLR4 mainly recognize lipid A and lipoteichoic acid from Gram-
ponents via TLR2. negative or -positive bacteria, respectively, whereas TLR2 plays a
Bacterial LPS, a constituent of the outer membrane of the celmajor role in recognition of peptidoglycan and lipoprotein from
wall of Gram-negative bacteria, is one of the main causative agentsoth Gram-negative or -positive bacteria (29). The primitpel
of septic shock in humans. Recognition of LPS is a key event incells may play protective roles in infection with not only Gram-
host antimicrobial defense reactions. LPS is a complex glycolipichegative bacteria but also Gram-positive bacteria via TLR2 signal.
composed of a hydrophilic polysaccharide portion and a hydro-The native LPS and lipid A we used here may contain some bac-
phobic domain known as lipid A (45, 46). The conserved lipid A terial proteins, raising a possibility that bacterial proteins contam-
structure has been identified as the LPS component responsible forated in LPS stimulate the %6/V81 y8 T cells via TLR2. How-
LPS-induced biological effects (45-47). ever, the experiments using a synthetic lipid A analogue, ONO-
Recently, several members of the mammalian TLR family have4007, which does not contain any other bacterial materials,
been identified (18—-22). Several lines of evidence suggest that ordemonstrated that it induced an increase/®fT cells in the peri-
or more members of the TLR family are the cell-surface receptordoneal cavities in the C3H/HeJ mice that have the mutated TLR4
for LPS, the prototypical activators of NkB and other proinflam-  gene. These results indicate that TLR2 serve to function as one of
matory responses (14-17, 23, 24, 48). In C3H/HeJ and C57BLihe lipid A signaling receptors. The ability of ONO-4007 to induce
10ScCr mice, mutations of the getps (Ips”) selectively impede 8 T cells in the PEC was lower than that of the naive lipid A.
LPS signal transduction, rendering them resistant to endotoxin ydtence, it is possible that thgd T cells respond more vigorously
highly susceptible to Gram-negative infection (23, 24). TLR4 fromto the naive lipid A than synthetic lipid A via TLR2-mediating
the C3H/HeJ mouse has a point mutation at amino acid 712 (Preignals for contaminated materials such as lipoproteins.
to His), and the C57BL10/ScCr mouse appears to be null for the In the present study, thes T cells from C3H/HeJ mice re-
TLR4 locus (23, 24). These observations suggested that TLR4 is sponded more vigorously to LPS in vitro compared with those
cell-surface component of the LPS signaling pathway. Howeverfrom C3H/HeN mice. Nevertheless, thé T cells were increased
althoughlps® mice are hyporesponsive to LPS, they are notunre less in C3H/HeJ mice than in C3H/HeN mice after in vivo admin-
sponsive, and LPS-dependent gene transcription will occur if astration of lipid A, similar toE. coli infection as reported previ-
very large dose of LPS is administered (15). Moreover, cells fromously (37). Skeen and Ziegler reported that the peritonéal
C3H/HeJ mice are nearly as sensitive as their normal counterpartells proliferated in response to IL-1 and IL-7 (52). It has been
when stimulated with LPS components derived from certain bacfeported that TNFx and IL-12 synergistically stimulate huma@
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T cell proliferation (53). We have previously reported that T
cells proliferate in response to IL-15 in vitro (37, 54). Therefore,

these cytokines derived from infected macrophages may preferens.

tially stimulate the invariantyd T cells to proliferate in the in-

flamed sites. We have previously demonstrated that the macra®
phages induced b. coli infection in C3H/HeJ mice showed an 17.

impaired expression of monokine genes such as ®NE-6, IL-

12, and IL-15 compared with those in C3H/HeN mice (37). Ad- ;4
ministration of anti-IL-15 mAb inhibited, albeit partially, the in-
crease inyd T cells afterE. coliinfection in C3H/HeN mice (37).
Therefore, IL-15 derived from LPS-stimulated macrophages may
be partly responsible for local expansion @ T cells in the peri-

toneal cavity in vivo. Furthermore, IL-15 is reported to have a?%

strong chemotactic activity for T cells (55, 56). Thus, impaired
accumulation and expansion 8 T cells in C3H/HeJ mice after
in vivo administration of the native lipid A may be attributable in
part to impaired cytokine production by macrophages that may
preferentially use TLR4 for LPS signaling.

In conclusion,yd T cells expressing invariant ¥6/Vé1 TCR
responded to the native lipid A not only frobnh coli but also from

P. gingivalisin a TCR-independent manner. The LPS/lipid A-re- 23

activeyd T cells expressed TLR2 mRNA but no detectable TLR4

mRNA. Treatment with TLR2 A-ODN significantly inhibited the 24.

proliferative response ofd T cells to the lipid A. Additionally,
TLR2-deficient mice showed an impaired increase of tlaeT
cells following in vivo injection of the native lipid A. These results
suggest that the invariantyé/Vé1 yé T cells respond to the lipid
A fraction via TLR2. The primitiveyd T cells bearing invariant
TCR may play an important role in innate immunity against mi-
crobial infection through TLR2 activation.
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