850 Human T,1 generation by ManLAM/AM in M. bovis BCG

FL-7 ]
PIDWwDI0DAKW

I

uBuUIgEy
']
ueilnejebougesy

uejloEjED

uesL)6-
opndag

SUBIQUI SR
smwsejdol A

Ca

(] - (LAW) Wal

(0

Fig. 1. Schematic structure of the mycobacterial cell envelopes. The individual compartment was shown to be a cytoplasmic membrane,
peptidoglycan layer, arabinogalactan and mycolic acid layer (right side), The structures of the major lipid and lipoglycan molecules from BCG
Tokyo-172 are shown; cardiolipin, Ac3PIM2, Ac4PIM2, Ac4PIME, LM and LAM

decade. LAM is a complex lipoglycan composed of D-mannan
and D-arabinan attached to a Pl moiety that anchors to
the cytoplasmic membrane in the mycobacterial cell enve-
lope (13). Although fatty acyl moiety is consistent among
mycobacteria, the carbohydrate chain structure of LAM dif-
fers greatly according to the mycobacterial species, such
as LAM with mannose caps (ManLAM), AralLAM and PILAM
However, the relationship between the molecular structure
and immunomodulating activity of LAM has not yet been fully
established especially in human immunocompetent systems.

Dendritic cells (DCs) play a crucial role in the induction of
cellular immunity against intracellular pathogens including
mycobacteria (14-16). Human or murine myeloid DC
infected with M. tuberculosis or M. bovis BCG induced the
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maturation with an increased IL-12 production (17, 18) and
induced a potent anti-tuberculous immunity against experi-
mental tuberculosis in mice (19). A T,1 cytokine IFN-y has
been identified as a key cytokine controlling mycobacterial
infections (20-23). Patients defective in genes for IFN-y or
the IFN-yR are prone to serious mycobacterial infections
(24). Therefore, IFN-y plays a crucial role in anti-mycobacterial
immunity. ManLAM, which is produced by slow-growing
mycobacteria inciuding M. bovis BCG, which has been
reported to exert an immunosuppressive effect (25-27) and
contributes to the persistence of slow-growing mycobacteria
in humans. In contrast, LAM having phospho-myo-inositol
units and LAM without capping are called PILAM and are
produced from fast-growing mycobacteria. PILAM produces



a variety of pro-inflammatory cytokines through the activation
of Toll-like receptor 2 (TLR2) (28-30). LM was shown to acti-
vate the macrophages in a TLR2-dependent and TLR4- and
TLRé-independent manner (31-33). The balance of Man-
LAM/LM could thus be a parameter influencing the net
immune responses against mycobacteria (34). Many investi-
gators have reported that LAM/LM molecules induced type-|
responses accompanied with the enhanced production of in-
flammatory cytokines, such as tumor necrosis factor a
(TNFa) and IL-12 in DCs, and increased CD1 moalecules on
antigen-presenting cells (APCs). However, the regulation of
the T,1/T,2 balance in the human immune system with
PBMC induced by LAM/LM has not yet been reported.

In the present study, purified ManLAM/LM molecules from
M. bovis BCG Tokyo-172 were structurally and functionally
characterized, and the effect of LAM/LM on T,1/T,,2 differen-
tiation was assessed using an established human T,1/T,2
differentiation culture system. As a result, two distinct regula-
tory pathways were identified in which mycobacterial LAM/
LM controls the balance of T,1/T,2 directly or indirectly via
APCs.

Methods

Bacterial strain and growth conditions

Mycobacterium bovis BCG Tokyo-172 (ATCC 35737) was
grown as a surface culture at 37°C in Sauton medium for
8 days. The bacterial culture was harvested by centrifuga-
tion after autoclaving at 121°C for 15 min.

Isolation and purification of LAM/AM, phosphatidylinositol
dimannoside, hexamannoside and cardiolipin

Lipids were extracted with chloroform-methanol (2:1, by vol-
ume) and the crude lipids were separated by the solvent
fractionation method (35). The PIMs [phosphatidylinositol
dimannoside (PIM2) and hexamannoside (PIM6)] and cardi-
olipin were Isolated from the chloroform-soluble fraction by
thin-layer chromatography on a silica gel (Uniplate and
Analtech) with the solvent system of chloroform-methanol-
waler (65:25:4, by volume). For purification of LAM/LM, the cells
were re-suspended in deionized water and were passed
three times through a French pressure cell (5501-MF,
OHTAKE WORKS, Tokyo, Japan) at a pressure of 180 Mpa
and disrupted. The unbroken cells were removed by centri-
fugation twice at 6760 x g for 20 min at 25°C. The broken
cells (crude CW fraction) were separated from the superna-
tant by ultracentrifugation at 18 000 % g for 1 h at 25°C,
and the supernatant containing lipoglycan was lyophilized.
Contaminating glucans, proteins, DNA and RNA were re-
moved by enzymatic degradation using a-amylase, trypsin,
DNase 1 and RNase treatrments followed by dialysis. An equal
volume of 90% phenol was then added to the water
containing lipoglycans, and the mixture was incubated with
shaking at 68°C for 1 h, After separation of the aqueous
phase from the phenol layer by low-speed centrifugation,
the phenolic phase was again extracted with an equal vol-
ume of water. The two aqueous extracts were combined
and residual phenol was removed by extraction with the
chloroform. The aqueous phase containing the crude lipogly-
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cans was evaporated to dryness. The crude lipoglycans
were subjected to Triton X-114 phase separation (36). The
resulting lipoglycans (LAM/LM) were re-suspended in buffer
A, 02 M NaCl, 0.25% sodium deoxycholate (wiv), 1 mM
EDTA and 10 mM Tris, pH 8.0, and loaded onto gel filtration
columns (Superdex 75 prep grade column, 50 X 1 cm, Amer-
sham Bioscience) and eluted with buffer A at a fiow rate 0.2
ml min~'. The fractions were collected and analyzed by
SDS-PAGE followed by silver staining, The LAM and LM frac-
tions pooled were dialyzed extensively against water, lyophi-
lized and stored at —20°C.

Mass spectrometric analysis of lipoglycans LAM and LM
MALDI TOF-MS spectra were acquired on a Voyager DE-
STR MALIDI TOF-MS spectrometer (Applied Biosystem) with
a pulse laser emitting at 337 nm. The samples were ana-
lyzed in the reflectron mode with an accelerating voltage op-
erating in the negative ion mode of 25 kV. As the matrix, 2,5-
dihydroxybenzoic acid was used at a concentration of 10 mg
mi~", in a mixture of water. A total of 1.0 ul of lipoglycan, at
a concentration of 10 mg mi~', was mixed with 1.0 pl of the
matrix solution. The sample mixiure was applied onto the
sample plate as a 1.0-ul droplet. The samples were then
allowed to crystallize at room temperature.

Preparation of hurnan PBMCs and CD4 T cells

Whole blood was obtained from six healthy donor volunteers
between 24 and 50 years old. The protocol was approved
by the Institutional Ethics Committee (No. 1972). PBMCs
were isolated by Ficol-Paque (Pharmacia-Upjohn, Uppsala,
Sweden) gradient centrifugation (37). Naive CD4* T cells
were stained with anti-CD8/CD45RO-FITC and then purified
using anti-FITC magnetic beads (Miltenyi Biotec) and Auto-
MACS cell sorter (Miltenyi Biotec) by negative sorting.

Preparation of highly purified naive CD4 T cells and monocyte
derived dendritic cells

Highly purified naive CD4 T cells (CD4*, CD45RA*) were
prepared using a human naive CD4 T cell isolation kit (Miltenyi
Biotec Inc.) and an AutoMACS sorter. The purity (CD4*,
CD45RA*) was >95%. For preparation of monocyte derived
dendritic cells, whole PBMCs were allowed to adhere to cul-
ture flasks for 1.5-2 h at 37°C and then adherent cells were
cultured for 5-7 days in the presence of human IL-4 (500 U
mi~', R&D Systemns, Minneapolis, MN, USA) and human
granulocyte macrophage colony-stimulating factor (800 U
mi~") (38). CD11c* cells were purified using 8 MACS sepa-
ration column (Miltenyi Biotec) according to the manufac-
turer's protocol. Purified DCs (7.5 x 10° per well) were
added to the in vitro T cell differentiation culture.

In vitro T cell differentiation culture

Naive CD4 T celis or highly purified naive CD4 T cells (7.5 X
10% per well) were stimulated with 20 pg ml~' immobilized
anti-CD3 mAb (Raritan, Somerset County, NJ, USA) for 2
days in the presence of 50 U mi IL-2 (Shionogi & Co., Ltd,
Osaka, Japan), 1 ng mi~' IL-12 (R&D Systems) and 5 pg
mi~' anti-IL-4 mAb (BD Bioscience) under T,1 culture condi-
tions (39). For T.2 conditions, the celis were stimulated with
20 pg mi~' immobilized anti-CD3 mAb in the presence of
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50 Umi~"IL-2. 1 ng mi~" IL-4 (R&D Systems) and 5 ug mi '
anti-IFN-y mAb (BD Bioscience). For neutral conditions, the
cells were stimulated with 20 ug mi~' immobilized anti-CD3
mADb in the presence of 50 U mi~" IL-2. The cells were then
transferred to new plates and cultured for another 5 days in
the presence of cytokines and antibodies used in the same
culture conditions. Since IL-4-producing cells were not in-
duced significantly in a week culture under T,2 culture con-
ditions, two cycles of the stimulation were used. Where
indicated, anti-IL-12 mAb (2 pg mi~', U-CyTech Biosciences,
Utrecht, The Netherlands) was added to the culture. The fi-
nal concentration of CW, LAM/LM, PIM2 and PIM6 was ad-
justed to 100 pg mi~".

Intracellular staining of IL-4 and IFN-y and flow cytometry
analysis

The cultured T cells were re-stimulated with PMA (10 ng mi~")
and ionomycin (1 uM) for 4 h in the presence of 2 pM mon-
ensin, which inhibited the sacration of newly produced pro-
tein. Next, the cells were fixed with 4% PFA for 10 min at
room temperature and were permeabilized with 0.5% Triton
X-100 (in 50 mM NaCl, 5 mM EDTA and 0.02% NaNs,
pH7.5) for 10 min on ice. After blocking with 3% BSA in PBS
for 15 min, the cells were incubated on ice for 45 min with
anti-IFN-y—FITC, IL-4-PE (BD Bioscience) and CD4-allophy-
cocyanin (BD Bioscience) as described (39). A flow cytometry

analysis was performed on FACScalibur® (Becton Dickinson,
Franklin Lakes, NJ, USA), and the results were analyzed using
the CELLQUEST® software program (Becton Dickinson).

Results

Furification of LAM/AM from BCG Tokyo-172

The experimental procedures 1o extract LM and LAM from
M. bovis BCG Tokyo-172 are based on successive detergent
and phenolic extractions, thus leading to the recovery of
nucleic acid-, protein- and lipid-free matenials.

LAM and LM fractions were fully separated and collected
by gel filtration chromatography (Fig. 2A). The purity of each
component was assessed by SDS-PAGE (Fig. 2B), and the
molar ratios of mannose and arabinose in LAM and LM frac-
tions were analyzed by gas chromatography/mass spec-
trometry (data not shown) and MALDI TOF-MS spectrometry
(Fig. 2C and D). The accurate molecular weights of LAM
and LM were determined on the basis of the deprotonated
ions [M-H] . As a result, LAMs from M. bovis BCG TOKYO-
172 was identified to be highly heterogeneous lipoglycans
possessing 1646 mannose residues and 50-60 arabinoses
and three acyl groups with the molecular weight ranging
from 11 000 to 19 000 Da (Fig. 2C). On the other hand, LM
from M. bovis BCG Tokyo-172 showed clear [M-H]™ ions in
MALDI TOF-MS analysis ranging from m/z 3600 to 8400,
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Fig. 2. Purification of BCG Tokyo-172 LAM and LM and MALDI TOF-MS spectra of the purified fractions. (A) Ge! filtration profile of the Triton
deoxycholate

¥-114 fraction containing lipoglycans. The fraction was loaded onlo a Superdex 75 prep grade column and eluted with

butfer. (B)

SDS-PAGE analysis of purified fractions from LAM and LM. (C) Negative ion mode MALDI TOF-MS spectra of the fraction LAM. (D) Negative
MALDI TOF-MS spectra of the fraction LM that corresponded 1o Iriacylated forms, with 2C16 and 1C19 fatty acids. The numbars shown in the

figure represent the number of mannose residues in LM
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indicating that they have 16-48 mannoses and three acyl
groups, C16:0, C16:0 and C19:0, mainly (Fig. 2D)

Effects of LAMAM in human T, 1/T,2 cell differentiation

An in vitro T,1/T,2 differentiation culture system was used
with human peripheral blood naive CD4 T cells to evaluate
the effects of BCG CW components on human T,1/T,.2 differ-
entiation. First, the effect of whole CW fraction and the mix-
ture of LAM/LM were assessed. BCG CW components were
homogenously suspended in PBS and then the vehicle was
used as negative control. Under T,1 culture conditions, the
generation of T,1 cells (IFN-y positive and IL-4 negative)
was significantly enhanced in the presence of CW and LAM/
LM (37.5 versus 80.7 and 73.6%, respectively) in compari-
son to the vehicle control (Fig. 3A). Under T2 culture condi-
tions, the generation of T.2 (IL-4 positive and IFN-y
negative) was inhibited significantly in the presence of CW
and LAM/LM (25.7 versus 125 and 13.9%, respectively),
whereas that of T,1 was enhanced greatly (10.9 versus 37.6
and 388%, respectively). Under neutral conditions, they
were cultured for 1 week (Fig. 3A) or 2 weeks (Fig. 3B) with
anti-CD3 mAb with IL-2, and the generation of IFN-y-produc-
ing Ty,1 and that of IL-4-producing T,2 were marginal, and
the levels of these T,,1/T,2 were not affected in the presence
of CW or LAM/LN. These results indicate that CW and LAM/
LM enhance T,1 differentiation and inhibit T,,2 differentiation

cw LAMAM
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under both T,1 and T,2 culture conditions. Ac4PIM2,
Ac3PIM2, Ac4PIM6 and cardiolipin, which are precursors of
LAM/LM and cytoplasmic membrane lipids, did not enhance
Th1 differentiation significantly, but showed some induction
of T2 under T,2 culture conditions (Fig. 3C), indicating that
the precursors of LAM/LM may have different effects from
LAMAM on T,1/T,2 differentiation in human PBMC cultures
in vitro under the given conditions

Next, to confirm the effects of CW and LAM/LM on T,,1/T.2
differentiation, the analysis was extended to naive CD4
T cells from 10 healthy volunteers, Similar T,1/T:2 cultures
were used in the presence of CW and LAM/LM (Fig. 4). As
expected, the addition of CW and LAM/LM to the induction
culture enhanced T, 1 differentiation under both T,1 (Fig. 4A
and C) and T,2 culture conditions (Fig. 4B and D, right pan-
els), and the addition of CW suppressed T,2 differentiation
under T,2 culture conditions (Fig. 4B, left panel) in most of
the healthy volunteers tested The addition of LAMAM
inhibited T.2 differentiation in some but not all individuals
(Fig. 4D, left panel), Thus, these results clearly indicate that
CW and LAM/LM enhance T,1 differentiation while they in-
hibit T,2 differentiation. No significant effect was observed
under neutral conditions (Supplementary Figure 1, available
at International Immunology Online). AcdPIM2, Ac3PIM2,
Ac4PIM6 and cardiolipin did not affect the levels of either
Tw1 differentiation under bath Ty,1 and T,2 culture conditions

1.2 0.2 0.6

iL
|

Fig. 3. Effect of BCG CW components on human T,1/T\,2 ditferentiation. Naive CO4 T celis from human PBMC were stimulated with anti-CD3
(20 pg mi~") in the presence of anti-IFN-y mAb, IL-4 and IL-2 (T,2 conditions), in the presence of anti-IL-4 mAb, IL-12 and IL-2 (Tn1 conditions) or
in the presence of IL-2 (neutral conditions). The cultured cells were subjected to intracellular staining with anti-IL-4 and anti-IFN-y. A 1-week
culture (A) and a 2-week culture (B) were performed. CW and LAM/LM (100 pg mi~") (A and B) or Ac4PIM2, Ac3PIM2, Ac4PIME or cardiolipin (C)
(100 pg mi~') were added to the culture
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Fig. 4. Effect of BCG CW and LAM/LM on T,,1/T,,2 differentiation using ten human healthy donor PBMCs. T, 1/T,,2 cell differentiation cultures with
naive CD4 T cells from 10 human PBMCs were performed as described in Fig. 3. CW (A and B) and LAM/LM (C and D) (100 pg mi™") were
added. The mean values with standard deviations are also shown. Siatistical analysis was done using Student's itest.

(Fig. 5A-H). In addition, the effect of these components on
the differentiation of T,,2 was seen in some cultures but the
effects were marginal (Fig. 5B, D, F and H).

Cellular mechanisms underlying the LAM/LM-mediated
modulation of human T, 1/T,2 differentiation

The CD4 T cells from human PBMC, which were used in the
experiments described above, were prepared by removing
CDB*CD45RO"* cells with an AutoMACS cell sorter as de-
scribed in Methods, These cell preparations contain sub-
stantial numbers of forward-scatter™/side-scatter™" cells
and CD4-negative cells (Fig. 6A, Fraction A). To further en-
rich CD4 T cells, a naive CD4 T cell isolation kit and Auto-
MACS cell sorter were used (Fig. 6B, Fr. B). Positive cells
for CD8, CD14, CD16, CD19, CD36, CD45R0, CDS56,
CD123. TCRy& or glycophorin were removed in this separa-
tion procedure. Concurrently, CD11c-positive in vilfro gener-
ated DCs from PBMCs were isolated using PE-conjugated
anti-CD11c mAb, anti-PE magnetic beads and AutoMACS
(Fig. 6C, Fr. C). Using these crude naive CD4 T cells (Fr.
A), highly purified naive CD4 T cells (Fr. B) and the mix-
ture of purified naive CD4 T cells (Fr. B) and enriched
DCs (Fr. C), Ty1/Tn2 differentiation cultures were set in the
presence of LAM/LM (Fig. 7). Under Ty,1 culture conditions,
the generation of IFN-y-producing cells was enhanced by
LAM/LM in all cultures with Fr. A, Fr. B and the mixture of Fr.
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B and Fr. C (Fig. 7A, left). Under neutral conditions, the in-
duction of IFN-y-producing cells was marginal after a 1-
week culture with Fr. A and Fr. B, and no significant effect
was observed (Fig. 7A, right). However, in the culture of the
mixture of purified naive CD4 T celis (Fr. B) and DCs (Fr. C),
the generation of IFN-y-producing cells was enhanced. Un-
der T,,2 culture conditions, the enhancement of the genera-
tion of IFN-y-producing cells and the inhibition of the
generation of IL-4-producing cells in the presence of LAM/
LM were observed in the cultures with Fr. A but not in the
cultures with Fr. B (Fig. 78, left panels). Interestingly, how-
ever, the effects of LAM/LM were restored by the addition of
DCs (Fr. C) into purified naive CD4 T cells (Fr. B) (Fig. 7B,
left bottomn). The addition of anti-IL-12 mAb inhibited the en-
hancement of the generation of IFN-y-producing cells (10.3
versus 3.2%) and the suppression of the generation of IL-4-
producing cells (24.4 versus 40.3%) in the Fr. A cultures. No
effect was observed in the Fr. B cultures (158 versus
15.4%). A small but moderate rescue effect was observed
in the culture with the mixture of Fr. B and Fr. C (3.1 versus
4.5%). Basically, the same pattern as that seen after the 1-
week culture (Fig. 7A, right) was observed after the 2-week
culture under neutral conditions (Fig. 7B, right). These
results indicate that LAM/LM acts directly to CD4 T cells to
enhance the generation of IFN-y-producing cells under T,1
culture conditions and that LAM/LM acts indirectly via DCs
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Fig. 5. Effect of Ac4PIM2, Ac3PIM2, Ac4PIM6 and cardiolipin on human T, 1/T,2 differentiation. Effects of AcAPIM2 under T,,1 (A) or T,2 (B)
conditions, Ac3PIM2 under T,1 (C) or T,2 (D) conditions, Ac4PIM6 under T, 1 (E) or T,.2 (F) conditions and cardiolipin under T,1 (G) or T,,2 (H)

conditions in Ty,1/T,2 differentiation are shown.

to CD4 T cells to enhance the generation of IFN-y-producing
cells and inhibit the generation of IL-4-producing cells under
Twe culture conditions. IL-12 appears to play an important
role in the indirect regulation by LAM/LM.

Effects of purified LAM and LM in human T,1/T,2
differentiation cultures

The balance of ManLAM/LM is considered to be important for
the protection from mycobacterial infection (34). To further
confirm the effects of LAM and LM on the T,1/T,,2 differentia-
tion, each component was purified from the mixture of LAM/
LM and added into the T,,1/T;,2 cultures. Under T,1 culture
conditions, both LAM and LM enhanced the IFN-y-producing
Tn1 cells (58.8 versus 67.3 and 65.5%, respectively), although
the levels were slightly lower than those of the cultures with
LAMAM mixture (B3.0%; Fig. B, upper paneis). Under T2 cul-
ture conditions, LAM and LM also induced the generation of

IFN-y-producing T,1 cells (18.1 versus 35.0 and 29.5%, re-
spectively; Fig. 8, lower panels). No obvious inhibition of the
generation of IL-4-producing cells was observed In the pres-
ence of LAM or LM. These results indicate that both LAM
and LM components possess the ability to enhance T,1 differ-
entiation. In addition, the balance of LAM/LM may also con-
tribute to the effect on T, differentiation.

Discussion

The present study using an in vitro T,1/Tp2 differentiation
culture system with human peripheral blood naive CD4
T cells demonstrated that LAM/LM from M. bovis BCG en-
hanced Ty1 differentiation by two distinct pathways (Fig. 9).
LAM/LM acts directly to naive CD4 T cells to enhance T,1
cell differentiation under T,,1 culture conditions. LAM/LM also
acts indirectly via DCs to induce polarization in Ty, differenti-
ation from T2 to T, 1 under T2 culture conditions.
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Fig. 8. Enrichment of human naive CD4 T cells and DCs. (A) Isolation of naive CD4 (CD8 CD45R0™) T cells (Fraction A). Human PBMCs were

stained with FITC-conjugated ant-CDB mAb, FITC-conjugated anti-CD45R0 mAb and anti-FITC

ic beads and then sored the negative

magnetic
fraction using an AutoMACS® cell sorter. The percentages of cells in each gate are shown, (B) Isolation of purified CD4 Tcells (Fr. B). Naive CD4*
T cells were isolated from human PBMCs using human naive CD4" T cell isolation kit and AutoMACS® cell sorter. The purity of CD4* cells was
95.3%. (C) Purification of DCs from in vitro-generated DCs. In vitro-cultured DCs were stained with PE-conjugated anti-CD11¢ mAb, and the
positive fraction of the anti-PE mAb-coupled magnetic beads were purified using an AutoMACS® cell sorter. The purity of the DCs was 95.2%.

It is reported in mouse system that TLRs recognize LMs,
and TLR2 play important roles in the induction of type-l in-
flammatory responses (40-42). The signals via TLR2 in-
duced the expression of CD1 and T cell activation (43).
Gilleron et al. showed that PIM2 and PIM6, which are the an-
chor motif of LAM/LM, activate primary macrophages o se-
crete TNFa through TLR2, irrespective of their acylation
pattern (44) These results suggest that PIM2 and PIMé acti-
vate APC via TLR2. In the current study, however, PIM2 and
PIM6 did not enhance T,1 differentiation under T,,1 culture
conditions, but enhanced T,,2 differentiation in some individ-
vals under Tn2 culture conditions (Fig. 3C). These results
suggest that PIM2 and PIM6 may negatively regulate Ty1
generation through the enhanced differentiation of T,2 under
T.2 conditions. The discrepancies in the response of APC
against PIM2 and PIM6 may be due to the difference in the
physicochemical properties of micelle sizes or the solvent
used between the PIM products of Gilleron ef al. (44) and
ours. The former PIMs are less polar than that of LAM/LM
and produce larger micelle particles in the endocytotic pro-
cess. In any event, it is likely that LAM/LM stimulates DCs
via TLR2 and modifies the balance of T,,1/T,2 differentiation,

To examine the cellular mechanisms underlying the effect
of LAM/LM on the T,1/T,2 differentiation, the results with
a crude naive CD4 T cell fraction and a highly purified naive
CD4 T cell fraction after eliminating APCs were compared.
Interestingly, the enhanced generation of T,1 by LAM/LM un-
der T,,1 culture conditions can be seen markedly in the ab-
sence of APCs, but the inhibition of T,2 generation under
Tn2 culure conditions is totally dependent on APCs (Fig. 7).
Human CD4 T cells express various types of TLRs including
TLR2, 5 and 7/8 (45). In another report, human naive CD4

T cells were found to express undetectable levels of TLR2
but the expression was significantly increased after anti-
CD3 stimulation (46). The expression of TLRs was examined
in our purified CD4 T cells and it was revealed that the puri-
fied CD4 T cells express substantial mRNA levels of TLR1,
2,5,7 9and 10 (lto, T. and Nakayame, T., unpublished ob-
servation). Thus, it is likely that LAM/LM binds directly to
one of these TLRs and induces polarization toward T,1 dif-
ferentiation. Recently, in a mouse system, stimulation
through TLR2 on Tn1 cells was observed to induce IFN-y
production and proliferation, and this effect is augmented
by IL-2 or IL-12 (47). Thus, it is likely that LAM/LM acts on
early activated CD4 T cells and also on developing Tn1 in
the culture and resulted in the polarized Ty,1 differentiation

In the cultures under neutral conditions, the cytokine auto-
regulatory loops may proceed, and the effects observed un-
der neutral conditions may be more reflective of the in vivo
effects of LAM/LM. Unfortunately, in human CD4 T cell cul-
tures, the differentiation of naive T cells into T,1/T,2 cells
was not efficiently observed under neutral conditions, and
no obvious effect of LAM/LM was detected (Figs 3 and 7).
However, we observed increases in the generation of IFN-y-
producing cells when we added DCs to the purified CD4 T
cell cultures (Fig. 7). Based on these results, we concluded
that even under neutral conditions, LAM/LM has an enhanc-
ing effect on the generation of IFN-y-producing Ty1. We will
investigate the effect of LAM/LM in the presence of various
kinds of DCs under neutral conditions in the near future.

It is possible that NKT cells play a role in the observed
LAM/LM-mediated induction of T,1 differentiation (48, 49).
However, during the process of the magnetic separation of
CD8"CD45R0 "~ cells (naive CD4 T cells, Fr. A in Fig. 6A), all
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Fig. 7. Roles of DCs in the effect of LAMALM on T,,1/T,,2 differentiation. Naive CD4 T cells (CD8~CD45RO™ cells) (Fr. A), purified CD4 Teells (Fr. B) and
purified CD4 T cells (Fr. B) and DCs (Fr. C) were stimulated with anti-CD3 under Ty,1 (panel A, cuitured for a week), T2 (panel B, cultured for 2 weeks)
or neutral culture conditions (panels A and B, cultured for 1 or 2 weeks, respectively). Anti-IL-12 mADb was added at the beginning of T2 cultures.
Intraceliular staining profiles of IFN-y/IL-4 are shown with percentages of cells in each area. Three experiments were performed with similar results,

Va24 NKT cells appeared to be eliminated and undetectable
in our preparing naive CD4 T cells (Ito, T. and Nakayama, T.,
unpublished observation). Therefore, it is unlikely that Va24
NKT cells are involved in the LAM/LM-mediated induction of
Ty1 differentiation.

There are three types of capping motifs in LAM molecules.
One is named ManLAM having a mannosyl cap, and this is
isolated from M. tuberculosis and M. bovis including BCG
subspecies and Mycobacterium kansasii, Another is PILAM,
which has a phosphoinositol cap, and is isolated from
M. smegmatis. The third one is AralLAM, which has no capping
motif, and is isolated from Mycobacterium chelonae (44). It
is reported that LAM and PILAM but not ManLAM or AralLAM
activate macrophages and DCs to secrete IL-12 (26, 50, 51).

On the other hand, LM but not PIM induces apoptosis or
activates these cells 1o secrete IL-12 (25, 52). These resulis
may indicate that ManLAM possesses the ability to inhibit
LM-induced apoptosis and IL-12 secretion. In the present
study, both LAM and LM components showed the enhanc-
ing activity of T,1 differentiation (Fig. 8). However, we did
not detect any inhibiting effects on the generation of IL-4-
producing T2 (Fig. 8). We think that the inhibition of the
generation of IL-4-secreting cells is a secondary effect by
the enhancement of the generation of IFN-y-producing cells
because the inhibition was neutralized by the addition of
anti-IL-12 mAb (Fig. 7). Since the effects of LAM and LM on
the generation of IFN-y-producing cells were milder than
LAM/LM, we may not be able to detect the inhibition of the
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Fig. 9. Two distinct regulatory pathways for T,1 generation induced by LAM/LM in human T,1/T,2 cultures. In the presence of LAM/LM, the
generation of T,1 cells was enhanced both under T,1 culture conditions and T2 culture conditions (panel B). Under Ty,1 conditions, LAMAM
directly act on CD4 T calls (direct pathway). LAM/LM act on DCs (DC-dependent pathway) and then induce the enhancement of T,1

differentiation under both Ty, 1 and T,,2 conditions

production of IL-4-secreting cells by LAM or LM (Fig. 8). LM
appears to induce T,1 differentiation more prominently in lower
doses than LAM (lto. T.. and Nakayama, T., unpublished ob-
servation). In addition, high doses of LM did not show the en-
hancing effect in Ti,1 differentiation (Ito, T.. and Nakayama, T.,
unpublished observation). These results may suggest that the
balance of LAM/LM is critically important for the induction of
Tw1 responses. Further investigations on the effect of the bal-
ance of LAM/LM in the human immune system may contribute
to the development of new immunotherapeutic approaches for
allergic diseases, cancer and infections diseases.

Supplementary data
Supplementary Figure 1 available at International Immunol-
ogy Online
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APC antigen presenting cell

BCG Bacille Calmett-Guerin
cw call wall

bDC dendritic call

LAM lipoarabinomannan



M i

ManLAM LAM with mannose caps

P nositol

PiM phosphatidylinositol mannosides
M6 idylinositol hexamannoside

TLR2 Toll-like receptor 2

TNFax tumor necrosis factor =
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A novel subset of mouse NKT cells bearing
the IL-17 receptor B responds to IL-25
and contributes to airway hyperreactivity
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Airway hypersensitive reaction (AHR) is an animal model for asthma, which is caused or
enhanced by environmental factors such as allergen exposure. However, the precise
mechanisms that drive AHR remain unclear. We identified a novel subset of natural killer
T (NKT) cells that expresses the interleukin 17 receptor B (IL-17RB) for 1L-25 (also
known as IL=17E) and is essential for the induction of AHR. IL-17RB is preferentially
expressed on a fraction of CD4* NKT cells but not on other splenic leukocyte populations
tested. IL-17RB* CD4* NKT cells produce predominantly IL-13 and Th2 chemokines upon
stimulation with IL-25 in vitro. IL-17RB* NKT cells were detected in the lung, and deple-
tion of IL-17RB* NKT cells by IL-17RB-specific monoclonal antibodies or NKT cell-
deficient Ja 18-/~ mice failed to develop IL-25-dependent AHR. Cell transfer of IL-17RB*
but not IL-17RB~ NKT cells into Ja18~/~ mice also successfully reconstituted AHR induc-
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tion. These results strongly suggest that IL-17RB* CD4* NKT cells play a crucial role in

the pathogenesis of asthma.

Airway hypersensitive reaction (AHR) (1) 1s
known to be associated with Th2 cytokines—
including 1L-4, IL-5, and IL-13—regulating ef~
fector functions (2). Indeed, overexpression of
these Th2 cytokines results in the development
of AHR (3). However, efforts to ameliorate ex-
perimental asthma with antibodies against Th2
cytokines have generally proven unsuccessful.
Among these, only IL-13 seems to be a key cyto-
kine responsible for goblet cell hyperplasia.
airway remodeling, and AHR (4), because in-
hibinon of [L-13 acuvity, but not that of other
Th2 cytokines, by a blocking anabody suppresses
both AHR and airway inflammation.

IL-25 (also known as [L-17E), a member of
the structurally related IL-17 cytokine family
(5-7), has recently been reported to be produced
by acuvated Th2 cells (5) and mast cells (8), re-
sulting in enhancement of AHR (9, 10). Admin-
stration of a blocking antubody against [L-25
(11) or IL-25~deficient mice (12) eliminates

A Termluna and H. Watara contmbuted equally o this paper

Th2 responses. Conversely, systemic expression
of either human (7) or mouse (11) IL-25, or
admimstraton of recombinant [L-25 (5), induces
Th2-type immune responses, including increased
serum IgE levels, blood eosinophilia, and patho-
logical changes in the lung and other tissues.
These findings clearly demonstrate a pivotal role
of [L-25 as a medhator of Th2 responses, sug-
gesting that 1L-25 lies upstream of the classical
Th2 cytokine responses (5, 11).

NKT cells charactenized by the expression
of an invariant antigen receptor encoded by
Va14Ja 18 in mice or Va24Ja 18 m humans are
also involved in the development of asthma,
because NKT cell-deficient Ja 18/~ mice fail to
develop antigen-induced AHR (13). Th2 cells
are not always essential for NKT cell-mediated
AHR development, because activatuon of NKT
cells induces AHR in the absence of CD4* T
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cells in MHC dass [-deficient mice (14). These findings sug-
gest that NKT cells are directly involved in the development
of AHR independent of Th2 responses in some conditions.
In this report, we investigated the role of IL-25 in NKT cell-
dependent AHR. induction in mouse models and found that
IL-17RB, a receptor for IL-25, was selectively expressed on
a fraction of mouse NKT cells, which preferenually produced
IL-13 and induced the development of AHR upon sumula-
ton with IL-25.

RESULTS AND DISCUSSION

We first investigated the role of IL-25 in the development of
AHR in relation to NKT cells because of previous findings
that IL-25 induces Th2-biased responses (5-7). The receptor
for IL-25, termed [L-17RB or EVI27/1L-17BR,, was onginally
found to bind IL-17B (15). Interestingly, however, the re-
ceptor binds 1L-25 with higher affinity than IL-17B. There-
fore, this receptor 1s now termed IL-17RB/IL-25R (15). To
identify mouse IL-17RB* cells, we generated specific mAbs

(Fig. S1, available at hep://www jem.org/cgi/content/full/
Jem.20080698/DC1) by immunization with a recombinant
IL-17RB—lg fusion protein (Fig. 52). We first investigated
IL-17RB" cells in the spleen by mouse IL-17RB mAb to
confirm the previous findings that IL-17RB expression is
detected on a fraction of non-B/non-T (NBNT), c-kut*,
FeeRI™ cells in the mesenteric lymph node (Fig. $3), which
has identified as [L-4—, [L-5-, [L-13-producing cells in response
to 1L-25 (12). NKT cells were distinct from the NBNT
c-kit* cells based on the expression of c-kit ™, FceR1™, Val4-
Ja18" transcnpts detected by RT-PCR (Fig. S4). Moreover,
IL-17RB was preferentially expressed on a fracuon of a-ga-
lactosylceramide (0-GalCer)/CD1d dimer* NKT cells but
not on other cell types, including NBNT c-kit" cells, CD4*
T cells, CD8* T cells, ¥8* T cells, CD19* B cells, CD11c”
DCs, DX5* NK cells, or noninvariant NKT cells in the
spleen (Fig. 1 A).

The preferential expression of IL-17RB in a fraction of
NKT cells raises a question about the phenotypic and funcaonal

MMM

ccmr c-kit"

cow mum .ll-r

1

Figure 1.

]

Phenotypic and gene expression profiles of splenic IL-17RB* NKT cells. (A) Identification of IL- 17RE" cells from BALB/c mice. The indi-

cated populations were gated and analyzed by FACS using Flab'), fragments of the anti-IL-17RB mAb B5F6. Shaded profiles in the histograms indicate
the background staining with rat Flab'), lgG2a. (B) FACS profile of CD1d dimer* NKT cells stained with anti-CD4 and anti-IL-17RB. (C) Surface pheno
type of DN, IL-17RB~ CD4*, and IL-17RB* CD4* NKT cells indicated in B. Shaded profiles in the histograms indicate the background staining with iso-
type-matched control antibody Percentages are shown. (D-H) Quantitative analyses of genes for chemokine receptors (D), Th1-related molecules

{E), Th2-related malecules (F), cytotoxic molecules (G), and Th17-related molecules (H) in isolated DN (black bars), IL-17RB~ CD4* (gray bars), and IL-
17RB* CD4- (white bars) NKT cells. Expression of each mANA was determined by quantitative real-time PCR using the primer sets shown in Table 51
(available at http://www.jem.org/cgilcontent/fullfjem.20080698/DC1) and is depicted as the number of transcripts per one copy of the housekeeping
gene HPRT. One representative out of three experiments is shown [means + SEM].
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charactensucs of these cells. Based on our current

NKT cells are divided into two populations based on CD4/
CD8 expression: a CD4" and a CD4"CD8~ double-neganve
(DN) population (16). Using an [L-17RB mAb, we found that
one third of the CD4" but none of the DN NKT cells ex-
pressed [L-17RB, indicatng the exastence of three subpopula-
tions: DN, IL-17RB~ CD4*, and IL-17RB* CD4* NKT
cells (Fig. 1 B). Moreover, the majonty of IL-17RB* NKT
cells were dimly positive for CD69 and CD122 compared
with brightly positive DN NKT and IL-17RB~ CD4* NKT
cells (Fig. 1 C). The expression level of CD62L by IL-17RB*
NKT cells was low, comparable to that on [L-17RB~ CD4*
INKT cells and similar to that of conventional memory T cells,
whereas it was quite high on DN NKT cells. In addinon, IL-
17RB* NKT cells (3%), like IL-17RB~ CD4* NKT cells
(11%), barely expressed an NK receptor, NKG2D, which was
highly expressed on the majority (>60%) of DN NKT cells,
suggesting their cytotoxic nature (17).

To investigate cytokine and chemokine gene expression
profiles on IL-17RB" NKT cells, we performed quantitative
real-ume PCR using primer sets as shown in Table S1 (available
at hup://www jem.org/cg/ content/full/jem.20080698/DC1).
The expression of the Th2 chemokine receptor CCR4 was
several times higher on IL-17RB* NKT cells than on the
other subsets, whereas no significant differences were found
in CXCR6 expression (Fig. 1 D), which is important for NKT
cell migration (18). The results are consistent with the previ-
ous findings that NKT cells require CCR4 to localize to the
airways and to induce AHR (19).

Concermng cytokine production of IL-17RB* NKT cells,
it 1s reported that NKT cells produce both Th1 and Th2 cyro-
kines at the same time upon stimulation with their ligand,
a-GalCer (20). Surpnsingly, IL-17RB* NKT cells expressed
lower levels of Thi-related transcripts, such as IFN-y, T-bet,
Stat4, IL-18RB, and IL-12RB2 (Fig. 1 E), whereas higher
levels of the Th2-related transcript IL-4 were detected
(Fig. 1 F). In contrast, transcripts for cytotoxic effector mol-
ccules, such as Granzyme, Perforin, and killer receptors (KIRal,
KIRc1, KIRd1, and KIRg1), were expressed mainly in DN
NKT cells (Fig. 1 G), supporting the previous findings that
DN NKT but not CD4* NKT cells predominantly mediate
antitumor immunity (19) and also that NKG2D was predom-
mnandy expressed on DN NKT cells, as shown in Fig. 1 C. The
expression levels of IL-17A and RORyt transcripts in IL-
17RB* NKT cells, which are high in Th17 cells, were lower
than those in DN NKT cells (Fig. 1 H). These results on sur-
face phenotypes and mRNA expression profiles clearly indi-
cate that IL-17RB* NKT cells are Th2-type NKT cells and
are disunct from other NKT cells, such as DN NKT cells or
IL-17-producing NKT cells.

Next, we analyzed the function of IL-17RB* NKT cells
in response to [L-25 in vitro. IL-17RB* NKT but not CD4"
IL-17RB™ nor DN NKT cells responded to [L-25 in a dose-
dependent manner only in the presence of APCs (Fig. 2 A),
which 1s similar to previous findings on the requirement of
two signals, such as IL-12 and CD1d on APCs for IFN-y
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production (21) and for [L-21 producuon (22), in NKT cell
acuvation. Under these conditions, I1-25-actuvated [L-17RB*
NKT cells mainly produced IL-13, along with modest produc-
ton of [L-4, but barely produced IFN-y (Fig. 2 B). Moreover,
IL-17RB* NKT cells produced Th2 chemokines such as
thymus and activation-regulated chemokine/CCL17, mac-
rophage-denved chemokine/CCL22, and C10/CCL6 as well
as eosinophil chemotactic factor-L (ECF-L) upon stimula-
tion with IL-25 (Fig. 2 C). These results indicate that IL-25
triggers IL-17RB* NKT cells to preferentally produce the
IL-13, Th2 chemokines, and ECF-L important for recruit-
ment of eosinophils.

Recently, other [L-17 farmly members, IL-17A or IL-17F,
have been shown to be involved in chronic inflammatory and
allergic lung diseases (23, 24). The expression levels of IL- 174
mRNA in IL-17RB* NKT cells were slightly elevated after
treatment with IL-25 (Fig, 2 C). However, levels of IL-174
and RORyt mRNA in IL-17RB* NKT cells were lower than
those in DN NKT cells (Fig. 1 H). Because high expression of
RORyt is one of the markers for Th17 cells, low expression of
RORyt in IL-17RB* NKT cells (Fig. 1 H) indicates that IL-
17RB* NKT cells are distinct from IL-17-producing NKT
cells. In addition, even though NK1.1-negative NKT cells
represent IL-17-producing cells in C57BL/6 mice (25, 26), it
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Figure 2. Properties of splenic IL-17RB* CD4* NKT cells. (A and B)
Praliferation (A) and cytokine production (B) of DN, IL-17RB~ CD4+, and
IL-17RB* CD4+ NKT cells. Indicated NKT cell subpopulations (108 cells/mi)
were co-cultured for 3 d with or without splenic CD11c* DCs (10 celis/mi)
in the absence or presence of IL-25 (0, 1, and 10 ng/mi), and proliferation
was assayed by ["H]thymidine incorporation (A) or cytokine production by
cytokine bead array (B). The data are shown as the means + SO of three
cultures. The data are representative of four independent experiments.

(C) Quantitative analysis of genes in IL- 17RB* CD4+ NKT celis. IL-17RB-
CD4* NKT cells [10° celis/mi] were co-cultured with splenic CD11c* DCs
[10% celis/ml) in the presence of 10 ng/ml IL-25 for 48 h IL-17RB* CD4-
NKT cells were sorted and analyzed for their gene expression by guantita-
tive real-time PCR, as described in Materials and methods. The data are
representative of three independent experiments (means + SEM).
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has also been reported that IL-17-producing NKT cells are
not restricted to a particular NKT cell subset (27). Another
report has also revealed that ozone- but not allergen-induced
AHR requires IL-17A produced from both NKT and T cells
(28). These results suggest that [L-17RB* NKT cells descnbed
in this report are not equivalent to [L-17A-producing NKT
cells reported by others.

We further examined whether the frequency of [L-17RB*
NKT cells differs among mouse strains because allergic re-
sponses are strain dependent. Intnguingly, IL-17RB* NKT
cells were fairly abundant in Th2-prone BALB/c and DBA2/
cr mice but were barely detectable in Thi-prone C57BL/6
and C3H/HeN mice (Fig. 55, available at hup://www jem

.org/cgi/ content/ full/jem.20080698/DC1). We also found
that IL-17RB* NKT cells were detected more in the lung and
spleen than the thymus but were almost undetectable in the
liver. Although the number of NKT cells in the lung was one
tenth of that in the spleen or the thymus, IL-17RB* NKT cells
make up a higher proportion in the total NKT cells in the
lung (Fig. 3 A). Similar to the splemc NKT cells shown in
Fig. 1 A, the selective expression of [L-17RB on NKT cells was
also detected in the lung, whereas conventional CD4* T, ¥8*
T, c-kit" NBNT, and nomnvariant NKT cells in the lung
were negative or barely detectable (Fig. 3 B).

To determine whether [L-17RB* NKT cells are re-
quired for [L-25 in the development of AHR, WT mice were
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Involvement of IL-17RB* NKT cells in the development of IL-25<induced AHR. (A and B) Tissue distribution of IL-17RB* NKT cells

[A) and IL-17RB expression among lung mononuclear cell populations (B) in BALB/c mice. a-GalCer/CD1d dimer* NKT cells in the indicated organs (A) and
mononuclear cell populations in the lung (B) from BALBJc mice were gated and analyzed by FACS using BSF6 Flab'), IL-17RB mAb. Shaded profiles in the
histograms indicate the background staining with rat Flab’), lgG2a (n = 3). Percentages are shown. (C) Development of AHR. The changes in R, were mea-
sured. The detailed method for development of OVA/IL-25-induced AHR is described in Materials and methods. Results are expressed as the mean + SEM.
The group of IL-25-treated WT mice was compared with three other groups. *, P < 0.05; and =, P < 0.01 calculated by ANOVA. The results represent one
out of three experiments with five mice in each group. (D and G) Total and differential cell counts (D) and eytokines (G) in BAL fluid. BAL fluid was col-
lected 24 h after challenge with intranasal OVA of the mice depicted in C IL-25-induced pulmonary inflammation (D) and IL-13 and IL-5 production

(G) were reduced in Ja18-/~ mice. The data on cytokines in G are expressed as the amounts detected in the 10-fold PBS-diluted BAL samples. Resuits are
expressed as means + SEM. %, P < 0.05; **, P < 0.01. The group of IL-25-treated WT mice was compared with three other groups. These results represent
one out of four experiments with five mice in each group. (E and F) Histological analysis of lung tissues with hematoxylin and eosin (E) and periodic acid
Schiff (F) staining. IL-25-treated WT [c] or Ja18~/~ (d) mice were compared with WT (a) or Ja18~/~ [b) mice from control (n = 4). Bars,100 um.
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immunized with a suboptimal dose of OVA/alum twice and
were subsequently treated with PBS before a single intranasal
OVA challenge (see Materials and methods). Under these
conditons, the mice failed to develop AHR. When the mice
were subsequendy treated with IL-25 instead of PBS, they
developed AHR (Fig. 3 C). In contrast, even after treat-
ment with 1L-25, NKT cell-deficient Ja18~'~ muce failed to
develop significant AHR,, comparable to that seen in the PBS-
treated control mice (Fig. 3 C). Unlike WT mice, Ja18-/~
mice treated with [L-25 significantly reduced numbers of air-
way macrophages, eosinophils, neutrophils, and lymphocytes
in the lung (Fig. 3 D).

Hematoxylin and eosin staiming of the lung tissue of IL-
25-treated WT muce revealed that the levels of infiltration of
inflammatory mononuclear cells into the peribronchiolar re-
gion were higher in WT mice with severe tissue destruction
compared with those in Ja18™'~ mice. No inflammartory cell
infiltration was detected in untreated WT or Jal8/" mice
(Fig. 3 E). By penodic acid Schiff staining, mucus-producing
cells were abundant only in IL-25-treated WT but not Ja18/~
mice (Fig. 3 F). To further investigate the effects on allergic
responses mediated by IL-17RB* NKT cells, we examined
cytokine production in the bronchoalveolr lavage (BAL) fuid
of IL-25-treated WT or Ja18~/" mice and controls. The pro-
duction of IL-5 and IL-13, which plays a crudal role in the
recruitment of cosinophils and Th2 cells, respectively, were
detected only in 1L-25—treated WT muce (Fig. 3 G). Even
though IL-17RB* NKT cells did not produce IL-5 upon
IL-25 stimulagon (Fig. 2 B), they produced ECF-L (Fig. 2 C),
which 1s important for the recruitment of eosinophils produc-
ing 1L-5. These results strongly suggest that [L-25 acts directly
on NKT cells and induces AHR.

We then investigated whether IL-17RB* NKT cells are
involved in the development of [L-25-dependent AHR,, and
we depleted IL-17RB" cells with 3H8 [L-17RB mAb. Among
the NKT cell populations, the majonity of IL-17RB* NKT
cells were a-GalCer/CD1d dimer™ TCRB", indicating that
the expression level of TCRa and TCRP on [L-17RB* NKT
cells was higher than that on other IL-17RB~ NKT cells (Fig.
4 A). IL-17RB* NKT depleuon persisted for at least 5 d after
3HS8 IL-17RB mAb injecuon (Fig. 4 B), whereas no effects
were detected on other cell types, suchas CD4* T, y3' T,
and NBNT c-kit* cells (Fig. S6, available at huep:/ /www jem
.org/cgi/content/full/jem.20080698/DC1). As expected,
treatment of 3H8 IL-17RB mAb sigmificantly induced sup-
pression of AHR (Fig. 4 C), which was tightly correlated with
the reduction of the number of [L-17RB* NKT celks (Fig. 4 B).
Administration of an sotype-matched control mAb did not
suppress AHR (Fig. 4 C), and the number of IL-17RB” NKT
cells remained unchanged (Fig. 4 B).

To confirm the findings that [L-17RB* NKT cells are
essential for the development of IL-25-dependent AHR, we
rransferred ennched splenic [L-17RB* NKT cells into Joe 18~
mice and tested their ability to develop IL-25-dependent AHR
(Fig. 4 D). The cell transfer of IL-17RB* NKT cells, but not
IL-17RB~ NKT cells nor PBS alone, restored AHR. induced
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by OVA plus IL-25, indicaning that [L-17RB" NKT cells in
the lung are functionally equivalent to those in the spleen. In
addition, when equal numbers of cells were transferred, the
seventy of AHR induced by enniched IL-17RB* NKT cells
was almost three times higher than the total spleen NKT
cells (Fig. 4 D), consistent with the rano of IL-17RB* NKT
cells (Fig. 1 B). Ths indicates that the severity of AHR de-
pends on the cell numbers of IL-17RB* NKT cells trans-
ferred (Fig. 4 D) and, thus, that IL-17RB* NKT cells contribute
to the development of [L-25-dependent AHR.
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Figure 4. Requirement of IL-17RB* NKT cells in the development
of IL-25-induced AHR. (A} FACS profiles of NKT cells in the expression
of IL-17RB. a-GalCer/CD1d dimer™ TCRB" NKT cells and a-GalCer/CD1d
dimer™ TCRB"™* NKT cells in the spleen from BALB/c mice were gated, and
IL-17RB expression was analyzed using Flab'); IL-17RB mAb BSFB. IL-
17RB was preferentially expressed in a-GalCer/CD1d dimer™ TCRB" NKT
cells (n = 3), (B) FACS profiles of NKT cells in mice treated with IL-17RB
mAb. a-GalCer/CD1d dimer* TCRB* NKT cells in the spleen from BALB/c
mice at the indicated days after injection of 3HB IL- 17RB mAb or control
rat IgG2a (1 mg/mouse) were gated and analyzed by FACS. Depletion of
IL-17RB* NKT cells persisted for at least 5 d after 3H8 injection because
of the absence of a-GalCer/CD1d dimer™ TCRB" NKT cells in A (n = 2).
Percentages are shown. [C] Development of AHR in mice treated with IL-
17RB mAb. The detailed method for development of OVA/IL-25-induced
AHR is described in Materials and methods. In brief, OVAfalum-sensitized
mice were injected with 3HB IL-17RB mAb or rat I9G2a (1 mg/mouse)
24 h before 2 pg IL-25 or PBS treatment and were challenged with OVA
after 24 h, and R, was determined after 48 h, The group of rat lgG2a-
treated WT mice was compared with three other groups. Results are
expressed as means + SEM. The results represent one out of three experi-
ments with five mice in each group. *, P < 0.05; and **, P < 0.01 calcu-
lated by ANOVA. [D] AHR development after cell transfer of spleen
IL-17RB* NKT cells into Ja18~!~ mice. The detailed method for develop-
ment of OVAJIL-25-induced AHR is described in Materials and methods
Indicated cell numbers of sorted IL-17RB*, IL-17RB~ NKT, or total NKT
cells from spleen or PBS control were intravenously transferred into OVA/
alum-sensitized Ja 18-/~ mice 24 h before treatment with 3 pg IL-25 and
were challenged with OVA after 24 h, and R, was measured after 48 h
Each group of IL-17RB* NKT cell-transferred mice was compared with
three other groups. *, P < 0.05; and **, P < 0.0 calculated by the
Kruskal-Wallis test. The results represent one out of four experiments
with five mice in each group. Results are expressed as means + SEM.
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Although we have not idenufied the cells producing IL-25
in the present report, it is detected in lung biopsy samples from
patients with asthma (29), In addition, IL-25 has been reported
to induce inflammatory cytokine and chemokine production
by human lung fibroblasts, and components of extracellular
matrix by airway smooth muscle cells (29). These reports have
also suggested that 1L-25 plays a role in human asthma (29).
Our findings clearly revealed IL-17RB* NKT cells as target
cells of IL-25 in the development of AHR or asthma. The ef-
ficacy with which IL-17RB anubodies prevent AHR and
reduce Th2-cytokine—induced inflammation in vivo suggests
that IL-17R B is an ideal therapeutic target for asthma.

MATERIALS AND METHODS
Mice. BALB/c muce were purchased from Charles Ruver Lab ieh OF

Flow cytometry. Antibodies used for flow cytometric snalyss were 2 fol-
lows: FITC anti-mouse TCRP (H57-597; BD), Pacific blue anti-mouse CD4
{RM4-5; BD), PerCP-Cy5.5 anti-mouse CD8a (53-6.7; BD), PE ant-mouse
CD44 (IM7; BD), PE anti-mouse CD122 (TM-B1; BD), PE ant-mouse
CDé2L (MEL-14; BD), and PE anti-mowme NKG2D (C7. eBioscience)

Proliferation assay. Proliferation assays were done in 96-well U-bottomed
plates. The spleen cell coltures were incubated for 3 d and pubed with 0.037
MBq/well of "H]thymidine (GE Healtheare) for the last 16 h. Radioactiviry
was measured using a MicroBeta (PerkinElmer).

Quantitative real-time PCR. The PCR. was performed with the Plati-
num SYBR Green qPCR SuperMix-UGD kit with ROX (Invitrogen) ac-
cording to the protocol provided. A seq 4 ion system (ABI PRISM
7900HT; Applied Biosystems) was used for quantitative real-time PCR
according to the manufacturer’s instructions. To ensure the specificity of the

Clea Japan, Inc. Ja18-deficient mice were generated as previouly described

plification products, 3 melting curve analysis was performed. Resuls were

(30} and were backcrossed >10 tmes to BALB/c mice. Mice were kept un-
dnq:cciﬁ:puthn;m-ﬁcecondinommdwmumd-w—lbwknhgg. All
experuments were in accordance with protocols approved by the RIKEN
Animal Care and Use Committee.

Generation of mouse IL-1TRB-specific mAbs. The [L-17RB-lg fusion
gene was created by fusing the cDNA of the extracellubir donuin of mouse
M-17RB in frame to the CH2/CH) domains of human 1gG1 in the pIRES2-
EGFP expression vector (Clontech Laboratonies, Inc ). IL-17R.B-1g was puri-
fied from the culture supermatants of transfected HEK292 cells wsing a protein
A-sepharose column (GE Healthcare; Fig 52). Mouse IL-17RB mAbs were
produced by immunizing Wister rats with IL-17RB-Ig. After initial screening
by ELISA on IL-17RB-1g fusion protein, 100 hybridoma clones were further
characterized by flow cytametry on IL-17RB mansfectants (Fig. 51).

OVA/IL-25-induced AHR model. The onginal protocol for inducuon
of AHR by OVA sensitization (100 pg three times) and challenge (100 pg
OVA/alum three times), as previously described {16] was modified in the
present study. In our modified method, mice were Iy ummu-
med with a suboptimal dose of OVA/alum twice and were subsequently

lienged once with i | OVA at the same time points as described.
In this model, BALB/¢ mice failed to induce development of AHR,, cell
infiltration, and hiswological changes in the lung without IL-25 but induced
AHR, with intravenous injection of IL-25 (Fig. 3). In brief, mice were intra-
peritoneally immunized with 50 pg/2 mg OVA/alum twice at 3 1-wk inter-
val. 7 d later, mice were treated intravenously with 2 jg/200 pl IL-25 or 200
of control PBS ar 2 d before intranasal challenge with 50 ug OVA. 24 h later,
AHR. responses were measured. For vransfer of IL-17RB*, [L-17TRB" NKT,
or total NKT cells, cells were sorted by a FACSAnia (BD), Sorted cells or
PBS alone were intravenouwly injected 1 d before IL-25 weatmen: (Fig. 4 D)
For depletion of IL-17RB" cells, 1 mg 3H8 [L-17RB mAb was intraperito-
neally injected 5 d before AHR measurement (Fig. 4 C).

lized using the i | control gene HPRT. Sequences of PCR. prim-
en (Table S1) were designed with Primer Express software (Applied Biosys-
tems) for optimal product length, germinal center content, and Tm value.

Statistical analysis. The | significance of differences was determined
by analysis of variance (ANOVA) ot the Kruskal-Wallis test. The values were
expressed 28 means + SEM from independent experiments. Any difference with
a prvalue of <0.05 was considered significant (*, P < 0.05; **, P < 0.01).

Online supplemental material. Fig 51 shows generstion of mouse 11—
17R B-specific mAbs. Fig 52 shows expression and purification of mouse
IL-17RB-1g fusion protein. Fig. $3 shows FACS profiles of cells sained
with mome [L-17RB-specific mAbs. Fig. 54 shows RT-PCR analysis on
c-kit' NBNT cells and NKT cell subses. Fig. 55 provides IL-17RB" NKT
cells in different mouse sirains. Fig. 6 shows FACS analysis on CD4* T,
8" T, and c-kit® NBNT cells in mice treated with ant—{L-17RB mAb
Table 51 lists used for g real-time PCR. analysis. Online

ppl 1 rial is available at hop //www jem. org/cgi/ content/
full/jem.20080698/DC1.

We thank P.D. Burrows for critical reading, S. Seki, T Aoyama, A Hijikata, and
H. Kitamura for technical assistance; T, Tashiro and K. Mori for a-GalCer synthesis;
and N. Takeuchi for secretarial assistance

The authors have no conflicting financial interests.

Submitted: 2 April 2008
Accepted:; 23 October 2008

REFERENCES

1. Umewsu, D.T., and R H. DeKruyf. 2006. The regulation of allergy and
asthina. Immunol, Rev, 212:238-255.

2 Fallon, P.G., HE. Jolin, P. Smith, CL. Emson, M), Townsend, R.
Fallon, P. Smith, and A.N. McKenzie. 2002. IL-4 induces characteristic
Th2 responses even in the combined absence of IL-5, [L-9, and [L-13
Immsnity. 17.7-17.

Measurement of airway responsiveness. Awrway function was
for changes in lung resistance (Ry) and dy compliance in resy 10 in-
creasing doses of inhaled methacholine (1.25, 2.5, 5, IO.:ndZOmglmJ)hyna-
wg an invasive flexiVent (SCIREQ Sciennfic Respiratory Equipment uc).

h isolation and snalysis of BAL fluid. After mesurement of
AHR and duth the lung of the mmu trachea canulated was lavaged twice
with 1 ml PBS (~~10-fold PBS dilution), and the BAL fluid was pooled 15
previously described (13) Spleen, blood, and lung lymphocytes were isolared
s described previowsly (31),

Cytokine measurement. BAL fluid and colture supermatants were col-
Jected and analyzed by cytometnc bead amay (BD) according to the manu-
facturer's protocol

3. Wills-Karp, M. 1999, | logical basis of antigen-induced sirway
veness, Amww. Rev, Immunol, 17:255-281

4. Wills-Karp, M., ). Luyumbazi, X. Xu, B. Schofield, T.Y Neben, CL
Karp, and D.D. Donald 1998. Interleukin-13; central mediator of
allergic asthmia, Scence, 282:2258-2261,

5 Fort, MM, ) Cheung, D Yen, ). Li, 5.M. Zurawski, S. Lo, S, Menon, T
Clifford, B. Hunte, R. Lesley, etal 2001 1L-25 induces IL-4, IL-5. and
IL-13 and Th2-amocisted pathologies in vivo. b ity. 15:985-995,

6. Pan, G, D. French, W. Mao, M. Marucka, P. Risser, | Lee. ] Fouter, §
Aggarwal. K. Nicholes, S Guillet, et al. 2001, Forced expression of mu-
mel:l.-lTEandncl::mxh retardation, p;md:ce 2 Th2-biased response,
and ion in mice. J. b I. 16765596567,

7. Kim, MR., R Manoukian, R_ Yeh, S M. Silbiger, D.M. Danilenko,
S. Scully, ]. Sun, M.L. DeRose, M. Stolins, D Chang, et al. 2002.

27132 MOUSE NKT CELLS BEARING IL-17RB CONTRIBUTE TO AIRWAY HYPERREACTWVITY | Terashima et al

155



Published November 17, 2008

15,

17.

19.

Transgenic overexpression of human IL-17E resulns in eosinophilia,
B-lymphocyre hyperplasia, and altered antibody production. Bload
100:2330-2340.

Tkeda, K., H. Nakapma, K. Suzuki, S. Kagami, K Hirose, A Suto, Y
Saito, and | Iwamoto. 2003, Mast cells produce intedeukin-25 upon Fe
epsilon Ri-mediated activation. Blood. 101:3594-3596.

Tamachi, T, ¥ Maeraws, K lkeda, 5§ Kagami, M. Hatano, ¥ Seto,
A Suto, K. Suzuki, N. Watanabe, Y. Saito, et al. 2006, I11-25 enhances
allergic airway infl by amplifying 3 TH2 cell-dependent path-
way in mice. | Allegy Clin. Immumol. 118:606-614,

Hurs, S D., T. Muchamuel, D.M. Gorman, ] M, Gilbert, T. Clifford. S
Kwan, 5. Menon, B. Seymour, C. Jackson, T.T. Kung, et al. 2002. New
IL-17 family members promote Th] or Th2 respomses in the lung:
in vivo function of the novel cytokine [L-25. | Immunal. 169443453,
Ballantyne, 5., J.L. Badow, HE. Jolin, P. Nath, A.S. Williams, K.F.
Chung, G. Switon, SH Wong.mdaN McKenzie. 2007. Blocking
IL-25 § airway | in allergic asthma_ J. Allergy
Clin. bnmunol. 120: 1124*-133!

_ Fallon, P.G,, 5. Ballantyne, N.E. Mangan, ] L. Barlow, A. Dasvarma,

D.R. Hewen, A. Mcllgorm, H.E. Jolin, and AN. McKenzie. 2006,
Idendfication of an (IL)-25-dependent cell popul that

2

24

25

1

BRIEF DEFINITIVE REPORT

Umetsu. 2007, INKT cells require CCR4 to localize 1o the sirways and

to induce airway hyperreactivity. | Iwmunol. 179:4661-4671

Taniguchi, M., M. Harada, S. Kojo, T. Nakayama, and H. Wakao.

2003. The regulatory role of Valphat4 NKT cells in innate and acquired

P Arnnw. Rev. I l. 21:483-513.

Brgl, M., L. Bry, 5.C. Kent, J E. Gumperz, and M.B. B . 2003

M.erjnm of mld -restricted natural killer T cell activation durmg
ial infe Nat. I I, 4:1230-1237

Harada, M., K. Magara-Koyanagi, H. Waniral, Y. Nagaoa, Y. Ishii, §

Kojo, . H: hs, Y. Ok T Makay N. Suzuki, et al 2006

IL-21~induced Be cell apoptosi fiated by natural killer T cells sup-

presses IgE responses. |, Exp, Med. 203:2929-2937.

Rahman, M5, A. Yamauaki, ]. Yang, L. Shan, A}, Halayko, and AS.

Gounni. 2006. [L-17A induces cotaxin-1/CC chemokine ligand 11 ex-

presion in human sirway smooth muscle eells: role of MAPK (Erk1/2,

INK, and p38) pathways. J. Immunol. 177-4064-4071

Hizawa, N, M. Kawaguchi, SK. Huang, and M. Nishimura. 2006

Role of intetleukin-17F in chronic inflammatory and allergic lung dis-

exse, Clin. Exp. Allegy. 36:1109-1114.

Michel, M.L., A.C. Keller, C. Paget, M. Fujio, F. Trottem, P.B. Savage.

CH. Wong, E. Schneider, M. Dy, and M.C. Leute-de-Moraes. 2007,

provides [1-4, IL-5, and IL-13 at the onset of helminth expul

1. Exp. Med. 203:1105-1116

Akbari, O., P. Swck, E. Meyer, M. Kronenberg, S. Sidobre, T
Nakayama, M. Taniguchi, MJ. Grusby, R.H. DeKruyff, and D.T
Umersu, 2003, Essential role of NKT cells producing 1L-4 and IL-13

in the develog of allerg duced airway hypemeactivity. Nat. Med,
9:582-588,
. Meyer, EH., 5. Goya, O. Akbari, G] Berry, PB. Savage, M.

Kronenberg, T. Nakayams, R H. DeKruyfl, and D T. Umetu 2006
Glycolipid activation of i uw:.rum T ceil retcpwt NK T cells is suf
ficient to induce airway h dent of

26

fi of an [L-17-producing NK1.1°% iNKT cell populaton
in arway philia. J. Exp. Med. 204:995-1001

Coguet, J.M., 5. Chal i, K K dis, FW. McNab, LA
Put, B.S. McKenzie, S P. Bermins, MJ Smylh and D.1. Godfrey, 2008
Diverse cytokine production by NKT cell subses and identificanon
of an IL-17-producing CD4—NK!.1— NKT cell population. Proc. Nadl.
Acad. Sci. USA. 105:11287-11292

Rachiskaya, AV, AM. Hansen, B Horai, 2. Li, R Villasmil, D.
Luger, R.B. Nussenblatt, and R.R. Caspi. 2008. Curting edge: NKT
cells constitutively express [L-23 receptor and ROR gammat and rapidly
duce IL-17 upon receptor ligation in an IL-6-independent fashion.

beoad

CD4* T cells, Proc. Nail, Aml‘ Sa, IJ‘M IDJZTIQ‘-Z?S?

Maoseley, T.A., DR, Haudenschild, L. Rose, and A H. Reddi. 2003
Interleukin-17 family and [L-17 receptors. Cytokine Growth Factor Rev
14:155-174.

. Crowe, N.Y., ].M. Coquet, S P. Berzins, K. Kyparissoudis, R Keating,

D.G. Pellu:n Y Hay:hwn DL Godfn:y, and MJ. Smyth. 2005
Diff: i y fiated by NKT cell subsets in vivo.
J. Exp. Med. 202:1279-1288.

Jamieson, AM., A. Diefenbach, C.W. McMahon, N Xiong, R
Carlyle, and DH. Rauler. 2002. The role of the NEG2D immuno-
receptor in immune cell activauon and natural killing. Immunizy.
17:19-29.

Johnston, B, CH K:m D. Soler, M. Emoto, and E.C. Burcher. 2003
Diffe | P and bomi of murine TCR
alpha beta NKT cell subsets. [, Immunol. 171: :2960-2969

Meyer, EH, M.A. Wurbel, TL Swaton, M. Pichavant, M] Kan,
P.B. Savage, R H DeKruyfi, E.C. Butcher, ]). Campbell, and D.T

JEM VOL 205, November 24, 2008

156

29.

3

J. lmmunol, 180:5167-5171

Pichavant, M., 5. Goya. EH. Meyer, R A. Johnston, HY. Kim, P

Matngkasombut, M. Zhu, Y. Iwakura, P.B. Savage, R.H. DeKruyff,
et al. 2008, Ozone exposure in 3 mouse model induces airway hyper-
reactivity that requires the presence of natural killer T cells and IL-17

J. Exp. Med. 205:385-393.

Léwvé, S., 5. Lajoie-Kadoch, §. Audusseau, M.E. Rothenberg, P.O

Fiset, M.S. Ludwig, and Q. Hamid. 2006. IL-17E upregulates the ex-
pression of proinfl ines i lung fbroblasts, J. Allergy Clin.
Immunal. 117:590-596.

Cat, J., T. Shun, T. Kawano, H. Sato, E. Kondo, 1. Toura, ¥. Kaneko,
H. Koscki, M. Kanno, and M. Taniguchi 1997, Reg ut for
Val4 NKT cells in [L-12-mediated rejection of tumors. Schence,
278:1623-1626.

Watarai, H., R. Nakagawa, M. Omon-Miyake, N. Dashtsoodol, and
M. Taniguchi 2008. Methods for detection, solation and culture of
mouse and human invariant NKT cells. Nar. Proroe, 3:70-78

7 EY

2733



Fublishad May 12, 2008

JEM ARTICLE

Development and characterization
of IL-21-producing CD4* T cells
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It has recently been shown that interleukin (IL)-21 is produced by Th17 cells, functions as
an autocrine growth factor for Th17 cells, and plays critical roles in autoimmune diseases.
In this study, we investigated the differentiation and characteristics of IL-21-producing
CD4* T cells by intracellular staining. Unexpectedly, we found that under Th17-polarizing
conditions, the majority of IL-21-producing CD4* T cells did not produce IL-17A and -17F.
We also found that IL-6 and -21 potently induced the development of IL-21-producing
CD4* T cells without the induction of IL-4, IFN-y, IL-17A, or IL-17F production. On the
other hand, TGF-B inhibited IL-6~ and IL-21-induced development of IL-21-producing
CD4* T cells. IL-2 enhanced the development of IL-21~producing CD4* T cells under Th17-
polarizing conditions. Finally, IL-21-producing CD4* T cells exhibited a stable phenotype of
IL-21 production in the presence of IL-6, but retained the potential to produce IL-4 under
Th2-polarizing conditions and IL-17A under Th17-polarizing conditions. These results
suggest that IL-21-producing CD4* T cells exhibit distinct characteristics from Th17 cells
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and develop preferentially in an IL-6-rich environment devoid of TGF-f, and that IL-21
functions as an autocrine growth factor for IL-21-producing CD4* T cells.

Activated CD4* T cells differentate into at
least three distinct effector subsets as defined by
their patterns of cytokine production (1-4).
Thi cells produce IFN-y and lymphotoxin and
play a critical role in protective immunity
against intracellular pathogens (1—4). Th2 cells
produce IL-4, -5, and -13 and are essential for
the expulsion of parasites (1-4). Newly idenu-
fied Th17 cells produce IL-17A and -17F and
play a pathogenic role in a vanety of autoim-
mune diseases (1-5). Recently, it has been re-
ported that IL-21 is another cytokine highly
produced by Th17 cells and that it promotes
the development of Th17 cells (6=9).

IL-21 is a four-helix-bundle type | cytokine
with significant homology to IL-2, -15, and -4
(10-12). IL-21 has been demonstrated to be
expressed in Th2 cells (13), follicular B helper
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T cells (14), and NK T cells (15) and to exhibit
pleiotropic effects on the proliferation, differ-
entation, and effector funcuon of T, B, NK,
and dendritic cells (10-12). In vivo, it has been
shown that IL-21 15 mvolved in several autoim-
mune disease models. For example, lymphopenia
and compensatory IL-21-mediated homeostatic
expansion of lymphocytes has been reported to
be involved in the development of autoimmu-
nity in NOD muce (16). The excessive produc-
tion of [L-21 has been shown to be associated
with the development of high aters of autoan-
tibodies and a lupus-like pathology in Sanroque
mice (17). Furthermore, a blockade of 1L-21
signaling has been demonstrated to ameliorate
mouse models of rheumnatoid arthrius and lupus
(18, 19). However, the charactensuc of 1L-21-
producing CD4* T cells, especially in their re-
lation to Th17 cells, is sull unknown because a
single-cell analysis of [L-21-producing cells has
not been achieved yert.
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In this study, by establishing the intracellular staining of
IL-21, we found that although 11-21—producing CD4* T cells
developed preferennally under Th17-polarizing conditons, a
considerable number of IL-21-producing CD4* T cells were
negative for intracellular IL-17A and -17F. We also found that
IL-6 potently induced the development of IL-21-producing
CD4* T cells without the inducton of [L-4, I[FN-y, IL-17A,
or IL-17F production. On the other hand, TGF- mnhibited
the [L-6-induced development of [L-21-producing CD4"
T cells. In addition, [L-2 significantly enhanced the develop-
ment of IL-21-producing CDD4* T cells under Th17-polarizing
conditons. IL-21 iwself also induced the development of IL-
21—producing CD4* T cells. IL-21-producing CD4* T cells
exhibited a stable phenotype of IL-21 production in the pres-
ence of [L-6, but sull had a potental to produce [L-4 under
Th2-polarizing conditions and IL-17A under Th17-polarizing
conditons. Our results suggest that [L-21-producing CD4*
T cells exhibit distinct characteristics from Th17 cells, that 1L-21-
producing CD4* T cells develop preferentially in an IL-6-nich
environment devoid of TGF-B, and that [L-21 funcuons as an
autocrine growth factor for [L-21-producing CD4* T cells.

RESULTS

IL-21-producing CD4* T cells develop preferentially

under Th17-polarizing conditions, but the majority

of them are negative for intracellular IL-17A and -17F
Recently, it has been shown that Th17 cells produce a large
amount of IL-21 compared with Th2 and Th1 cells, and that

IL-21 functions as an autocrine growth factor for Th17 cells
(69). We also found that IL-21 was produced by activated
CD4* T cells under Th17-polanzing conditions (in the pres-
ence of [L-6, TGF-B, anti-1L-4 mAb, and anta—IFN-y mAb)
much greater than under Th2-polarizing conditions or under
Thi-polanzing conditons (Fig. 1 A). However, it was sull
unclear whether [L-21 is actually produced by Th17 cells and
what 15 the developmental and phenotypic charactenistic of
IL-21-producing CD4" T cells because 1L-21 production
has not been determined at single-cell levels as yet. To ad-
dress these issues, we established the intracellular cytokine
staining of [L-21. We first generated several IL-21-produc-
ing Ba/F3 cell clones using a bicistronic retrovirus system and
measured the levels of IL-21 in the culure supernatants by
ELISA. Among these clones, Ba/F3-IL-21-GFP #6 cells
produced a significant amount of 1L-21 (Fig. 1 B, left), and
we used this clone as a positive control for intracellular stain-
ing of IL-21. To detect intracellular [L-21, we used mouse
IL-21R/human Fc-chimera (IL-21R-Fc) to caprure [L-21
and ant~human Fe PE to visualize [L-21-IL-21R-Fc com-
plexes. When cells were stained by this method, positive sig-
nals were detected in Ba/F3-1L-21-GFP #6 cells, but not in
control Ba/F3-empty-GFP cells (Fig. 1 B, nght). In the ab-
sence of [L-21R-Fc, no positive signal was detected (Fig. 1 B,
right), confirming the correct detection of IL-21 by the in-
tracellular staining.

By using the intracellular staining of 1L-21, we exanuned
IL-21-producing CD4* T cells at single-cell levels, When
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Figure 1,

Establishment of a single-cell analysis of IL-21-producing cells. (Al IL-21 and -17A are produced by activated CD4* T cells under Th17-

polarizing conditions. Purified CD4* T cells from lymph nodes of C57BL/6 mice were stimulated with anti-CD3 mAb/anti-CD28 mAb under Th1-,Th2-,
and Th17-polarizing conditions. On day 5, 10° cells were restimulated with anti-CD3 mAbfanti-CD28 mAb for 24 h. The levels of cytokines in the culture
supernatants were measured by ELISA. Data are the means + the SD from four independent experiments. *, P < 0.01. [B) Establishment of a single-cell
analysis of IL-21-producing cells. Ba/F3 cells were infected with pMX-IL-21-IRES-GFP retrovirus or control retrovirus (pMX-IRES-GFP). Nine clones of
pMX-IL-21-IRES-GFP retrovirus-infected Ba/F3 cells (Ba/F3-1L-21-GFP cells) and one clone of control retrovirus-infected Ba/F3 cells (Ba/F3-GFP cells)
were selected by limiting dilution. IL-21 in the culture supernatants was measured by ELISA (left). Ba[F3-GFP cells and Ba[F3-IL-21-GFFP clone #6 cells
were fixed, permeabilized, and incubated with IL-21R-Fc or PBS, After washing, cells were visualized with anti-Fe PE (right)
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