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The Toll-like receptor (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 here that TLR1 associates with TLR2 and recognizes the
native mycobacterial 19-kDa lipoprotein along with TLR2.
Macrophages from TLRI1-deficient (TLR1™'") mice showed
impaired proinflammatory cytokine preduction in response to
the 19-kDa lipoprotein and a synthetic triacylated lipopeptide.
In contrast, TLR1™'" cells responded normally to diacylated
lipopeptide. TLR1 interacts with TLR2 and coexpression of
TLR1 and TLR2 enhanced the NF-kB activation in response to
a synihetic lipopeptide. Furthermore, lipoprotein analogs
whose acylation was modified were preferentially recognized
by TLR1. Taken together, TLRI interacts with TLR2 to rec-
ognize the lipid configuration of the native mycobacterial li-
poprotein as well as several triacylated lipopeptides. The
Journal of Immunology, 2002, 169: 10-14,

he Toll-like receptor (TLR)* family participates in innate
immunity by detecting invading pathogens (1-3). So far,
10 members of the hurnan TLR family have been discov-
ered. Most of the known TLRs recognize discrete pathogen-asso-
ciated molecular patterns (PAMPs} to trigger the activation of sim-
ilar intracellular signaling pathways, leading to the nuclear
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translocation of a transcription factor, NF-«B. The signaling ulti-
matcly 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 varicty of bacterial components, such as peptidoglycan
(PGN), bacterial triacylated lipoproteins, mycoplasmal diacylated
lipoprotein, and GPI anchors from Trypanosoma cruzi {(4-10).
TLR4 is cssential for responses to LPS, a glyeolipid specific to
Gram-negative bacterial cell walls, TLRS 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 TLRY participate in the rec-
ognition of viral dsRNA, tmidazoquinolincs, and bacterial DNA
with unmcthylated 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-~dcficient (TLR6™'"} mice failed to
produce proinflammatary eytokines in response to diacylated my-
coplasmal lipopeptides, termed macrophage-activating lipopeptide
2 kDa (MALP-2), whereas they responded normally to a triacy-
lated bacterial lipopeptide. TLR2™'~ macrophages did not respond
to either of these lipopeptides (13). These observations indicate
that TLR6 discriminates a subtle difference in the acylation of
lipopeptides derived from microbial pathogens. Furthermore, these
findings raised the possibility that TLR2 forms a heterodimer with
a different TLR to recognize other PAMPs, in particular triacylated
lipopeptides,

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 from Staphyvlococcus
epidermidis (15). On the other hand, another report showed that
TLRI participates in the recognition of soluble factors relcased
from Neisseria meningitides (16). However, the ligand of TLR1 in
vivo is yet to be clarificd. In the present study, we gencrated
TLR1™'~ mice and analyzed the role of TLR1 in the recognition
of bacterial lipopeptides.

Materials and Methods
Generation of TLRI™'™ mice
A genomic clone ¢ontaining mouse TLRY was isolated from the 129Sv

murinc genomic library (Clontech Laboratorics, Palo Alto, CA). A targcet-
ing vector was designed to replace a portion of an cxon confaining aa

popeptide 2 kDa: ES, embryonic stem; BCG, bacillus Calmetre Guéria; HA, hemag-
glutinin; HEK, human embryonic kidney: Pam,, M-palmitoyl-S-dipalmitoylglyceryl:
N-Pam-5-Lau,, A-palmitoyl-S-dilaurylglyceryl: Lau;, A-lauryl-S-dilausylglyceryl,
Myry. N-myristyl-S-dimyristylglyceryl; CSK,. Cys-Ser-(Lys),.
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575-795 of the mouse Fir/ gene with a neo cassette flanked by 1.0 kb of
the 5 genomic fragment and 10 kb of the 3* genomic anm, An HSV-tk
cassctte flanked the 3° genomic arm. A targeting vector was lincarized with
Sall and introduced into E14.1 embryonic stem (ES) cclls. We screencd
125 of G418~ and gancyclovir-resistant clones for homologous recombi-
ration 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.
TLRI™'™ micc were obtained by intercrossing heterozygotes. TLRI™—
mice and their wild-type littermates from these intercrosses were used for
cxperiments.

Mice, bacteria, and reagents

TLR2™'~ mice were generated by gene targeting as described previously
(7). The Mycebacterium bovis bacillus Calmette Guérin (BCG) was pur-
chased from Kyowa (Tokyo, Japan). The native Mycobacterium tubercu-
fosis 19-kDa lipoprotein was purified as described clsewhere (4). A syn-
thetic M-palmitoyl-S-dipalmitoylglyceryl (Pam;) Cys-Ser-(Lys), (CSK,)
and MALP-2 were as described previously (5, 8). A synthetic lipoprotein
analog, IBT3002, is as described previously (17). Other lipopeptides car-
rying different N-terminal acyl functions such as N-palmitoyl-S-dilauryl-
glyceryl (¥-Pam-5-Lau;) CSK,. N-lauryl-S-dilaurylglyceryl (Lau,) CSK,,
and N-myristyl-S-dimyristylglyceryl (Myr,) 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 cclls were cultured for 2 h and adherent cells were used
as peritoneal macrophages. Peritoncal macrophages (5 X 107} were cul-
tured in RPMI 1640 medium (Nacalai Tesque, Kyoto, Japan) supplemented
with 10% FCS and were stimulated with indicated bacterial components
for 24 h. Concentration of TNF-ar {Genzyme Techne, Minncapolis, MN)
and IL-6 (R&D Systems, Minncapolis, MN) in culture supernatants were
determined by ELISA.

Expression vectors

Human TLRI tagged with hemagglutinin (F1A) 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 transicntly transfected
with indicated vectors along with a pELAM luciferase reporter plasmid
(18) and a pRL-TK (Promcga, Madison, W1) for normalization of trans-
fection cfficiency by Lipofectamine 2000 (Invitrogen, San Diego, CA).
Twenty-four hours after transfection, the cells were stimulated with 10
rg/m! PamyCSK, for 8 h. Then the cells were lysed and luciferase activity
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was mcasured using the dual-luciferase reporter assay system {Promcga}
according to the manufacterer’s instruction.

Immunoprecipitation and Western blotting

HEK293 cells were transiently transfected with 3 ug of Flag-tagged TLR2,
TLR4, or 6 g of HA-tagged TLR1 as indicated. After 36 h. the cells were
tysed in the lysis buffer containing 1.0% Nonidet P-40, 150 mM NaCl, 20
mM Tris-HC] (pH 7.5}, 5 mM EDTA, and a protease inhibitor mixture
tablet, Complete (Roche Diagnostics, Indianapolis, IN). The lysates were
precleared for 1 h with protein G-Scpharose and immunopreeipitated with
2 pg of anti-Flag M2 Ab or 2 ug of anti-HA 12CAS Ab and protein
G-Scpharose for 12 h. The beads were washed with the lysis buffer four
times and immunoprecipitated proteins were cluted in SDS-PAGE sample
buffer, separated on SDS-PAGF, and transferred onto polyvinylidenc di-
fluoride membrane. HA-tagged TLR! was detected with anti-HA Ab
(Roche Diagnostics) and HRP-labeled anti-mousc Ig Ab. Flag-tagped pro-
teins were identificd with HRP-conjugated anti-Flag M2 Ab. Then the Abs
were detected by the ECL systern (DuPont, Boston, MA)

Results and Discussion
Generation of TLRI™™ mice

To investigate the functional role of TLRI, the mouse Tir/ gene
was disrupted by homologous rccombination in ES cells. A tar-
geting vector was constructed for the deletion of a part of exon
containing aa 575-795 of the mouse 7/r/ gene (Fig. 14). This
portion corresponds to a transmembrane and cytoplasmic region of
TLR 1. Chimeric males were crossed to C57BL/6 and F, heterozy-
gous offspring were obtained. Intercrosses of these heterozygotes
gave rise to homozygotes deficient in T/r/. The targeted disruption
of the 7Ir! 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
TLRZ mRNA in TLRI™'~ macrophages was normal compared
with that in wild-type cells. TLR1™'~ mice grew healthy, fertile,
ard did not show any obvious sbnormalities for up to 6 mo. Lym-
phocyte populations in thymocytes and splenocytes were not al-
tered in TLR17'" mice (data not shown),

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

To screen the components recognized by TLR, we first examined
the cytokine production from TLRI ™~ macrophages in response
to a variety of PAMPs purified from bacteria. These include the
native 19-kDa lipoprotein purified from M, twberculosis, LPS from

7.0kb
A 0,
o E B BBE E E
Wild-type allele 4_ i1 v 1
FIGURE 1. Establishment of TLR1-deficient H / ,«'
mice. A, A mouse TLR1 genomic locus and the tar- ‘ . !,‘? g6 E /
geting vector. A filled box denotes a coding exon. Targeting vector fee N rescrpt TSK(4)
Restriction enzymes: B, BamHI, E, EcoR). B. South- EEg g B BBE E E
ern blot analysis of genomic DNA extracted from Mutated aliele l o l 1 i
mouse tails digested with Bamlil. DNA was clec- -+ N
trophoresed, transferred to nylon membrane, and hy- 5.0 kbp 2 kbp
bridized with the radiolabeled probe indicated in A. QQD Y o\
C. Northern blotting analysis of thioglycolate-clic- B C SQ\Q:\ N
ited peritoncal macrophages. Total RNA (10 ug) 4\{\ Q’Qg‘
was clectrophoresed, transferred onto nylon mem- = e /- +/- .
branc, and hybridized with a cDNA probe for TLRI, .- TLR1
The same membrane was rehybridized with that for
TLR2 and GAPDH. <4 7.0 kpb e e TLR2
] » <€ 5.0 kbp
| @@ | GAPDH
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Salmaonella minnesora Re595. and PGN from StapInvlococcus an-
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-ae in culture su-
pernatant was measured. In response to the 19-kDa lipoprotein,
wild-type macrophages produced TNF-a in a dosc-dependent
manner. In contrast, the production of TNF-a from TLR1™"" mac-
rophages was markedly impaired for each concentration of li-
poprotein tested (Fig, 24). The production of IL-6 in response 1o
the lipoprotein was also reduced in TLR1 ™™ macrophages com-
pared with that of wild-type cells (Fig. 28). When stimulated with
LPS and PGN, TLR{ ™'~ macrophages produced TN¥F-a in a dose-
dependent manner to almost the same extent as wild-type cells
(Fig. 2, C and D). We next examined whether TLR1 is involved in
the recognition of whole mycobacteria. Peritoncal macrophages
were cultured with increasing amounts of live M. bovis BCG for
24 h, and the concentration of TNF-e in culture supernatant was
measured. As shown in Fig. 2E, the ability to produce TNF-uox 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 lipoprotcin purified from mycobacteria as
well as live mycobacteria.

TLRI enhances synthetic triacyl lipopeptide-mediated responses

Lipoproteins are produccd by a variety of pathogens including 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 TLLR2 is essential for both tri-
and diacylated lipopeptide respense 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: ANALYSIS OF TLR1-DEFICIENT MICE

ognized by TLRI1, we stimulated peritoncal macrophages from
wild-type and TLRE™" mice with the synthetic bacterial lipopep-
tide Pam.CSK,. and synthetic mycoplasmal diacylated MALP-2.
TLR17™ macrophages showed significantly impaired TNF-a pro-
duction in response to Pam,CSK, compared with wild-type cells,
whereas TLR17'™ cells responded normally to MALP-2 (Fig. 3. 4
and B). These results indicate that TLR1 is involved in the recog-
nition of triacylated bacterial Lipoprotein, In addition, TLR] and
TLR6 differentially recognize TLR2 ligands, distinguishing the de-
grec of acylation of the lipopeptide.

To further investigate whether the coexpression of TLRI,
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
pELAM-luciferase reporter plasmid. Transfected cells were stim-
ulated with 10 ng/ml Pam,CSK, for § h, and luciferase activity
was measured. As shown in Fig, 3C, the expression of TLR2 con-
ferred the NF-xB activation in response to Pam,CSK, stimulation
and coexpression of TLR1 stgnificantly enhanced the activation. In
conirast, coexpression of TLR6 and TLR2 did not augment the
NF-kB activation induced by Pam,CSK, stimulaticn. 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-tapged
TLR2 or TLR4 and HA-tagged TLRI1. Immunoprccipitation of
11A-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 TLRI
and TLR2 (data not shown). These results suggest that TLR1 and
TLR2 associate in a ligand-independent manner in THHEK293 cells.

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

Although the response to Pam,CSK, was significantly impaired in
TLR1™" mice, we can still observe TLR1-independent eytokine
production. Since TLR1 and TLR6 discriminate subtle diffcrences
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 is critical for the involvement
of TLRI.
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FIGURE 2, Impaired TNF-a production in re-
sponse to the mycobucterial 19-kDa lipeprotein in
TLRI-dcficicnt macrophages. 4, C, D, and E, Perito-
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and TLR1™'~ mice were stimulated with increasing
concentrations of 19-kDa lipoprotein purified from A
tuberenlosis (A), live M. bovis BCG (0), §. Minnesota
Re¢S95 LPS (O), S, aurcus PGN (D) and live M. bovis
BCG (£) for 24 h, Then TNF-a cencentration in the
culture supematant was measured by ELISA. Data are
shown as the mean * SD of triplicate wells and are
representative of three independent experiments, B.
[1.-6 concentration was measured in the culture super-
natant of wild-1ype and TLR1 ™™ macrophages stim-
ulated with 1 pg‘ml 19-kDa lipoprotcin and 100 ng/ml}
LPS. Data arc shown as the mean * 3D of triplicatc
wells.
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FIGURE 3. Involvemcnt of TLR! in synthctic A Pam,CSK, B MALP-2

bacterial lipopeptide recognition. 4 and B, Perito- 3 ¢ 0 2 o
ncal macrophages (1 X 10*) from wild-type and :_é ,.,,._,\C,J,g.,\)t-c ELS ,wglg-..d'-o
TLRI™™ micc were cullured with inereasing con- @2 G186 “‘g‘g] o “C16 Ega
centrations of Pam ,CSK, (4) and synthetic MALP-2 ; H CH, ‘; 1 H CH,
(8) for 24 h. Then the concentration of TNF-ar was Y1 w’“"f“‘ﬁ“,}‘SKALZLO 5 “"'g'ﬁ‘AN'
measured, Data are shown as the incan * SD of = Cl6 o ng = ¢
triplicate wells and are represcntative of three inde- 0

pendent experiments. €, HEK293 cells were tran- 0 o101 10 102(ng."ml) 0102101 10 (ng/mi)

siently cotransfected with centrol vector, TLRI, ! -2~ Wid-type ~o- TLRI1-/- J

TLR2, and TLR& expressien vectors plus pELAM- C 800 D

lue reporter plasmid. After 24 h, the cells were stim- « 7004 + + + HATLR1
ulated with 1¢ ng/ml Pam,CSK, for & h, and the cell 2 600 + + FlagTLR2
lysates were assayed for luciferase activity, D, 2 500- ; A * Flag-TLR4
HEK293 cells were transiently transfected with the E 400 ¢ BarA ‘;;; Fl:-_

indicated combination of cxpression vectors for 4.0 _g 3004 o — 'u__g_

pg/ml Flag-TLR2 or Flag-TLR4, and 6.0 pg/ml L 200 IP'quIEgT'W_B":nHA
HA-TLRI. Total amount of plasmid DNA was kept 100 i " ; —

constant with 10 pg by supplcmcnling with empty Conto- " IBecHA, WBioHA

vector. T'l1|n)"-31x hours a‘ﬁf:r :mnsff:ctlon,.lhc cells TiRe + R e 4 .. R — 17}
were lysed, immunoprecipitated with anti-Flag or TLRY .+ + o+ L. » 7o
anti-ITA. Ab (IP), and subscguently immunoblotted TLRE + 4+ -+ P aFtag, WB-aFlag

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

To further screen the specific ligands recognized by TLRI, we
synthesized lipopeptides bearing different combinations of fatty
acids at their N terminus. These include Myr,CSK,, Lau,CSK,,
N-Pam-5-Lau,CSK,. and a lipoprotein analog used for anticancer
therapy, JBT3002 (17} As shown in Fig. 4, they differ in the length
of fatty acids substituted on the N-terminal cysteine of the pep-
tides. The lipid moicty of N-Pam-5-Lau,CSK, and JBT3002 are
the same. We stimulated macrophages from wild-type, TLR17'7,
and TLR2™'~ mice with thesc compounds and measured TNF-e
production. All of these synthetic lipopeptides activated wild-type
cells to produce TNF-a in a dose-dependent manner (Fig. 4). Mac-
rophages from TLR2™'" mice did not produce any detectable
TNF-a in response to either of these lipopeptides. The ability of
TLR1™" cells to produce TNF-a was also impaired in responsé 10
Myr,CSK, and Lau;CSK, (Fig. 4, 4 and B). Intcrestingly, when
stimulated with N-Pam-5-Lau,CSK, and IBT3002, the production
TNF-ar of was profoundly defective in TLR17'" 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

involved in the recognition of triacylated lipoproteins as well as
mycobacterial products. TLR1 and TLR2 cooperate to detect
Pam,CSK, by interacting in ¢ach other, indicating that TLR2 pairs
with TLR1 or TLR6 to recognize different PAMPs. llowever, it is
still unknown whether TLR2 forms a heterodimer with other TLR
or whether there exists a large receptor complex consisting of
TLRI, 2, 6, and others. Further studies will clarify the exact com-
ponents of the receptor complex. [n addition, the response to PGN
was not abrogated in cither TLR1-or TLR6-dcficient mice. It is
possible TLRs other than TLRI and TLR6 pair with TLR2 to
recognize PGN or TLR2 alone may be sufficient to detect it. Since
TLR10 is highly homologous to both TLR1 and TLRS, it is also a
candidate to form a pair with TLR2 to recognize PGN (24), Fi-
nally, N-palmitoyl-S-lauryl lipopeptide and its aralog 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 discase in which
triacylated lipeproteins are involved in pathogencsis.
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FIGURE 4. Diffcrences in the lipoykation altered
TLRI responsibility. Peritoncal macrophages (1 X
10%) from wild-type, TLR1™", and TLR2™" mice
were stimulated with increasing concentrations of
Myr,CSK, (4), Lau,CSK, (8), N-Pam-S-Lau,CSK,
(€}, and JBT3002 (5 for 24 h, Then the concentra-
tion of TNF-a was measured. The results are shown
as the mean = ST of triplicate wells and are repre-
sentative of three independent experiments.
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B, JHRMOHT T ERL,

AREEERRZERN R (Table 1) @ {R&F AMAE, i K ME %
Aahio3d, ML, AL FRETRERED 2,27
CRP 3 33 mg/dl & BS54 87205, RO ERLIS
Ldroi, BIESTTY ANRIEEHEMNATH S 2
TBGL kIR Tdh oy YRIZEMTH - 12,

FaER X AEIT (Fig. 1) - M EAREF 2 (o2, 3348
TEAME 2RO B CRDIRE L B R S L E e
B,

Fg#R CT (Fig.2) : R EREFICRATROMIES
10 mm QAERREE D0, T AW EROTH
KEEE 4D,

OEEVI~41I2hiFT QS 238 — %3267,

PSR | IR IR K Ziel-Neelsen §x{112C Gaffky 1 %7,
PCR T Mycobacterium tuberculosis & ¥ S 7z, /I
M TOEETIZIAEBII TR 2o, — RN
BEEEE o7,

ABEHEFLA | HEEARM ORI VTS Meo-
bacterium tuberculosis % (R EREMERI R OB O G &1,
Uit Al 5% (INH 300 mg/H, RFP 450mg/[1, EB
1000 mg/1, PZA 1000mg/H) 2B L7z, ARREH,
L ANOICT (ISC10) A3 b TR & B A%,
MUAERRAE L 2 Ao Foo BAHNAREE (Table2) ZEMIL /- L

_—

R W77 25 200242 A

A, EOLR, HMIKECoMIaEI, SaiaEm
B XU (SET0E/IUE ¢ 41%) RO, MEEE
RAEA - PCR M TRk CH - 720 FEEE MRI
(Fig. 3) Tlt, MATERMEICHETAIEL Bbhb
CSF intensity DT # 388, Mo TESR, fRCkEX
Bikzko 2 Wy ABLEEEARE o LT BRI i - Tk
BRNERRZED LN, T, EAEE~THTER O
PPN BE M IS TIEE | ~ 2 mm DFEE RS £ 00 s, BRER
e O IR L G ESHEMERIR S L BT L 2 £,
DU IEIET LEOBNL AL ko270,
B L DHEERORS B HAT LA, AB9 HECH
FEPERIE 2 TIEC L 7,

FIARAT R | BRSO MVAEIZL D, IWIBIEH]
R sh, EEEROMBIEEBECH 27245, T
T3t Ltz MERMIETEL ; T S0 EE R
KO FRO A, B BRI FHEEROTE GRS
PG, HHMORREEE L bR, ERAOHEOIET
CERRESE - APIE - BEBRIC D32 b s, ORI RTRE R pRaE
PRI 1 em O #E{CER S & REOBEIRTE D L p T 2k & %
M7,

SRR R B (Fig. 4), BF, 5§, FMlEi4iz
EBOTR K~ PR ROFEHEHEROLH, ZOMu
IEHREEICER D ORI H EEHR, S6I12F200

Table 1 Laboratory data on admission

Hematology Serological test
WBC 2900 /pul IeG 1193 mg/d! (820~1740)
seg 63 % IgA 158 mg/di (90~400)
band 18 % IgM 151 mg/dl (31}
lymph 15 % CRP 3.3 mg/d!
mono 3% ESR 5 mm/r
RBC  446X10% /pul
Hb 13.0 g/di Bleod gas analysis {O2 2L/min nasal)
Plt  153X10* /ul pH 7.472
Pa0, 97.5 mmHg
Blood Chemistry PaCO, 381 mmHg
TP 5.2 g/l
Alb 3.0 p/df PPD (mm) 12 X6/25X12
T.Bil 1.0 mp/dl
GOT 20 U/ sputa examination
GPT 12 U/ General bacteria normal flore
LDH 465 1UN Acid-fast bacilli smear  Gaftky 1
Alp 239 104 culture  positive at 16 weeks
- ChE 120 1U/H PCR MT*
BUN 1T mg/d! Cytology class I
Cr 0.5 mg/d!
Na 133 mEqg/i Anti-HIV antibody  negattve
K 2.9 mEgd
Cl 95 mEq/! Anti-TBGL antibody 0.9 U/m/ (cut off index<2.0 U/m/)
FBS 130 mg/d/
GlyHbAle 6.60 % ;3 -D-glucan 3 pg/mi

*Mycobacterium tuberculosis
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BlicY »/sBORBE RS, M2 TALIoERL
(BH—HEOFRWT) LHEORE - B ¥ NHo
AL ORI, BWIREMSEEOEET EH EMR}ITS
FiRTHol

PP OWDIEH ¢ SIHREFICIRAL L A f A H AT
FEERH (Fig. 5) L7: AR L MRS 3 T 14580
PRI,

e "

FEWIIE, HEEARE, SHAFEATEALIECIZEY,
HEEOMR, SHACBIAENEME LSS h,
bhbhoE CiiEEERET cREksH S VITPCR

Fig.1 X-ray film of chest, showing unclear edged
small nodular shadow on bilateral upper lobes

Fig.2 CT scan of the chest, showing numerous
and disseminated nodules in whole lung
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Table2 Cerebrospinal fluid data

appearance
pressure
cells
protein
glucose
Cl
Pandy
Tryptophan
Fibrin
General bacteria
Acid-fast bacilli
smear
PCR

Cytology

yellow, clear

180 mmH,0

35:5 {mono:poly) /u!
259 mg/d!

62 mg/d! (FBS;151 mg/d])
107 mEqg/!

2+

positive

normal flore

negative
negative
class I

Fig.3 MRI of the head, showing round
enhancing lesions on cortex of bilateral
anterior and temporal area

Fig.4 Specimen from lung granuloma, showing a
granuloma with giant cells (Hematoxylin and
Eosin. X 100)
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Fig. 5 MTB in CSF, obtained afier centrifugation
at 3000 rpm for 15 min (Auramine-Rhodamine. X
400) |

AERTEIC % o oS IR RIS P TR RN
AT TR (A3 T/ THoNaoRE
IO TWD, BEALOr - A TIINEMEH 2~
4 SR DORANZERE & 2 2 BAERI > HARE S - il
Mo -ERIFCI4EMTELERICRTOE
WETH o7, YRAREOESERIENIIIHEBH M
HBWTH Y, REAFPTOREHNMARE I CHEERD
FRIES LTwvivy, SIIERICIRIL 22T L1
TR L-HR, SRR 4ERIEmELE 2o,
BENTOHMEOWMBEICOMEIIWPETH LT, &
FEFlicBVWTit, REGRDECEITL, 27 TREL,
EHCHEHEEONFNFALLAL Y, EERTOEHD
WHER IO TE, s EBbhd, LHLEHFLR
ERE M COMRBEENEN LASRIOESICBITAE
DFERTHo/z. EOHEHE LT, BHEEKO Gaffky
SEAE, HERABOME RS TV ELEER
TEZvy, L LEIRREIIE Uik,
RHETO# L Bhh b, AR in vivo TORR
HER, invicoPHCHLEEA 2EREETLY, {LEH
EIELTTA) D HEMCREITL 5B BEFER
CDC15517% B OBEFREE HN60, HN878 %2 H UNCHEE R
#£ H37Rv, Erdman &, HIAERE S L UEEMo GRS
BV TIRE LR, By (1~14B) o
W ERE 12 CDC1551, HN60, HN878, H37Rv iZHw
TIRIZENEDP -2 D0, FDO§#1E CDC1551 MR
HEMBOFEBICEELTHS2IZELR D, CDC
1551 B e~ o ABEDMROBES AR AR S A
BWhEFELR L, #0EME LT CDCIS51 MR
BIRIZIELEERORELES 2, S EHMDICEE
WA ZEFEL,E LN, BN, MAHEOM
EAEENORFEICEDEHIZL » THAEENE Lo
ErEILEND,

A BT W25 20022 8

FIEFIOERNTOMERREIREL LT, Miathik
DREEFETHL YV Y Y RIEDTEETHD, T, &
B 23 D MARF BT R C b S LR R S O R ATE
LR, MURREORELRE Lo ENHES
Noho MUREE LT, #$EEOEESTHS cord fac-
tor ¥ £ OIE SO 8812 & 4 TBGL Hidk 2 & L
Fro BEMRBEOIETHIEHEI T ¥ (Ig6, Iga,
IeM) MBI EHFEFN TH o 7o4%, i TBGL Hitkid o
GRGdolzl e L OBEHE I T A RMERIEDR SN
GETERBELTWE, REEY, HEMFERL, 3
LI TH ot T iz 2L H D,

—HAT, BENTOBEBEOMMICEETAETFEL
Temp BIEFHHE S T2, erp ififEF 12 mycobac-
terial protein T & 5 exported repetitive protein (ERP) %
encode LTWABETELTE ISR, ERPI
TrIVLDFREIIRSLTED, ep BIEFHE
RLTWLBCCHEETY AP SEISE, HILE
PPIPER SN EOMBAEBEIIET IR~ TH L,
o, REFITRHROER, SEBICHEETOEED
RHLNLH, EELL Ao TEBENOERE L
T, il Pethe LI E L S5 RE S B heparin-
binding hemagglutinin (HBHA) AF+##& LY, &,
#5#{H 1L macrophage 12 & - THL Y 32  # phagosome P
THEFFL#IT 5 A HBHA DFET Tid EE#R (5
I ZVfihe LR AIR) PO OB - BATEFL,
MARBEOREICR(HELTnALENTVE, 4
th, FEFOHEBREICBVTH epRfZF* HBHA K
T EORETFMRET D L, invivo & in vitro DISHE
EEORHEDFRETHUCPIIL TV LEFHD L F 2
L,

SEOEPIIEROER, SEFICAFEORAE
HONEREHEAELBUTIRAD, FOROEHELT
BECHARMIICTHN IO~ 2 FET 2 TR
TRULFEEES1FELTHELA,

e &

FEFDHERICH 0, BEL2 i LRk
FERERERILEA, FELERLEICE CERRL S
T
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Case Report

A CASE OF DISSEMINATED TUBERCULOSIS REQUIRING EXTENDED PERIOD
FOR THE IDENTIFICATION OF MYCOBACTERIUM TUBERCULOSIS ON CULTURE

'Junko ASHINO, 'Isao OHNO, ' Shinji OKADA, ' Yuji NISHIMAKI, *Yoshihiko SAITO,
*Mareyuki ENDO, *Mitsuo KAKU, *Hironobu SASANO, and '"Toshio HATTORI

Abstract A 80-year-old male visited an outpatient depart-
ment of a nearby hospital complaining of fever, cough, and
poor appetite on June 2000. The patient was diagnosed as
bacterial pneumonia and was treated with antibiotics although
specific cause could not be identified. After one month, he
was hospitalized due to lack of improvement. After admis-
sion, acid-fast bacilli (AFB) was found from the bronchial
washing., The patient was then transferred to our hospital.
Upon admission, sputum smear examination was positive for
AFB and MTB was confirmed by PCR. Therapy was initiated
with INH 300 mg, RFP 450 mg, EB 1000 mg, and PZA 1000
mg, orally daily. However, on the day following the admis-
sion, he became unconscious. Brain MRI showed several
small granulomas on the cortex of the bilateral anterior and
temporal brain, Although AFB was not detected from the
cerebrospinal fluid, tuberculous meningitis was suspected and
steroid was given, Nine days after admission, the patient died
- due to tuberculous meningitis. The isolation of MTB had been
atternpted on Ogawa culture medium using patient’s sputum

and liquor, and it took 14 weeks to find colony growth both
from sputum and liquor. In the autopsy, numerous granulomas
were detected in his lung, liver, kidney, and pancreas. These
findings indicate that disseminated growth of MTB occurred
in vivo in spite of very slow growth of MTB ir vifro.

Key words: Miliary tuberculosis, Tuberculous meningitis,
Virulence, Culture, Anti TBGL (tuberculous glycolipid) anti-
body
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B Cells Capturing Antigen Conjugated with CpG
Oligodeoxynucleotides Induce Th1 Cells by Elaborating IL-12"

Hidekazu Shirota,* Kunio Sano,”* Noriyasu Hirasawa,* Tadashi Terui,’ Kazuo Ohuchi,*
Toshio Hattori,* and Gen Tamura*

APCs initiate T cell-mediated immune responses against foreign Ags. Dendritic cells are professional APCs that play unique roles,
including Ag-nonspecific capture, priming of naive T cells, and Thl induction, whereas B cells generally lack these functions. In
this study we uncovered novel aspects of murine B cells as APCs using CpG oligodeoxynucleotides (CpG) conjugated with an Ap.
B cells served as efficient APCs independently of surface Igs, This characteristic was underlaid by the CpG-mediated Ag uptake
and presentation, which were functional only when CpG were covalently conjugated to Ag. The B cells cultured with CpG-
conjugated Ag not only enhanced IFN-y formation by Thi cells, but also induced Th1 differentiation from unprimed T cells, These
cflects parallcled with the increase in the expression of CD40, CD86, and class 11 molecules on B cells and the coordinated
production of 1L-12 by the cells. To our knowledge this is the first report revealing that B cells share with dendritic cells common
intrinsic characteristics, such as the Ap-nonspecific capture and presentation, and the induction of Thl differentiation from

unprimed T cells,

ntigen-presenting cells play a critical role in initiating T
A cell-mediated immune responses. Dendritic cells (DCs)?

are characterized by the ability to capture a large diver-
sity of Ags in an Ag-nonspecific manner and to present them in a
highly immunogenic form (1-4). These features highlight DCs as
professional APCs capable of priming naive T cells (5, 6).

B cells also serve as APCs (7-9). Resting B cells are poor at
presenting Ag (10-12) or are tolerogenic to T cells (13, 14), and
turn into effective APCs with the increased expression of costimu-
latory molecules after the activation (15-17). However, Ags spe-
cifically bound to surface Ig (slg) on B cells are presented to T
cells 10°- to 10*-fold more efficiently than those entering the cells
in an slg-indcpendent manner (10, 18, 19). B cells arc efficient
APCs for Ag-primed T cells (13, 20) and are likely to induce
Th2-dominant responses (21-27). It has long been debated
whether B cells can prime naive T cells {28-32). Recent in vitro
experiments using lg transgenic (tg) mice demonstrated that B
cells have the capacity of activating naive T cells for proliferation
(33, 34) and the development of Th2 cells {35) or unpolarized
effector T cells (36). However, little is known about the ability of
B cells to prime naive T cells for differentiation toward Thi cells.

The nature of DNAs as immune stimulators has recently been
attracting ruch attention. Initially, CpG oligodecoxynucleotides
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(CpG) were found to trigger B cells to proliferate and diffcrentiate
into Ig-secreting cells (37). CpG were also found to activate mono-
cytes, macrophages, and DCs to produce IL-12, which facilitates
the development of Thl cells (38-45). We reported that the ability
of Ag to induce the differentiation of Ag-specific Thl cells was
greatly enhanced when CpG were covalently conjugated to the Ag
(46, 47). The underlying mechanisms included the augmented cap-
ture of the CpG-tagged Ag by DCs in a CpG-guided manner and
the expression of costimulatory molecules and 1L-12 by the Ag-
pulsed DCs (47). While the binding of CpG to B cells has recently
been extensively studied (48), the functional relevance of CpG
binding has not been addressed.

In this report we examined the role of CpG in the CpG-Ag
conjugate in Ag capture and T cell stimulation by B cells. We
observed that the CpG-Ag conjugates were efficiently captured by
B cells regardless of the Ag specificity of slg. The CpG-activated
B cells could, in turn, present the Ag and induce the differentiation
of Th1 cells from unprimed tg T cells by claborating IL.-12,

Materials and Methods

Animals

BALB/c mice were bred in our animal facility and were used at 7-12 wk
of age. BALB/c mice tg for TCR specific for OVA,y, 355 and I-A? were
supplied by Dr. S. Habu (Tokai University, Kanagawa, Japan) (49).

Ags, CpG, and direct conjugation 1o Ags

OVA (Sigma, 8t. Louis, MO), BSA (Sigma-Aldrich), and keyhole limpet
hemocyanin (KLH; Calbiochem, La Jolla, CA) were conjugated with 2,4,6-
trinitrobenzen sulfonate (Wako Pure Chemical, Osaka, Japan). The degree
of substitution was 10 trinitrophenyl (TNP) residues/100-kDa Ag. The
CpG {1826) used throughout this study consisted of 20 bases containing
two CpG motifs (TCCATGACGTTCCTGACGTT) (50) and were fully
phosphorothioated (underlining indicates a CpG motif), The control non-
CpG oligodeoxynucleotides (ODNs; 1745) were identical, except that the
CpG motifs were rearmanged (TCCATGAGCTTCCTGAGTCT) (503
Phosphorothioate ODNs were synthesized by Nihon Gene Research Lab-
oratonies (Sendai, Japan) or Takara Shuzo (Osaka, Japan). The LPS content
of ODN was <6 pg LPS/mg DNA, as measured by a Limulus HS-J Single
Test (Wako Pure Chemical). The phosphorothioate ODNs were conjugated
to OVA, TNP-OVA, TNP-BSA, and R-PE (PE; Molecular Probes, Eugene,

9022-1767/02/$02.00
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OR) by mixing SH-conjupated ODNs at the 5° end and maleimide-acti-
vated Ag using sulfosuccinimidy] 4-{N-maleimidomethyljcyclohexane-1-
carobylate {Pierce, Rockford, [L). Unconjugated ODNs were removed by
extensive dialysis. Aliquots of CpG-OVA conjugate were purified by gel
filtration chromatography to minimize the cffects of the contaminating ag-
gregates, as described previously (47). The molar and weight ratios of the
ODN to Ag are listed in Table I,

Purification of B cells and the B cell line

Spleen or LN cells depleted of RBC by hypotonic treatment were layered
onto 50% Pcrcoll (Pharmacia Biotech, Uppsala, Sweden) and centrifuged
for 10 min at 2000 rpm. The cells under the 50% Percoll layer were in-
cubated with anti-B220 magnetic microbeads and enriched for B220" B
cells using a MACS magnetic s¢paration system (Miltenyi Biotec, Auburn,
CA). B cclls used as APCs for the stimulation of Th cells were further
purified by depleting them of CD1l¢* DCs with anti-CD1 1¢ microbeads
before enrichment for B220" cells. Reanalysis of the recovered
B220*CD11c™ cells revealed that 220" B cells and CD11c* DCs com-
prised >98% and <0.5%, respectively (Fig. 18). Low and high buoyant
density B cells were prepared by centrifugation over a discontinuous Per-
coll gradient containing 55-60 and 70% layers. B cclls at the medium/
55-60 and 60/70% interface were collected separately and used as large
and small B cells, respectively. Where indicated, the BCL1 B cefl leukemia
line (51) (provided by Cell Resource for Biomedical Research, Tohoku
University) was used as altemative APCs for the Thl induction or
activation.

Stimulation of naive OVA-specific T cells with CpG and OVA
Jor the Thi differentiation

CD4™ T cells were prepared from spleens of unimmunized OV A-specific
TCR tg mice by depleting CD8* and Ia* cells using a panning method
(47). B220'CDIlc™ B cells (2.5 X 10%) purified from unimmunized
BALB/c mouse spleens or the BCL1 B cell line were pulsed with OVA
and/or CpG for 3 h. The BCL1 cell line was then fixed with 0.5% para-
formatdehyde at 37°C for 15 min. Afler extensive washing they were
cocultured with 2.5 X 10* OV A-specific CD4"* T cells in 2 ml medium in
12-well plates. After 6 days of culture, viable lymphocytes (1 X 10%) re-
covered by Ficoll-Paque (Pharmacia Biotech) density-gradient centrifuga-
tion were restimulated with 2 X 10° APCs in the presence or the absence
of OVA (100 pg/ml) in quadruplicate in 96-well plates, APCs were pre-
pared by treating spleen cells from unimmunized BALB/c mice with mi-
tomycin C (MMC; 50 pg/ml; Wako Pure Chemical) for 30 min at 37°C.
After 2 days of culture, the culture supernatants were assayed for [FN-y
and IL-4. To neutralize IL-12 activity, 10 pg/ml anti-IL-12 (Genzyme,
Cambridge, MA) or isotype-matched control mAb ({rat 1gG2a; BD Phar-
Mingen, San Diego, CA) were included in the cultures.

Restimulation of OVA-specific Thi ceils with CpG and OVA

OVA-specific TCR tg Th! (hereafter referred to as Thl) cells were induced
in vitro and enriched for CD4* cclls as described previously (47). In brief,
spleen cells from unimmunized OV A-specific TCR tg mice were cultured
with OVA (100 pg/ml) and IL-12 (1 ng/ml). After 6 days of culture, viable
lymphocytes were enriched for CD4* T cells by a panning method, CD4*
Thi cells (1 X 10°) were cultured in 96-well plates with 2 X 10% untreated
spleen cells or B220*CD11¢™ B cells from BALB/c mice or the BCL1 B
cell line as APCs in he prescnce of OVA and/er CpG in quadruplicate.
After 2 days of culture, the culture supernatants were assayed for JFN-y
and IL-4, The enriched T cells failed to produce IFN-y or IL-4 in response
to OVA or CpG-OVA in the absence of additional APCs.

Restimulation of anti-OVA Thl celly by TNP-primed B cells

BALB/c mice were immunized in the hind footpads with TWNP-KLUH or
KLH emulsified in CFA (Difco, Detroit, MI). After | wk, popliteal LN

Table I.  Molar and weight ratios of ODN to Ag

Molar Ratio Weight Ratio
CpG-OVA 6.4 0.86
Non-CpG-OVA 6.1 0.81
CpG-OVA-TNP 7.1 0.96
CpG-BSA-TNP 10.6 092
CpG-PE 3.7 0.092
Non-Cp(3-PE 3.7 0.092

cells were pooled from three mice and purified for B220*CD11e™ B cells
as deseribed above, CD4' Thi cells (1 X 10%) were cultured with 2 X 10°
purified B cells in the presence of OVA conjugated with CpG, TNP, or
both in quadruplicate in 96-well plates for 2 days, and the culture super-
natants were assayed for IFN-v,

Stimulation of the purified B cells with CpG

The purified B2207CD11e™ B cells (2 X 10%well) from unimmunized
BALB/c mice were cultured with LPS (Sigma-Aldrich), CpG, or control
non-CpG ODNs in quadruplicate in 96-well plates. After 2 days of culture,
the culture supernatants were assayed for IL-12 by ELISA as described
below.

Cytokine assav

The concentrations of IFN-y and IL-4 in the culture supernatants were
determined using ELISA as described previously (52). The concentrations
of IL-12 were defermined using paired anti-IL-12 mAbs (BioSource Intcr-
national, Camarillo, CA} according to the manufacturer’s instructions. Tet-
ramethylbenzidine reagent (Kirkegaard & Perry Laboratories, Gaithers-
burg, MD) was used for color development, and ODs determined at 450 nm
were converted to concentrations (nanograms per milliliter) according to a
standard curve. Standard recombinant mouse 1L-12 was purchased from
PeproTech (Rocky Hill, NJ).

Reagents used for flow cytometry

FITC-conjugated anti-B220 mAb, PE-conjugated anti-1L-12 mAb, and al-
lophycocyanin-conjugated streptavidin (SA) were purchased from Immu-
notech (Westbrook, ME), BD PharMingen, and Biomeda (Foster City,
AQC), respectively. Biotinylated anti-CD40 and anti-CD86 mAbs were pur-
chased from Caltag Laboratories (Burlingame, CA). Anti-I-A* mAb (MK-
D6) (53) was partially purificd from ascites by ammonium sulfate precip-
itation and conjugated to biotin (Sigma-Aldrich) in our laboratory.

Analvses of B cells by flow cytometry

The B220" B cells from unimnwmized spleens were incubated with PE
alone, a mixture of PE and CpG, or graded doses of PE-CpG conjugates
overnight. The cells were stained with FITC-conjugated B220 mAb to-
gether with biotinylated anti-CD40, anti-CD86, or anti-I-AY mAb. The
binding of biotinylated mAbs was detected with allophycocyanin-SA. The
correlations between PE staining and the CD40, CD86, or 1-A9 expression
on the viable B220" B cells were analyzed using FACSCalibur (BD Bio-
sciences, Mountain View, CA). Propidium iodide (Sigma-Aldrich)-stained
dead cells were excluded from analyses. For staining of intracytoplasmic
IL-12, the purificd B220™ B cells were cultured with CpG or LPS over-
night, with 10 ug/m! brefeldin A (Wako Pure Chemical) added for the fina)
4 h. After staining with FITC-labeled anti-B220 mAb, the cells were
treated with cell permeabilization solution (Immunotech, Minneapolis,
MN) and then stained with PE-labeled anti-IL-12 mAb (0.3 pg). Where
indicated, a 20-fold excess of unlabeled anti-IL-12 mAb (BD PharMingen)
was also added. They were analyzed by flow cytometry,

Statistics

Data from in vitro culture experiments arc expressed as the mean = SEM,
Each experiment was repeated at least twice. Student's £ test was used in
the analysis of the results.

Results
Activation of Thi cells by unprimed B cells and CpG-OVA

We first determined whether unprimed B cells could present Ag to
OVA-specific Thl cells. Spleen cells from unimmunized BALB/c
mice (Fig. 14) were enriched for B cells using magnetic beads.
The purity of B220"* B cells was =98%, and the contamination by
CDlilc” DCs was <0.5% (Fig. 18). When spleen cells were em-
ployed for APCs, the Thl cells predominantly produced IFN-v in
response to OVA. With the purified B cells, however, Thl cells
failed to produce 1FN-vy in response to 10-100 ug/ml OVA, ver-
ifying the depletion of DCs and the high purity of the B cell frac-
tion (Fig. 1C). The lack of cytokine production from the Thl cells
cultured with Cp(i-OVA in the absence of APCs substantiated the
depletion of DCs in the Thl population {(data not shown). The
purificd B cclls failed to present OVA in the copresence of 10
ng/ml CpG, whereas the same B cells cultured with CpG-OVA
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FIGURE 1. Activation of Thl cells by unprimed B cells and CpG-OVA. A4 and B, Spleen cells from unprimed BALB/c mice were stained with mAbs

against B220 and CD11c before (4) and after (B8) the purification for B220' CD! 1¢™ B cells. Contamination of the purified B cell preparation with CD11¢*
DC was reproducibly <0.5% (8). C-F, Thi cells were induced by culturing spleen cells of OV A-specific TCR tg mice in the presence of OVA {100 ug/ml)
and IL-12 {1 ng/m1} for 6 days. and 1 X 10° CD4* Thl cells were restimulated with OVA, CpG, a mixture of CpG (10 pg/ml) and OVA (10 peg/ml}, graded
doses of the CpG-conjugated OVA, purified CpG-OVA, or control ODN-conjugated OVA in the presence of 2 X 10° APCs. The APCs used were spleen
cells (C)., purified B220*CD1ic™ B cells (C-F£), or fractionated B cells using Percoll density centrifugation (F). After 2 days of culture, the culture
supernatants were assayed for IFN-y and IL-4 by ELISA. Flow eytometric results are representative of multiple independent experiments. The in vitro
culture experiments were repeated independently two or three times with similar results. *, p <2 0.003; #+, p < 107* (compared with the CpG + OVA

group).

conjugate potently activated Thi cells for the production of IFN-y,
but not 1L.-4, in a dosc-dependent manner, We also employed pu-
rificd CpG-OVA that contained minimal amounts of aggregates
(47) and found that the monomeric CpG-OVA and CpG-OVA be-
fore purification were comparable in their ability to activate Thl
cells (Fig. 1D), indicating that the Thl activation reflects the
feature of the monomeric CpG-conjugated OVA, but not the
aggregates. Although B cells could also present non-CpG ODN-
conjugated OVA to Thl cells, the IFN-y levels induced by
non-CpG-OV A were significantly lower than those induced by
CpG-OVA (Fig. 1E). Neither large nor small B cells presented
OVA to Thl cells, whereas both B ccll populations presented
CpG-OVA to stimulate Thl cells to comparable levels at the
doses tested (Fig. 1F).

Differentiation of Thi cells from naive T cells by stimulation
with CpG-OVA and unprimed B cells

We next examined whether purified B cells could induce the dift
ferentiation of Ag-specific Thl cells from natve T cells. CD4* T
cells precultured with MMC-treated splcen cells and OVA devel-
oped into effector Th cells that produced comparable levels of
IFN-v and IL-4 upon antigenic stimulation. However, CD4™ T
cells precultured with purified B cells in the presence of 100 peg/ml
OVA did not produce cytokines upon restimulation with Ag in the
presence of APCs (Fig. 24). The B cclls failed to present OVA to
naive T cells for the development of effector Th cells even after
stimulation with a mixture of OVA and CpG. In contrast, the con-
jugate of the corresponding doses of CpG and OV A induced naive
T cells for the development of Thl cells. Purified monomeric CpG-
OVA devoid of aggregates had a Thi-inducing activity compara-

ble to that of CpG-OVA before fractionation, indicating that the
Thl development can be ascribed to the monomeric CpG-OVA
conjugates. The non-CpG-OV A conjugate failed to induce the dif-
ferentiation of naive T cells. It was also found in an additional
experiment that IFN-y production of Thl cells induced by CpG-
OVA increased in a dose-dependent manner (Fig. 25). The results
clcarly showed that unprimed B cells could present Ag to induce
the Tht differentiation from unprimed T cells if the Ag was in the
form of a conjugate with CpG.

Dose-dependent and coordinated increases in Ag uptake and the
expression of costimulatory molecules on B cells by CpG-Ag
conjugate

We then determined the effects of CpG in the conjugate on Ag
uptake by and the expression of costimulatory molecules on B
cells. To track the fate of Ag, CpG-conjugated PE was employed.
Previous experiments showed that CpG-PE contained no discern-
ible amounts of aggregates, as determined by SDS-PAGE, and that
frec PE or CpG in the CpG-PE preparation did not affect the func-
tion of DC (47). Splenic B cells were incubated overnight with
either the conjugate or a mixture of PE and CpG, and PE in B220™"
cells and the expression of costimulatory molecules were analyzed
by flow cytometry. As shown in Fig. 3, the CpG-PE conjugate and
the mixture were comparable in activities for increased expression
of CD$6, CD40, and class 11 MHC. However, PE staining in B
cells was entirely different between the two; only a minor fraction
(1.4-1.8%) of unimmunized B cells phagocytosed PE in the mix-
ture. After incubation with CpG-PE, the proportion of PE-bearing
B cells (19.4-100%) and the intensity of PE staining increased in
a dose-dependent manner, and the enhanced PE staining paralleled
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FIGURE 2. Differentiation of Thl cells from naive T cells by stimula-
tion with CpG-OV A and unprimed B cells. Purified B220*CDElc™ B cells
{4 and B) or spleen cells {4) were pulsed with OV A alone or with a mixture
or conjugate of OVA and CpG for 3 h. Then, 2.5 X 10° pulsed APCs were
cultured with 2.5 X 10* unprimed OV A-specific CD4* Th cells in 12-well
plates. After 6 days of culture, i X 10° viable lymphocytes were restim-
ulated with OVA (100 pg/ml) and 2 X 10° MMC-treated spleen cells for
2 days, and culture supernatants were assayed for [FN-y and IL-4. Spleen
cells (4}, but not purified B cells (4 and 8), presented OVA (100 ug/ml)
for the development of Th effector cells. Purified CpG-OVA depleted of
aggrepates exhibited a Thl-inducing ability comparable to that before pu-
rification, indicating that the Thl-inducing activity of CpG-OVA can be
attributed to the monomeric CpG-OVA (4). In B, graded doses of CpG-
OVA were used to examine a dose-response relationship. The abscissa
shows the concentration of OVA in the mixture or conjugate. The concen-
tration of CpG in the CpG plus OVA group was 10 pg/ml. Each experi-
ment was repeated twice independently with similar results, *, p < 0.05;
%, p < 0.02; +++, p < 107* (compared with the CpG plus OVA group).

the increase in the expression of costimulatory molecules. Most
notable was CDB86 expression. The results show that the
CpG-PE conjugate induced concomitant increases in CD86
expression and PE uptake in a dose-dependent fashion. CpG in
the mixture with PE induced CD86 expression without an
accompanying increase in PE uptake. After activation with
CpG-PE conjugate, B cells with higher levels of PE expression
exhibited concomitant increases in the expression of CD40
and class [ molecules, In additional experiments, the effects of
non-CpG control ODN were examined. The control ODN-
conjugated PE did not increase the expression of CD86
(Fig. 3B).

IL-12 production by CpG-activated B cells

We determined whether IL-12 scereted from B cells facilitated
Th1 differentiation by the CpG-OV A conjugate. First, we assessed
IL-12 production by CpG-activated B cells. CpG stimulated puri-
fied B cells to form 1L-12 in a dose-dependent manner (Fig. 44).
The CpG-OVA conjugate also induced IL-12 formation to com-
parable levels as CpG alonc at two different doscs. Non-CpG
ODNs failed to induce IL-12 formation. The unstimulated or LPS-
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FIGURE 3. Dose-dependent and coordinated increases in the Ag uptake
and the expression of costimulatory molecule on B cells by CpG-Ag con-
jupate. A, Aliquots of B220" B cclls from BALB/c mice were incubated
overnight with PE (11 pg/ml), a mixture of PE (11 peg/ml) and CpG (I
pg/ml), or graded doses of PE-CpG conjugates. They were stained with
FITC-labeled anti-B220 mAb and biotinylated mAb to CD86, CD40, or
I-AY, followed by allophycocyanin-SA. The correlations between PE stain-
ing and CD86, CD40, or 1-A? expression in the gated B220" B cells are
shown. Numbers represent the percentage of cells, and values in parenthe-
ses are the mean fluorescence intensity of the CD40 or 1-A9 expression in
B cells. Note that the conjugate dose-dependently increased the number of
PE-bearing B cells and up-regulation of CD86, CD40, or MHC class 1l
expression. 8, B220™ B cells were incubated with PE (11 pg/ml) conju-
gated with CpG- or non-CpG control ODN, and the correlations between
CDE&6 expression and PE staining are shown, One experiment representa-
tive of three independently performed experiments is shown,

stimulated B cells failed to produce 1L-12, as reported previously
(54). The results confirmed the exclusion of DCs, which produce
IL-12 in response to LPS stimulation (55), in the B cell
preparation.

Additional support came from the experiment with neutralizing
anti-1L-12 mAb. The purified B ccll population, which failed to
present OVA to Th cells, presented the CpG-OVA conjugate to
induce OVA-specific Thl cells (Fig. 48). The induction of Thl
differentiation by purified B cells was neutralized by anti-1L-12
mAb, but not by the isotype-matched control. Control ron-CpG
ODNGs failed to induce Thl differentiation.

More concrete evidence for the formation of IL-12 by B cells
was obtained by the staining of intracytoplasmic 1L-12 in gated
B220" B cells (Fig. 5). Neither unstimulated B220" B cells nor
LPS-activated B cells were stained with PE-labeled anti-1L-12
mAb, substantiating the lack of nonspecific staining with PE-Ia-
beled anti-IL-12 mAb. In contrast, the staining of CpG-activated B
cells with PE-labeled anti-1L-12 mAb shifted the staining of the
whote population by nearly 4 times, as judged by the increase in
the mean fluorescence intensity (from 11.42 to 44.67). The pro-
portion of B cclls scored as positive for IL-12 staining increased to
16.5%. IL-12 staining was specific, because pretreatment of CpG-
activated B cells with unconjugated anti-1L-12 mAb inhibited
binding of PE-labcled anti-1L-12 mAb. Thus, we concluded that
CpG-conjugated Ag induced Ag-specific Thl cell differentiation
through the elaboration of 1L-12 in B cells.
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FIGURE 4. CpG-activated B cells elaborate 1L-12 and induce the dif-
ferentiation of Th1 cells. 4, Purified B220*CD11c™ B cells (2 X 10%) were
stimulated with LPS, CpG, CpG-OVA, or non-CpG ODN (ODN) in 96-
well plates for 2 days, and culture supematants were assayed for 1L-12 by
ELISA. CpG and CpG-OVA induced B cells to produce IL-12 to a com-
parable extent. 8, Unprimed OV A-specific CD4™ T cells (2.5 X 10%) were
cocultured with 2.5 X 10° purified B220*CDt1¢™ B cells pulsed with
OVA (100 pg/ml), CpG-OVA (10 p2g/ml), or non-CpG ODN-OVA (ODN-
OVA; 10 pzg/ml) in the presence or the absence of anti-IL-12 (alL-12) or
isotype-matched control (CTRL) mAb (10 pg/ml). After 6 days of culture,
1 X 10° viable lymphocytes were restimulated with OVA (100 ug/ml) and
2 X 10° MMC-treated spleen cells for 2 days, and culture supcrnatants
were assayed for IFN-y and 1L-4, =, p << 0.01; #+, p < 107> (compared
with the unstimulated group).

Svrergism between Ag-nonspecific CpG-mediated and Ag-
specific slg-mediated Ag capture by primed B cells

We next examined the effects of slg-mediated capture of CpG-
conjugated Ag on Thl cell activation. TNP-primed and control
B cells were prepared from TNP-KLH- and KLH-primed LN
cells, respectively, and cultured with OVA-specific Thl cells
and OVA conjugated with CpG, TNP, or both. Thl cells
produced low levels of IFN-v in response to TNP- or CpG-
conjugated OV A presented by TNP-primed B cells, whereas the
same concentration of OVA conjugated with both TNP and
CpG stimulated Th1 cells when TNP-primed, but not control, B
cclls were used as APCs (Fig. 6). In addition, TNP-KLH-
primed B cells induced 1FN-vy production to a level comparable
to that induced by KLH-primed B cells when cultured with Thl
cells and the combination of TNP-BSA-CpG plus OVA-CpG
(Fig. 6A4). These results indicate that the Ag-specific slg-
mediated Ag capture enhanced Ag presentation and Thl acti-
vation by primed B cells in a synergistic manner with Ag-
nonspecific CpG-mediated Ag capture.

Activation and induction of Thi cells by the BCLI B cell line
as APCs

We examined the Ag-presenting ability of the B cell leukemia line
to exclude the possible contribution of DCs that might have con-
taminated the purified B cell population. The BCL1 B cell line
activated Thl cells by presenting CpG-OVA in a dose-dependent
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FIGURE 5. Expression of intracytoplasmic 11L-12 in CpG-activaled B
cells. Purified B220* B cells were cultured with LPS or CpG overnight,
with 10 pg/ml brefeldin A added for the final 4 h. Afier staining with
FITC-labeled anti-B220 mAb, the cells were treated with cell permeabili-
zation solution and then stained with PE-labeled anti-1L-12 mAb (0.3 pg).
Where indicated, a 20-fold excess of free anti-IL-12 mAb was added at the
beginning of the incubation. They were analyzed for intracytoplasmic
1L-12 by flow cytometry. The IL-12 expressions in the gated B220* B cells
are shown. Data are representative of four independently performed ex-
periments with similar results.

manner (Fig. 74}, as did the purified B cells shown in Fig. 2C.
Stmilarly, the BCL1 B cell line also induced Th1 cells from naive
T cells in the presence of CpG-OVA (Fig. 7B), as did the purified
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FIGURE 6. Synergism between Ag-nonspecific CpG-mediated and Ag-
specific sTg-mediated Ag capture by primed B cells. B220"CDt1c™ B cells
were purified from the popliteal LN cells primed with TNP-KLH (&) or
KLH (ly in CFA. B cells (2 X 10°) were cultured with 1 X 10° CD4* Thy
cells in the presence of 0.1 pg/ml (4) or 1.0 mg/ml (B) of the indicated
stimulants for 2 days, and culture supernatants were assayed for IFN-y by
ELISA. IL-4 levels were not detected in any culture, Experiments were
repeated independently three times with similar results. *, p < 0.05; *=,
p < 167 (compared with the CpG-OVA-TNP groupy).
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FIGURE 7. The activation and induction of Thl cells by the BCL1 B
cell line as APCs. Expenimental protocols in A and B are the same as those
in Figs. 1C and 2A, respectively. The BLCI B cell line, instead of purified

B220*CD11¢™ B cells, was used as APCs either without (4) or after fix-

ation with (B) 0.5% paraformaldchyde. The B ccll line works as APCs to
stimulate Thi cells (4) or to induce Th1 differentiation from naive T cells
(B). Each experiment was repeated twice independently with similar re-
sults, %, p < 0.01; 2, p < 1072 #++, p < 107 (compared with the CpG
plus OVA group).

B cells shown in Fig. 24. These results reinforce our contention
that purified unprimed B cells, but not contaminating DCs, induce
or activate Thl cells,

Discussion

APCs are initiators of the T cell-mediated immune surveillance
system. DCs are well equipped with devices to capture diverse Ags
and present antigenic peptides to T cells (1-4). DCs produce IL-12
upon encountering microbes, thereby inducing protective Thl re-
sponses (56-58). B cclls also serve as APCs {7-9). Characteristics
of B cells include clonally expressed slgs that promote the capture
of Ag (10, 18, 19). B cells tend to induce Th2 responses (21-27)
and are unable to induce Tht cells. Thus, DCs and B cells appear
to play distinctive roles in directing immune responscs.

In this report we disclosed features of B cells that challenge the
idcas described above if Ag is chemically conjugated with CpG. B
cells could efficiently capture the conjugate and present antigenic
peptides to Th cells regardless of the Ag specificity of slg (Figs.
1-3), and CpG-stimulated B cells could induce Thl development
by preducing a sufficient amount of IL-12 (Figs. 2, 4, and 5). The
efficient Ag uptake in an Ag-nonspecific manner and the ability to
induce Thl differentiation from naive T cells had been considered
to be unique to DCs. Here, we demonstrate that B cells are also
endowed with these characteristics and can work like DCs pro-
vided that Ag is linked to CpG.,

During the course of our studies of regulatory CD4™ T cells that
control Th2 responses, we found that the CpG-OVA conjugate
induced Ag-specific Thl cells and inhibited airway eosinophilia

(46). One of underlying mechanisms was the augmented capture of
the CpG-tagged Ag by DCs in a CpG-guided manner, because PE
conjugated to CpG bound to DCs >100-fold more than PE mixed
with CpG (47). In this study we found that the same mechanism for
capturing Ag applies to B cells. B cells had been thought to be poor
for nonspecific Ag uptake (10, 18, 19). Under physiological con-
ditions, B cells ncither efficiently processed Ag (Fig. 3) nor stim-
ulated Th cells (Figs. 1 and 2). The activation of B cells by CpG
failed to improve the uptake of Ag (Fig. 3) or the presentation of
antigenic peptide to Th cells (Figs. 1 and 2). When CpG were
conjugated to Ag, however, B cells could present the Ag and serve
as cfficient APCs in an Ig-independent manner (Figs. 1-3). The
enhanced uptake of CpG-conjugated Ag by B cells is considered to
reflect the efficient binding of CpG to surface receptors specific for
ODNs (59), which, however, have not been defined yet.

IL-12 was initially identified as a product of human transformed
B lines, whereas it had been controversial whether murine B cells
produced 1L-12 (54, 60). There has been accumulating evidence
that B cells as APCs are likely to skew T cell immune responses
toward the Th2-dominant phenotype (21-27). In sharp contrast to
these earlier studies, we here demonstrate that B cells sccreted
IL-12 {Figs. 4 and 5) and can play a decisive role in Thl differ-
entiation from unprimed T ¢clls (Fig. 2). Recently, B effector 1
{Bel) stimulated with Thl cells was reported to produce IL-12,
although IL-12 failed to polarize the naive T cells to differentiate
into Th1 cells (61). IL-12 production from Bel cells was detected
upon restimulation following an initial 4-day culture with Thl
cells, whereas naive B cells could sccrete 1L-12 in response to
overnight CpG stimulation. Thus, CpG-activated B cells and Bel
cells appear to represent the distinct activation status of B cells.

The nonspecific Ag uptake that is independent of slg specificity
is mediated by other receptors on B cells. The most notable is
CD21 (complement receptor type 2)-mediated endocytosis. The
Ag coupled to C3 fragment is taken up in an Ag-nonspecific man-
ner and presented to T cells as efficiently as those bound through
slg (62-64). CD21 ligation failed to up-regnlate costimulatory
molccules (65, 66), whercas the activation of B cells by CpG cn-
hanced the expression of costimulatory molecules (Fig. 3), which
highlights the advantage of CpG as an immunostimulator.

What, then, could the physiological significance of the B cell
responscs to CpG be? Ag-primed B cells are known to be efficient
APCs following Ag capture through sIg {10, 18, 19) and activation
(15-17). They are likely to induce Th2-dominant responses (21—
27). However, we have found that CpG-activated B cells can ini-
tiate Thl responses (Figs. 1 and 2). Thus, B cells as APCs can
modulate the immune outcome by converting Th2-oriented re-
sponses to Thl-dominant responses in the presence of CpG. An
additional surprising finding is that the Thl inducibility of Ag-
primed B cells was further amplified when the B cells bind to Ag
in both CpG- and slg-mediated manners (Fig. 6). This mechanism
might be very advantageous for the induction of dcfensive Tht
responses against microbial infections. Microbe-specific B cells
could bind to bacteria through slg and CpG when bacteria are
tagged with DNA speiled from degraded microbes. This scenario
could be plausible, since bacteria express surface receptors specific
for DNA {67).

In summary, we showed that B cells share common roles with
APCs with DCs, including the Ag-nenspecific capture and the in-
duction of Thl differcntiation from unprimed T cells.
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