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Summary

Background Human thymic stromal lymphopoietin (TSLP) is expressed in the human
asthmatic lung and activates dendritic cells (DCs) to strongly induce proallergic T-helper
type 2 (Th2) cell responses, suggesting that TSLP plays a critical role in the pathophysiology of
human asthma. Th2 cells are predominantly involved in mild asthma, whereas a mixture of
Th1 and Th2 cells with neutrophilic inflammation, probably induced by Th17, affects more
severe asthmatic disease. Exacerbation of asthmatic inflammation is often triggered by
airway-targeting RNA viral infection; virus-derived double-stranded RNA, Toll-like receptor
(TLR)3 ligand, activates bronchial epithelial cells to produce pro-inflammatory mediators,
including TSLP.

Objective Because TSLPR-expressing DCs express TLR3, we examined how the relationship
between TSLP and TLR3 ligand stimulation influences DC activation.

Methods CD11c¢"DCs purified from adult peripheral blood were cultured in TLR ligands
containing media with or without TSLP and then co-cultured with allogeneic naive CD4 "

T cells.

Results CD11c* DCs responded to a combination of TSLP and TLR3 ligand, poly(I : C), to up-
regulate expression of the functional TSLP receptor and TLR3. Although TSLP alone did not
induce IL-23 production by DCs, poly(I : C) alone primed DCs for the production of IL-23, and
a combination of TSLP and poly(I : C) primed DCs for further production of IL-23. The addition
of poly(I : C) did not inhibit TSLP-activated DCs to prime naive CD4" T cells to differentiate
into inflammatory Th2 cells. Furthermore, DCs activated by a combination of TSLP and
poly(I : C) primed more naive CD4™ T cells to differentiate into Th17-cytokine-producing cells
with a central memory T cell phenotype compared with DCs activated by poly(I : C) alone.
Conclusions These results suggest that through DC activation, human TSLP and TLR3 ligands
promote differentiation of Th17 cells with the central memory T cell phenotype under Th2-
polarizing conditions.
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Introduction

not the pro-inflammatory cytokines IL-1f, IL-6, [L-12, or
TNE-o [3]. CD4™ T cells are primed by TSLP-activated DCs

Human thymic stromal lymphopoietin (TSLP) activates
CD11c™ dendritic cells (DCs) to give rise to proallergic
T cell responses [1, 2]. TSLP activates DCs to strongly up-
regulate the expression of costimulatory molecules and to
uniquely produce T helper (Th)2 cell-attracting chemo-
kines, thymus and activation-regulated chemokine
(TARC), and macrophage-derived chemokine (MDC) - but

to differentiate into inflammatory Th2 cells that produce
the proallergic cytokines IL-4, IL-5, IL-13, and TNF-q,
while down-regulating IL-10 and IFN-y [3-5]. In addition,
naive CD8™ T cells are primed by TSLP-activated DCs to
produce IL-5 and IL-13, but exhibit poor cytolytic activity
[6]. Moreover, human TSLP is produced by bronchial
epithelial cells, bronchial smooth muscle cells, lung
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fibroblasts, and mast cells [1-3]. TSLP expression is
increased in asthmatic airways and correlates with the
expression of Th2-attracting chemokines and disease
severity [7, 8]. These data suggest that TSLP is involved
in the pathogenesis of human asthma [9-12].

TSLP plays a critical role in asthmatic inflammatory
responses not only in humans but also in mice and
monkeys. TSLP concentrations are increased in mice with
antigen-mediated airway inflammatory disease, and lung
TSLP concentrations correlate with the severity of eosino-
philia [13]. Furthermore, TSLPR-deficient mice develop
severely attenuated antigen-mediated airway inflamma-
tory disease [13, 14]. In the rhesus monkey model of
dust-mite-induced allergic asthma, TSLP is expressed on
airway respiratory cells and smooth muscle cells in
sensitized monkeys [15]. Inhibition of 0X40L, which is a
critical downstream mediator in TSLP-mediated immune
responses [4, 5], inhibits Th2 inflammation in the monkey
model of asthma [15]. These data suggest that TSLP plays
a critical role in the development of asthma.

Th17 cells-characterized by the production of IL-17/IL-
17A, IL-17F, 1L-6, TNF-a, and IL-22-mediate protection
against extracellular microbes and link to the develop-
ment of autoimmune diseases in vivo [16, 17]. TGF-p, IL-
1B, IL-6, IL-22, and IL-23 play critical roles in IL-17
production in human T cells [18-21], and the IL-23-1L-17
axis is involved in human psoriasis and inflammatory
bowel diseases, suggesting an important role for Th17
cytokines in chronic inflammatory diseases [17, 18, 22].
Although asthma is characterized by chronic dysregulated
Th2 inflammation in the airways, recent human studies
have shown that IL-17 is also expressed in the airways of
patients with asthma, and IL-17 expression is increased in
patients with moderate-to-severe asthma, compared with
patients with mild asthma and with normal controls
[23-25]. Thus, Th2 cells are predominantly involved in
mild asthma, whereas a mixture of Th2 and Th1 cells with
neutrophilic inflammation probably induced by Th17
cells affects more severe asthmatic disease [26]. Still, it
has remained unclear how Th17 lineage commitment is
mediated in Th2-predominant inflammation, such as
human asthma.

Exacerbation of asthmatic inflammation is often trig-
gered by infection of airway-targeting viruses such as the
rhinovirus, coronavirus, influenza virus, respiratory syn-
cytial virus, and adenovirus [27-29]. Bronchial epithelial
cells express several Toll-like receptors (TLRs); virus-
derived double-stranded RNA activates bronchial epithe-
lial cells through TLR3 to produce pro-inflammatory
mediators, including TSLP [30-32].

Because TSLPR-expressing DCs express TLR3 [3, 33,
34], in this study we examined how the relationship
between TSLP and TLR3 ligand stimulation influences DC
activation. We show that a combination of TSLP and TLR3
ligands activated human CD11c ™ DCs to produce IL-23. In

addition, the addition of poly(l: C) did not inhibit TSLP-
activated DCs to prime naive CD4" T cells to differentiate
into inflammatory Th2 cells. Furthermore, DCs activated
by a combination of TSLP and poly(I:C) primed more
naive CD4" T cells to differentiate into Th17-cytokine-
producing cells with a central memory T cell phenotype
compared with DCs activated by poly(I:C) alone. These
results suggest that through DC activation, human TSLP
and TLR3 ligands promote differentiation of Th17 cells
with a central memory T cell phenotype under Th2-
polarizing conditions.

Materials and methods

DC purification and culture

This study was approved by the Institutional Review
Board for Human Research at the Graduate School of
Medicine, Kyoto University. Peripheral blood mononuc-
lear cells (PBMCs) were obtained from the adult buffy
coat of healthy donors (kindly provided by Kyoto Red
Cross Blood Center, Kyoto, Japan). CD11c™ DCs were
isolated from PBMCs as described previously [34, 35].
CD11c"lineage ™ cells were isolated by a FACS Aria™ (BD
Biosciences, San Jose, CA, USA) to reach >99% purity.
CD11c” DCs were cultured immediately after being sorted
in RPMI 1640 (Gibco BRL, Grand Island, NY, USA),
supplemented with 5% human AB serum (Sigma, St Louis,
MO, USA), penicillin G, streptomycin, 10 mm HEPES, and
1 mm sodium pyruvate (Gibco BRL; referred to as complete
medium). Cells were seeded at a density of 1x10° cells/mL
in round-bottomed 96-well plates in the presence of 25 p
g/mL of poly(I:C) (InvivoGen, San Diego, CA, USA),
1 ug/mL of lipopolysaccharide (LPS) (Sigma) or 5 ug/mL
of Escherichia coli RNA/LyoVec (InvivoGen), with or
without 15ng/mL of TSLP (R&D Systems, Minneapolis,
MN, USA). After 24 h of culture, viable DCs were counted
by trypan blue exclusion of dead cells.

Real-time quantitative reverse transcription polymerase
chain reaction (RT-PCR)

Total RNA was extracted using an RNeasy mini kit (Qia-
gen, Valencia, CA, USA) and treated with DNase I (Qiagen)
according to the manufacturer’s instructions. Reverse
transcription was performed with SuperScript™ II (Invi-
trogen, Carlsbad, CA, USA). Real-time quantitative reac-
tions were performed with an ABI Prism 7300 detection
system (Applied Biosystems, Foster City, CA, USA) accord-
ing to the manufacturer’s instructions. Values are expressed
as arbitrary units relative to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)x 10°. The following primers were
used: GAPDH: 5'-CCACATCGCTCAGACACCAT-3’ and
5-GGCAACAATATCCACTTTACCAGAGT-3’; TSLPR: 5'-
AGAGCAGCCAGACGACATT-3' and 5'-CAGCGACTTGCG
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GTGAAAAC-3’; IL-7Ra: 5'-GGATGAAAACAAATGGACG
CATG-3’ and 5'-GCTGCCGGTTGGAGCTTTCT-3'; TLR3: 5'-
TGACTGAACTCCATCTCATGTCC-3" and 5'-CCATTATGA
GACAGATCTAATGTG-3'; TLR4: 5'-CTGCGTGAGACCAG
AAAGC-3' and 5’-TTCAGCTCCATGCATTGATAA-3'; TLRS:
5'-TCTGCATGAGGTTGTCGATGA-3’" and 5'-TGCGCTACC
ACCTTGAAGAGA-3'; T-bet: 5'-AACACAGGAGCGCACTG
GAT-3’ and 5-TGCTCTCCTGGCTGCAGAC-3'; GATA-3:
5’-ACCGGCTTCGGATGCAA-3’" and 5-TGCTCTCCTGGCT
GCAGAC-3’; RORc: 5'-TTTTCCGAGGATGAGATTGC-3’
and 5'-CTTTCCACATGCTGGCTACA-3’; CCR4: 5'-CAGA
AAAGCAAGAAGCTGCTTCTG-3’ and 5'-CGAGGGTGGTA
TCTGCTATATC-3’; and CCR6: 5'-GGCTGCAAATTTGGG
TAAAA-3' and 5'-CACAGGAGAAGCCTGAGGAC-3'.

DC cytokine production

After a 24-h culture of DCs at a concentration of
1x10° cell/mL, DC culture supernatants were collected
and analysed with protein ELISA kits for TARC, MDC, IL-
12p70 (from RE&D Systems), and for IL-1f, IL-6, [L-23p19/
p40, TNF-a, and TGF-B1 (all from eBioscience, San Diego,
CA, USA). Diluted supernatants (1:10, 1:10, 1:1, 1:1,
1:5,1:1,1:1, and 1:1) were used for ELISA for TARC,
MDC, IL-12p70, IL-1pB, IL-6, IL-23p19/p40, TNF-a, and
TGF-P1, respectively.

Analysis of cell surface markers of DCs

To determine the cell surface markers characteristic of
activated DCs, DCs were incubated with various stimuli for
24h. DCs were subsequently stained with fluorescein
isothiocyanate (FITC)-conjugated anti-CD80 (eBioscience).
Finally, they were analysed with a FACS Calibur™ (BD
Biosciences).

DC T cell co-culture

After 24h of culture, CD11c* DCs were collected and
washed three times to remove any cytokines. Viable DCs
were counted by trypan blue exclusion of dead cells.
CD4"CD45RA™ naive T cells were isolated from PBMC
using a FACS Aria™ to reach >99% purity, as described
previously [3, 35]. The remaining DCs were co-cultured
with 2.5x10* freshly purified allogeneic naive CD4"
T cells in round-bottomed 96-well culture plates in com-
plete medium. Cells were cultured in triplicate at a DC:
T cell ratio of 1:5. After 7 days of culture, viable cells
were counted by trypan blue exclusion of dead cells.

T cell cytokine production

After 7 days of co-culture, DC-primed CD4" T cells were
restimulated for 24 h with plate-bound 10 pg/mL anti-CD3
(UCHT1, BD Biosciences) and soluble 1 pg/mL anti-CD28
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(CD28.2, BD Biosciences) at a concentration of 1x10° cell/
mL. Cytokine production was assessed in the culture
supernatant by protein ELISA for IL-10, IL-13, IL-17,
IFN-y and TNF-a (all from eBioscience), and IL-22 (from
R&D Systems). Diluted supernatants (1:20, 1:2, 1:1,
1:100, 1:20, and 1:5) were used for ELISA for IL-10,
IL-13, IL-17, IFN-y TNF-a, and IL-22, respectively. For
intracellular cytokine production, T cells were collected
on day 7 of the co-culture, washed twice, and restimulated
with 50 ng/mL PMA (Sigma) +2 pg/mL ionomycin (Sig-
ma) in flat-bottomed 96- or 48-well plates at a concentra-
tion of 1x10° cell/mL. After 3.5 h, brefeldin A (Sigma) was
added at 10 pg/mL. After 2.5h, cells were collected and
stained for cell-surface molecules. Cells were fixed and
permeabilized using a Fix & Perm Cell Permeabilization
Kit (Caltag Laboratories, An Der Grub, Austria), and
stained with phycoerythrin-conjugated mAbs to IL-13,
TNF-o IL-17, and FITC-conjugated anti IFN-y (all from
eBioscience). Stained cells were analysed on a FACS
Calibur.

Analysis of cell-surface markers of T cells

To determine the cell-surface markers characteristic of
CD4 " T cells, after 7 days of co-culture, DC-primed CD4™"
T cells were stained with FITC-conjugated anti-CD45RA,
anti-CD45R0, anti-CD62L (all from eBioscience), or
purified mouse anti-CCR7 (BD Bioscience) and FITC-
conjugated anti-mouse IgM (AbD Serotec, Kidlington,
UK), followed by allophycocyanin-conjugated anti-CD4
(eBioscience). In secondary culture, T cells were cultured
for 3 days with plate-bound 10pg/mL anti-CD3 mAb
and soluble 1pg/mL anti-CD28 mAb with 2 ng/mL IL-2
(R&D Systems). Finally, they were analysed with a FACS
Calibur.

CD4™ T cell purification

CD4"CD45RA ™ naive T cells and CD4 " CD45RA ™~ memory
T cells (purity, >99%) were isolated by cell sorting as
described above [35]. Purified T cells were cultured at
2.5x10° cells/mL in complete medium. In primary culture,
T cells were cultured with plate-bound 10 ug/mL anti-CD3
mAD and soluble 1 pg/mL anti-CD28 mAb in the presence
of 10 ng/mL of IL-6 and IL-23, and 10 pg/mL of anti-IL-4
and anti-IFN-y neutralizing Abs (all from R&D Systems)
with or without 15 ng/mL of TSLP. After 3 days of culture,
activated T cells were expanded for 4 days with 10 ug/mL
plate-bound anti-CD3, soluble 1 pug/mL anti-CD28 mAbs,
and 2 ng/mL of IL-2. Culture supernatants were measured
by protein ELISA for IL-17 and IL-22. Diluted super-
natants (1:10, 1:3) were used for ELISA for IL-17 and
IL-22, respectively.
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Results

TSLP and TLR3 ligands synergistically enhance the
expression of their own receptors

Human CD11c* immature DCs respond to the stimulation
of TLR ligands (TLRLs) and TSLP [3, 33, 34]. First, to
examine the effects of TLRLs and TSLP on the expression
levels of TSLPR, IL-7Ra chain, and TLRs in activated DCs,
we isolated CD11c” immature DCs from blood buffy coats
and cultured them for 24 h in TLRLs containing media with
or without TSLP. Using real-time quantitative RT-PCR, we
found that human CD11c™ DCs cultured with medium
alone expressed both TSLPR and IL-7Ra chain genes and
that their expressions were enhanced by stimulation with
TSLP and TLR3, 4, and 7/8 ligand agonist, poly(I : C), LPS,
and LyoVec, respectively (Fig. 1a). TSLP did not enhance
LPS- or LyoVec-induced expression of TSLPR or IL-7Ra
chain genes. However, TSLP significantly up-regulated
poly(I: C)-induced expression of both TSLPR and IL-7Ra
chain genes (Fig. 1a). Moreover, although TSLP alone did
not affect TLR3 gene expression, it significantly enhanced
poly(I: C)-induced TLR3 gene expression in DCs (Fig. 1b).
In contrast, TSLP did not enhance gene expression of TLR4
and TLR8 induced by LPS or LyoVec. These data indicate
that TSLP had a synergistic enhancing action only with the
TLR3 ligand on expression of their own receptor genes.
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TSLP enhances TLR3 ligand-induced production of IL-23
by DCs

Because cytokine and chemokine production by activated
DCs plays a critical role in the differentiation of primed
T cells, we next assessed cytokine and chemokine produc-
tion in activated DCs in the culture supernatant by protein
ELISA. After 24 h of culture, TSLP-primed DCs produced
high levels of TARC and MDC, while TSLP did not
stimulate DC production of pro-inflammatory cytokines
IL-1B, IL-6, IL-12, IL-23, or TNF-a, demonstrating one of
the unique properties of TSLP in DC activation (Fig. 2a,
left panels) [3, 34]. In contrast, poly(I: C) alone and LPS
alone primed DCs to produce pro-inflammatory cytokines
such as IL-1B, IL-6, IL-12, IL-23, and TNF-a (Fig. 2a,
middle panels). TSLP did not affect poly(I:C)- or LPS-
induced production of IL-1fB, IL-6, IL-12, or TGF-B1,
whereas TSLP marginally enhanced poly(I : C)- and LPS-
induced increase in TNF-a production (Fig. 2a, middle
panels and 2c). However, TSLP significantly up-regulated
poly(I : C)-induced increase of IL-23 production (Fig. 2a,
middle panels and 2b), which can induce CD4" T cell
differentiation into Th17 cells in humans [18-20].
Although TLRLs alone did not produce large amounts of
TARC or MDC in DCs, TSLP strongly induced production
of the Th2-cell attracting chemokines, TARC and MDC,
regardless of the presence of the TLRLs (Fig 2a, lower
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Fig. 1. TSLP and TLR3 ligands synergistically enhanced expression of their own receptors. Blood CD11c* DCs were activated by TLR-ligands, poly(I : C),
LPS, or LyoVec with (closed bar) or without TSLP (open bar) for 24 h. DCs were used for real-time quantitative RT-PCR analyses for TSLPR and IL-7Ro
chain mRNA expressions (a) and for TLR3, TLR4, and TLR8 mRNA expressions (b). Closed bar and horizontal error bars indicate the mean and SD of three
independent experiments, respectively. Student’s ¢-test for unpaired data was used to compare the values between two groups. *P<0.05. TSLP, thymic
stromal lymphopoietin; TLR, Toll-like receptor; DCs, dendritic cells; LPS, lipopolysaccharide.
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panels). Taken together, these data suggest that TSLP may
maintain its unique ability in DC activation regardless of
the presence of TLRLs.

TSLP conserves its unique ability in DC activation in the
presence of TLRLs

One of the characteristics of TSLP in DC activation is its
capability to induce strong cell-surface expression of

costimulatory molecules, such as CD80 and CD86, in DCs
[3, 34, 35]. To examine whether TSLP retains this ability in
the presence of TLRLs, we analysed the surface expression
of CD80 on DCs by flow cytometry. Poly(I:C), LPS,
LyoVec, and TSLP all stimulated surface CD80 expression
in DCs (Fig. 2d). Notably, TSLP enhanced surface CD80
expression in the presence of TLRLs to an extent similar to
that of TSLP alone. Another trait of TSLP stimulation in
DCs is enhancement of DC survival [3, 35]. After 24 h of
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Fig. 2. TSLP conserved its unique abilities in DC activation in the presence of TRLs and enhanced TLR3 ligand induced IL-23 production. Blood CD11c™
DCs were activated by TLR-ligands, poly(I : C), LPS, or LyoVec, with or without TSLP for 24 h. (a), IL- 1, IL-6, IL-12p70, IL-23p19/p40, TNF-o TARC, and
MDC were measured in the culture supernatant by protein ELISA. (b), IL-23p19/p40 production measured by protein ELISA. Closed bar and horizontal
error bars indicate the mean and SD of five independent experiments, respectively. Student’s #-test for unpaired data was used to compare the values
between two groups. *P<0.05. (c), TGF-B1 concentration measured by protein ELISA. (d), Cell-surface marker phenotypes of DCs were determined by
flow cytometry. Filled histograms represent staining of CD80; open histograms represent the isotype control. Numbers above histograms indicate the
mean fluorescence intensity for CD80. Data represent one of five independent experiments. TSLP, thymic stromal lymphopoietin; TLR, Toll-like receptor;

DCs, dendritic cells; MDC, macrophage-derived chemokine.

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 39 : 89-100



94 ). Tanaka et al

culture, TSLP augmented the number of viable DCs
induced by the TLRLs (data not shown). Taken together,
these data suggest that TSLP maintains its unique abilities
in DC activation regardless of the presence of TLRLs.

TSLP+poly(I : C)-activated DCs [TSLP+ poly(I : C)-DCs]
induce strong CD4™ T cell expansion

Both virus-derived TLRL stimulation and epithelial-cell-
derived TSLP appear to be involved in exacerbating
asthma [7, 8, 27-32]. In addition, we demonstrated in this
study that TSLP+poly(I : C) stimulation resulted in unique
activation of DCs (Fig. 2). Subsequently, we examined
how CD4" T cells expand and differentiate by DCs
activated with TSLP+poly(I:C). CD11c™ DCs purified
from adult peripheral blood were cultured in poly(I : C)-
containing media with or without TSLP and then co-
cultured with allogeneic naive CD4" T cells at a 1: 5 ratio
of DCs: T cells. After 7 days of co-culture, CD4 ™ T cells co-
cultured with TSLP+poly(I:C)-DCs expanded signifi-
cantly more than those co-cultured with DCs activated
with poly(I:C) alone, suggesting that TSLP+poly(I: C)-
DCs have a stronger effect on CD4" T cell expansion than
do poly(I : C)-DCs (Fig. 3a).

T cells primed with TSLP+ poly(I:C)-DCs show the central
memory T cell phenotype

To determine the cell-surface markers characteristic of
CD4" T cells primed by TSLP+poly(I : C)-DCs, we used
flow cytometry to analyse naive CD4" T cells before and
after culture for 7 days with activated DCs. After isolation,
naive CD4" T cells decreased their CD62L expression,
possibly due to cell isolation processes (Fig. 3b) [35].
Priming with TSLP+poly(I:C)-DCs down-regulated
CD45RA and up-regulated CD45R0 in CD4" T cells,
acquiring a CD45RACD45R0O"CD62L*"CCR7" central
memory T cell phenotype, a phenotype similar to TSLP-
DC-induced memory Th2 cells [5]. Restimulation with
anti-CD3, anti-CD28 mAbs, and IL-2 for 3 days converted
these T cells to a CD45RACD45R0*CD62L'""CCR7""
effector memory T cell phenotype. In addition, these
effector memory T cells showed enhanced expression of
CCR4, which is a receptor for the Th2 cell-attracting
chemokines-TARC and MDC (Fig. 3c). These data suggest
that T cells expanded with TSLP+poly(I:C)-DCs can
rapidly acquire effector functions.

TSLP+ poly(I : C)-DCs programme naive CD4" T cells
more to differentiate into Th17 cells, and do not alter
development of the inflammatory Th2 cells

Next, we examined the cytokine-producing capacity of
CD4" T cells primed by DCs. CD4™" T cells were primed for
7 days by DCs activated with TSLP, poly(I:C), or a

combination of both stimuli. After washing the cells, half
of the expanded CD4" T cells were collected to measure
the expression levels of mRNA encoding lineage-specific
transcription factors such as GATA-3, RORc, and T-bet, as
well as Th-17 cell-expressing CCR6 [17, 36]. The remain-
ing CD4 " T cells were restimulated for a further 24 h with
anti-CD3 and anti-CD28 mAbs, and T cell-derived cyto-
kines were measured in the culture supernatant using
protein ELISA.

CD4" T cells primed with TSLP-DCs expressed a high
level of GATA-3 mRNA but not RORc, CCR6, or T-bet
(Fig. 4a-c) and produced only the inflammatory Th2
cytokines IL-13 and TNF-o (Fig. 4d-f). In contrast,
poly(I : C)-DCs enhanced expression of all the lineage-
specific transcription factors and production of various
cytokines, including IL-17, IL-22, IFN-v, and IL-10 from
CD4" T cells. In comparison with priming of poly(I : C)-
DCs, TSLP+poly(I : C)-DCs primed CD4 " T cells to express
a decreased level of T-bet (Fig. 4c) and increased levels of
GATA-3, RORc, and CCR6 mRNA (Fig. 4a and b). In
addition, CD4™" T cells primed with TSLP+poly(I : C)-DCs
enhanced the production of IL-17 and IL-22, while they
reduced the production of IFN-y and IL-10 compared with
CD4" T cells primed with poly(I: C)-DCs (Fig. 4e and f).
Interestingly, when compared with TSLP-DCs, TSLP+
poly(I: C)-DCs failed to induce further production of
IL-13 and TNF-o from primed CD4 ™ T cells (Fig. 4d). These
data suggest that TSLP+poly(I : C)-DCs prime naive CD4*
T cells more to differentiate into Th17 cells compared with
poly(I:C)-DCs, and do not alter development of the
inflammatory Th2 cells compared with TSLP-DCs.

TSLP+poly(I : C)-DCs reduce IL-17 and IFN-y double-
producing T cells and increase IL-17 single-producing
T cells

We further evaluated cytokine production capacity using
intracellular cytokine staining of primed T cells restimu-
lated with PMA plus ionomycin. Intracellular cytokine
staining of T cells demonstrated that the percentage of
TNF-o-producing cells primed with TSLP +poly(I : C)-DCs
was similar to those with poly(I: C)-DCs and TSLP-DCs
(Fig. 5a and b, left panels). In contrast, the percentage of
IL-17-producing cells primed with TSLP+poly(I : C)-DCs
was greater than those with poly(I : C)-DCs and TSLP-DCs
(Fig. 5a and b, middle panels). Importantly, the percentage
of IL-13-producing cells primed with TSLP+poly(I: C)-
DCs was greater than that primed with poly(I : C)-DCs, but
similar to that with TSLP-DCs (Fig. 5a and b, right panels).

In addition, priming with TSLP+poly(I:C)-DCs in-
creased IL-17 single-producing T cells more prominently
than priming with poly(I : C)-DCs (Fig. 5c, left panels). In
contrast, IL-17 and IFN-y double-producing (Th17/Th1)
cells decreased by priming with TSLP+poly(I:C)-DC
as compared with those primed by poly(l:C)-DCs
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Fig. 3. TSLP+poly(I : C)-DCs efficiently induced naive CD4"* T-cell expansion and converted naive to central memory T cells. CD11c* DCs cultured
medium alone or activated with TSLP, poly(I : C), or the combination of TSLP and poly(I : C) were used to prime naive CD4" T cells for 7 days. For
secondary culture, T cells primed by TSLP+poly(I : C)-DCs were subsequently stimulated for 3 days with anti-CD3, anti-CD28 mAbs, and IL-2. (a), Fold
expansion of CD4™" T cells cultured with indicated DCs compared with the initial T cell number. Viable T cells were counted by trypan blue exclusion of
dead cells, and cell-surface marker phenotypes were determined by flow cytometry. Closed bar and vertical error bars indicate the mean and SD of five
independent experiments, respectively. Student’s t-test for unpaired data was used to compare the values between two groups. *P<0.05. (b), Cell-
surface marker phenotypes of CD4" T cells before and after culture with indicated DCs. Cell-surface marker phenotypes were determined by flow
cytometry. Filled histograms represent staining of T cells with indicated markers; open histograms represent isotype controls. Data represent one of five
experiments. (c), CCR4 expression of various CD4 " T cells. Expression level of CCR4 mRNA was measured using real-time quantitative RT-PCR. Closed
bar and horizontal error bars indicate the mean and SD of three independent experiments, respectively. Student’s ¢-test for unpaired data was used to
compare the values between two groups. *P<0.05. TSLP, thymic stromal lymphopoietin; TLR, Toll-like receptor; DCs, dendritic cells.
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Fig. 4. TSLP+poly(I : C)-activated DCs primed naive CD4" T cells to produce IL-17 and IL-22, but failed to induce further development of the
inflammatory Th2 cells. Naive CD4" T cells were primed for 7 days by DCs activated with TSLP, poly(I : C), or the combination of both stimuli. (a-c),
Expression levels of mRNA encoding GATA-3 (a), RORc and CCR6 (b), and T-bet (c). Expression levels were measured using real-time quantitative RT-
PCR. Closed bar and vertical error bars indicate the mean and SD of five independent experiments, respectively. Student’s ¢-test for unpaired data was
used to compare the values between two groups. *P<0.05. (d-f), Cytokine production of primed T cells. After 7 days of co-culture,
T cells were restimulated for 24 h with anti-CD3 and anti-CD28 mAbs. IL-13 and TNF-a (d), IL-17A, and IL-22 (e), and IFN-y and IL-10 (c), were
measured in the culture supernatant using protein ELISA. Data represent one of five independent experiments. TSLP, thymic stromal lymphopoietin;

DCs, dendritic cells.

(Fig. 5c, right panels). These findings suggest that
TSLP+poly(I: C)-DCs may induce conversion of Th17/
Th1 cells to Th17 cells.

TSLP can directly prime human memory CD4™ T cells to
enhance the production of Th17 cytokines

Although freshly isolated peripheral blood human CD4™"
T cells do not show any response to TSLP, we recently
found that TCR stimulation allows a potent response of
CD4™" T cells to TSLP and that TSLP can directly enhance
T cell expansion [37, 38]. To examine the possibility that
the direct action of TSLP on CD4" T cells is involved
in differentiation of Th17 cells, purified naive
CD4"CD45RA™ T cells and memory CD4"CD45RA™
T cells were activated with Th17-cell differentiation
media, anti-CD3, and anti-CD28 with neutralizing Abs
for IL-4, and IFN-y with or without IL-6 and IL-23, in the
presence or absence of TSLP. After 3 days of culture, cells
were further expanded for 4 days with IL-2, and the
production of IL-17 and IL-22 was measured in the culture

supernatant using protein ELISA. TSLP had no effect on
IL-17 or IL-22 production of naive CD4"CD45RA™ T cells
cultured even in Th17-cell differentiation media (Fig. 6).
However, TSLP significantly enhanced IL-17 and IL-22
production of memory CD4 " CD45RA™ T cells in Th17-
cell differentiation media. These data suggest that in
addition to indirectly priming naive CD4" T cells to
differentiate into Th17 cells with a memory phenotype,
TSLP may also directly act on these memory T cells to
accelerate further expansion and production of IL-17.

Discussion

In the present study, we demonstrated for the first time
that TSLP and TLR3 ligands activated human blood CD11™"
DCs to produce more IL-23 and more programmed naive
CD4" T cells to differentiate into Th17 cells compared
with the TLR3 ligand alone, and a combination of TSLP
and TLR3 ligands did not alter development of the
inflammatory Th2 cells compared with TSLP alone. These
results suggest that through DC activation, human TSLP
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Fig. 5. TSLP+poly(I : C)-DCs reduced IL-17 and IFN-y double-producing T cells and increased IL-17 single-producing T cells. CD11c™ DCs cultured with
TSLP, poly(I:C), a combination of both stimuli, or medium alone were used to prime naive CD4™ T cells. After 7 days of co-culture, T cells were
restimulated for 6 h with PMA plus ionomycin, and production of indicated T cell-derived cytokines was determined by intracellular cytokine staining.
(a), Dot blots profiles of indicated cytokines. Numbers indicate percent of cells in each quadrant. Data represent one of three independent experiments.
(b), Percentage of TNF-¢— IL-17-, IL-13 - producing cells. Data represent numbers in (a). (c), Percentage of IL-17 single-producing cells (IFN-y IL-177"),
and IFN-y and IL-17 double-producing cells (IFN-y *IL-17*). Data represents numbers in (a). TSLP, thymic stromal lymphopoietin; DCs, dendritic cells.

and TLR3 ligands promote Th17-cell differentiation under
Th2-polarizing conditions. If Th2 cells predominate in
driving inflammation in mild asthma, there is evidence
that a more severe asthmatic phenotype is regulated
through a mixture of Th1 and Th2 cells with neutrophilic
inflammation probably induced by Th17 cells in the lungs
[26]. TSLP-mediated Th17-cell commitment under Th2-
polarizing conditions may be involved in the development
of an inflammatory mixture of Th2 and Th17 cells, a
unique profile that resembles severe asthma.

In humans, CD4* memory T cells have been defined as
CD45RO"CD62L CCR7" central memory cells and
CD45R0"CD62L CCR7 ™ effector memory cells by their
distinct surface phenotype, homing capacity, and effector

© 2008 The Authors

functions [39, 40]. These T cell subsets can be further
divided into subsets that are prone to produce Th1 or Th2
cytokines according to their differential expression of
chemokine and tissue-homing receptors [40-42], linking
memory T cell subsets with a polarized Th1l or Th2
function. TSLP-DCs play important roles not only in Th2
priming but also in the maintenance and further polariza-
tion of Th2 central memory cells in allergic diseases [5]. In
this study, we show that DCs activated by a combination
of TSLP and poly(I:C) primed naive CD4" T cells to
produce IL-17 and IL-22 and priming with TSLP+
poly(I : C)-DCs down-regulated CD45RA and up-regulated
CD45RO in CD4" T cells, acquiring a CD45RA™
CD45R0O"CD62L CCR7™ central memory T cell phenotype.
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Fig. 6. TSLP directly acted on human memory CD4" T cells to enhance
production of Th17 cytokines. Purified CD4*CD45RA™ naive T cells and
CD4"CD45RA™ memory T cells were cultured with anti-CD3, anti-CD28,
anti-IL-4, and anti-IFN-y Abs in the presence or absence of IL-6 and
IL-23 with or without TSLP. After 3 days of culture, cells were further
cultured for 4 days with anti-CD3, anti-CD28, and IL-2. Production of
IL-17 and IL-22 was measured in the culture supernatant using protein
ELISA. Closed bar and horizontal error bars indicate the mean and SD of
three independent experiments, respectively. Student’s f-test for un-
paired data was used to compare the values between two groups.
*P<0.05. TSLP, thymic stromal lymphopoietin.

Th17 cells are linked to the development of autoimmune
diseases in wvivo [16, 17] and the IL-23-IL-17 axis is
involved in human psoriasis and inflammatory bowel
diseases, suggesting an important role for Th17 cytokines
in chronic inflammatory diseases [17, 18, 22]. Therefore,
IL-23-mediated generation of Th17 central memory cells
by TSLP+poly(I : C)-DCs may be involved in maintenance
of chronic inflammation of allergic diseases.

In addition, restimulation with anti-CD3, anti-CD28
mAbs, and IL-2 rapidly converts TSLP+poly(l:C)-
DCs-induced central memory T cells into effector memory
T cells highly expressing CCR4 (Fig. 3), suggesting that
T cells expanded with TSLP+poly(I: C)-DCs can rapidly
acquire effector functions. Thus, through DC activation,
TSLP and TLR3 ligands may facilitate the link between
differentiation and maturation of naive, memory, and
effector T cells in chronic inflammation of allergic diseases.

Previous studies have reported that TLR3 ligand,
virus-derived double-stranded RNA activates bronchial
epithelial cells to produce pro-inflammatory mediators,
including TSLP [30-32]. In this study, we showed that
TSLP and TLR3 ligand stimulation induced strong and
unique activation of DCs. In addition, exacerbation of
asthmatic inflammation is often triggered by infection
involving airway-targeting RNA viruses [27-29], and
TSLP expression correlates with disease severity [7, 8].
Therefore, the TLR3 ligand may play dual roles in exacer-
bation of asthmatic inflammation through induction of
TSLP by epithelial cells and activation of DCs in the
presence of TSLP.

In human blood, the other unique DC subsets are
immature plasmacytoid DCs. Bratke et al. [43] demon-
strated that not only human myeloid CD11c™ DCs but also
plasmacytoid DCs infiltrate bronchoalveolar lavage fluid
in the lung during segmental allergen challenge using
allergens such as birch, rye, and Dermatophagoides pter-
onyssinus. We examined whether the TSLP and/or the
TLR3 ligand can activate immature plasmacytoid DCs.
However, stimulation of the TSLP and/or the TLR3 ligand
did not directly induce CD80 up-regulation and IFN-o
secretion in immature plasmacytoid DCs (data not shown).
In mice, plasmacytoid DCs can differentiate into myeloid
DCs after viral infection and poly(I: C) injection to mice
through type-I IFN production [44]. Therefore, in humans,
TLR3 ligands may play an additional role in exacerbation
of asthmatic inflammation indirectly through
conversion of plasmacytoid DCs to TSLPR-expressing
CD11c™ DCs.

IL-23 consists of a unique p19 subunit coupled to the
p40 subunit of IL-12. However, enhanced DC cytokine
production by TSLP and poly(I: C) stimulation were de-
monstrated only in IL-23 and not in IL-12 (Fig. 2a). Using
real-time quantitative RT-PCR, we found that priming of
DCs with TSLP and poly(I : C) enhanced gene expression of
IL-23p19 but not that of IL-12p40 and IL-12p35, another
subunit of bioactive IL-12 (data not shown). These data
suggest that increased expression of IL-23p19 but not IL-
12p35 and IL-12p40 may enhance the production of IL-23
but not of IL-12 in DCs primed with TSLP and poly(I : C).

In conclusion, we demonstrated that TSLP and TLR3
ligands activate human blood CD11™ DCs to produce more
IL-23 and program naive CD4" T cells more to differenti-
ate into Th17 cells compared with the TLR3 ligand alone,
and a combination of TSLP and TLR3 ligands does not
alter development of the inflammatory Th2 cells com-
pared with TSLP alone. These results suggest that through
DC activation, human TSLP and TLR3 ligands promote
Th17-cell differentiation under Th2-polarizing condi-
tions, implying that in allergic diseases, virus-derived
double-stranded RNA and TSLP may play a role in Th17
lineage commitment, even under Th2-predominant polar-
izing conditions.
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