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Production of interleukin-13 by human dendritic cells after stimulation
with protein allergens is a key factor for induction of T helper

2 cytokines and is associated with activation of signal
transducer and activator of transcription-6
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SUMMARY

Dendritic cells (DC) are able to induce not only T helper 1 (Th1) but also Th2 immune responses
after stimulation with allergens. While DC-derived interleukin (IL)-12 and IL-18 are the key factors
for the induction of Thl cells, early signals being involved in Th2 differentiation are less well
characterized so far. To analyse such early signals we used an antigen-specific setting with CD4" T
cells from atopic donors stimulated in the presence of autologous mature DC, which were pulsed
with different allergen doses. The addition of increasing amounts of allergen during DC maturation
with tumour necrosis factor-o, IL-1f and prostaglandin E, resulted in enhanced secretion of IL-6
and IL-12 by DC followed by increased production of Th1 (interferon-y; IFN-v) as well as Th2 (IL-
4, IL-5) cytokines by CD4™ T cells. The coculture of allergen-treated DC and CD4 ™ T cells also led
to a dose-dependent expression of active signal transducer and activator of transcription-6 (STAT6),
which was visible already after 1 hr. Additionally, rapid phosphorylation of STAT6 was seen in
immature DC after stimulation with allergens but not with lipopolysaccharide or human serum
albumin. STAT6 phosphorylation was associated with the production of IL-13 by DC. The addition
of neutralizing anti-IL-13 antibodies during maturation of DC inhibited STAT6 phosphorylation in
CD4" T cells as well as the production of IL-4, and to a lesser extent of IL-5, while IFN-y
production was not affected. Addition of exogenous IL-13 enhanced mainly the secretion of IL-4.
Taken together, DC-derived IL-13, which is released after exposure to allergens appears to be one of

the critical factors for DC to acquire the capability to induce Th2 cytokine production.

INTRODUCTION

Atopic/allergic immune responses are characterized by the
presence of T helper 2 (Th2)-type cytokines released by allergen
specific CD4™" T helper cells."* During T helper cell differ-
entiation distinct sets of transcription factors are expressed and
activated. Cytokine dependent Th1/Th2 development leads to
the activation of the Janus kinase family of receptor associated
protein tyrosine kinases (JAK1-3, Tyk2). When activated, these
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kinases phosphorylate transcription factors of the signal trans-
ducer and activator of transcription family (STAT1-—5A,
5B—6). After phosphorylation the STAT molecules dimerize
and translocate into the nucleus where they are necessary for the
expression of cytokine genes.>* Whereas STAT4 is activated by
interleukin (IL)-12 or interferon-ot (IFN-a) and induces a Thl
differentiation, STAT6 has been shown to be important for Th2
development.’>”’ The dependence of Th2 development on
STAT6 has been demonstrated in developing Thl cells trans-
fected with an inducible STAT6 construct. Although committed
towards a Th1 response these cells secreted type 2 cytokines
after activation of STAT6.® Conversely, STAT6 knock-out mice
are deficient in IL-4-mediated Th2 cell differentiation and
immunoglobulin E (IgE) class switching.’

Although many of the mechanisms and molecules relevant
for T-helper differentiation have been investigated, the factors
that initiate the first steps of this differentiation are less clear.
Besides a genetic predisposition for allergic diseases and envir-
onmental factors like the presence of adjuvants, the mode of
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antigen/allergen contact seems to determine the ensuing
immune response. In this respect, the frequency of encounter
and the amount of allergen concentration are important factors.
It has been demonstrated, that contact with low allergen con-
centrations induces predominantly Th2 responses, whereas
higher concentrations induce Th1 cytokines.'™'" In addition,
structural features of the allergen protein itself may have some
influence on the immune response. Site-directed mutagenesis of
house dust mite allergen lead to a complete shift from Th2
responses induced by the native protein towards IFN-y produc-
tion by the mutated protein.'? Furthermore, the route of allergen
entry is among the main factors that influence the type of an
immune response, partially caused by different types of antigen-
presenting cells (APC) involved in T-helper cell stimula-
tion.'®!'*!* B cells are capable of inducing allergen-specific
Th2 cells, whereas myeloid dendritic cells (DC) were initially
thought to activate predominantly Th1 cells.'>'® Later, we and
others have demonstrated that monocyte-derived DC cultured in
vitro are able to induce Th1 as well as Th2 responses.'’2° While
the induction of Th1 responses by DC can be explained by their
production of IL-12 and IL-18,">' the knowledge of similar
factors produced by DC (or other APC) to drive the T helper
response towards Th2 are lacking. In this report, we demon-
strate that monocyte-derived DC produce IL-13 after stimula-
tion with allergens and elaborate the importance of this
mediator for the induction of allergen-specific Th2 cells.
APC-derived IL-13, which is produced only after distinct
stimuli like allergens, appears to be one of the mediators that
drive Th2 differentiation of T cells.

MATERIALS AND METHODS

Blood donors

Venous heparinized blood- or leukocyte-enriched buffy coats
(Transfusion Centre, Mainz, Germany) from atopic donors
suffering from allergic rhino-conjunctivitis or asthma to grass
pollen, birch pollen, rye pollen and/or house dust mite (Der-
matophagoides pteronyssinus) was collected. Specific sensiti-
zation was documented by positive skin prick test to the
respective allergen and detection of allergen-specific IgE in
the sera (radioallergosorbent assay class > 2).

Generation of monocyte-derived immature and mature DC

Peripheral blood mononuclear cells (PBMC) were isolated by
Ficoll-Paque 1-077 (Biochrom KG, Berlin, Germany) density
gradient centrifugation and 1 x 107 cells per well were incu-
bated for 45 min in a six-well-plate (Costar, Bodenheim, Ger-
many) in RPMI-1640 (Gibco BRL, Life Technologies, Paisley,
UK) supplemented with 3% autologous plasma at 37°. Non-
adherent cells were removed by washing gently three times with
warm phopshate-buffered saline (PBS). The remaining mono-
cytes (purity >90% CDI14%) were incubated in 3 ml/well
Iscove’s modified Dulbecco medium (IMDM, Gibco BRL)
supplemented with 1% heat-inactivated autologous plasma,
1000 U/ml IL-4 (Strathmann Biotech GmbH, Hannover,
Germany) and 800 U/ml granulocye—macrophage colony-sti-
mulating factor (GM-CSF; Leucomax('*{”, Sandoz AG, Niirnberg,
Germany). Every other day 1ml medium was replaced. On
day 6 the resulting immature DC were either harvested for

biochemical analysis and enzyme-linked immunospot assay
(ELISpot) or pulsed with 0-1 or 10 pg/ml of grass pollen, birch
pollen, rye pollen or house dust mite allergen extracts (ALK-
Scherax, Hamburg, Germany). For some experiments, imma-
ture DC were treated with 5 pg/ml of a neutralizing anti-IL-13
or 1 pg/ml of a neutralizing anti-IL-4 antibody (R & D Systems,
Wiesbaden, Germany). DC were matured by addition of
1000 U/ml tumour necrosis factor-o (TNF-ot), 2000 U/ml IL-
1B (Strathmann Biotech GmbH) and 1 pg/ml prostaglandin E,
(PGE,; Minprostin®™ E,, Pharmacia & Upjohn GmbH, Erlan-
gen, Germany). Mature DC were harvested 48 hr after stimula-
tion (the yield of DC out of 1 x 107 PBMC was 0-5-1 x 10° DC,
purity >95% (CD2/14/19 staining <5%)), washed twice and
used for T-cell stimulation assays.

Analysis of surface marker expression by flow cytometry
Surface phenotyping of DC was performed by staining 5 x 10*
cells with specific mouse anti-human monoclonal antibodies
(mAbs) for 20 min onice. Antibodies used were CD80 (MAB 104,
Immunotech, Hamburg, Germany), CD83 (HB15a, Immuno-
tech), CD86 (BU63, Camon, Wiesbaden, Germany) and rat
anti-human HLA-DR (YE2/36HLK, Camon). After washing
with PBS containing 0-1% bovine serum albumin (BSA) the
cells were stained with PE-conjugated donkey anti-mouse
IgG (Dianova, Hamburg, Germany) and fluorescein (DTAF)-
conjugated goat anti-rat IgG (Dianova). After 20min the
cells were washed and analysed in a FACSCalibur (Becton
Dickinson, Mountain View, CA) equipped with CellQuest
Software.

Limulus amoebocyte lysate (LAL) assay

Endotoxin content of allergen extracts was tested with QCL-
1000 chromogenic LAL (Bio-Whittaker, Walkersville, MD)
according to the instructions of the manufacturer. For some
experiments, 10 pg/ml polymyxin B sulphate (PMB, Sigma,
Deisenhofen, Germany) was also added to the DC culture.?

Purification of CD4" T cells and coculture with
allergen-pulsed DC

Seven days after starting DC culture, autologous T cells were
generated form cryoconserved PBMC of the same atopic donor.
T cells were enriched using nylon wool columns as described.??
Briefly, nylon wool columns (0-6 g nylon wool/column) were
preincubated with 10 ml of RPMI/3% autologous plasma for
30 min at 37°. 2-10 x 10’ PBMC were loaded onto columns and
incubated for 45 min at 37°. Non-adherent T cells were eluted
from the column with 15 ml RPMI/3% plasma and incubated for
30 min on ice with mouse anti-human CD8 (OKT8 supernatant,
American Type Culture Collection, Rockville, MD). CD8" T
cells were removed by depletion with anti-mouse IgG immu-
nomagnetic Dynabeads (Dynal, Hamburg, Germany). Separa-
tion of isolated CD4 " T cells was controled by flow cytometry
(purity >90%).

For biochemical analysis, 5 x 10° CD4™ T cells were cocul-
tured with 5 x 10° allergen-pulsed mature DC in six-well plates
in 3ml IMDM. After 1-6 hr, cocultured cells were harvested
and DC were depleted using a mouse anti-human CD86 anti-
body (Camon) and anti-mouse Dynabeads (Dynal). During
these steps cells were strictly kept on ice to prevent the

© 2003 Blackwell Publishing Ltd, Immunology, 108, 167-176



Dendritic cell-derived IL-13 and Th2 responses 169

induction of signal transduction by this procedure. Allergen-
stimulated T cells were then lysed and analysed biochemically
as described below.

For measurement of T cell cytokines, 5 x 10° CD4™ T cells
were cocultured with 5 x 10* DC in 48-well plates in 1ml
IMDMY/5% plasma. For some experiments, 5 pg/ml anti-IL-13
antibody or 5ng/ml recombinant IL-13 (R & D Systems) was
added from the beginning to the coculture. As the cytokine
production of the T cells was rather weak after primary stimula-
tion, we performed a secondary stimulation after 8 days. For this
purpose, 5 x 10* freshly generated, fully matured DC from the
same donor, optimally stimulated with 5 pg of allergen and in
some experiments treated with 5 ng/ml anti-IL-13 antibody (R
& D Systems) were added to the cocultures. Twenty-four hr
after secondary stimulation, supernatant was collected and
analysed by enzyme-linked immunosorbent assay (ELISA).

Measurement of cytokines by ELISA

Human IL-4, IL-5, IL-12p40, IFN-y (BD Pharmingen) and IL-6
(R & D Systems) were measured by ELISA according to the
instructions of the distributor as described previously.!” Detec-
tion limit was 8pg/ml for IL-4, and 32pg/ml for all other
cytokines.

ELISpot assay for detection of IL-13 secretion by DC

For detection of IL-13 producing DC an ELISpot assay (R & D
Systems) was employed according to the manufacturer’s
instructions. Briefly, the anti-IL-13 coated polyvinylidene
difluoride (PVDF) membrane was blocked for 45 min at 37°
with 2001 IMDM/10% autologous plasma. Then, 5 x 10*
immature DC were seeded into each well and stimulated with
0-1 or 10 pg/ml allergen extracts, 10 ng/ml phorbol 12-myristate
13-acetate (PMA)/0-5 pg/ml ionomycin (Sigma), 2-4 pg/ml
phytohaemagglutinin (PHA; Biochrom KG) or 100 ng/ml lipo-
polysaccharide (LPS; Sigma). After incubation for 48 hr, the
plates were washed and incubated with a biotinylated detection
antibody at 4° overnight. The next day, streptavidin AP was
added to each well and removed after 2 hr at room temperature.
Then, the chromogen substrate BCIP/NBT was added and spot
development was visible within 30 min. To elevate spot num-
bers, the KS ELISPOT imaging system (Carl Zeiss, Gottingen,
Germany) was employed.

Preparation of cell extracts

For analysis of immature DC, cells were harvested and washed
thrice with PBS to remove cytokines completely. A total of
1.5 x 10° cells were resuspended in 500l IMDM (without
cytokines or plasma) and preincubated at 37° for 60 min. Cells
were then treated with different concentrations of allergen, LPS
(10ng/ml), a control protein (human serum albumin; HSA,
10 pg/ml), IL-4 (10 ng/ml), IL-13 (5 ng/ml) or mock stimulated
with PBS for 15 min at 37°. DC were lysed in 50 pl ice-cold lysis
buffer (50 mM Hepes, pH 7,4, 150mM NaCl, 1-5mm MgCl,,
1 mM ethylenediaminetetraacetic acid (EDTA), 10% glycerol,
1% Triton-X-100, 2mM phenylmethylsulphonyl fluoride
(PMSF), 10 pg/ml aprotinin and 1 mM sodium orthovanadate)
by vigorous resuspension and incubation on ice for 30 min.
Insoluble material was spun down (20 min, 15000 g, 4°) and the
clear supernatants were stored at —70°.
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Protein content of the lysates was determined using the BCA
protein assay (Pierce, Rockford, IL).

Sodium dodecyl sulphate—polyacryalamide gel
electrophoresis (SDS—PAGE) and Western Blot

Cell lysates (150 pg/lane) were mixed with loading buffer (Roti
Load, 4x concentrated, Roth, Karlsruhe, Germany) heated for
5 min at 96° and subjected to SDS-PAGE on a 10% polyacryla-
mide gel with 0-5% SDS using standard procedures (45 mA, max-
imum 500 V). A biotinylated M,-marker (Boehringer Mannheim)
and a prestained M-marker (Boehringer Mannheim) were run
in parallel for quantification of the M,, after Western transfer
and for assessment of transfer efficiency, respectively. Proteins
were blotted onto PVDF-membrane (Millipore, Bedford, MA)
using a semidry blotting unit (Trans-Blot SD, Bio-Rad, Hercules,
CA) in a Tris/Glycin buffer for 50min at 250mA and a
maximum of 25 V. After transfer, the membranes were blocked
in blocking buffer (PBS containing 0-1% Tween-20 and 5%
nonfat dry milk powder) for a minimum of 1 hr.

For detection the membranes were incubated with 2 g of
primary antibodies (antiphospho-STAT6 (New England Bio-
labs, Beverly, MA) or anti-STAT6 polyclonal rabbit antisera
(Santa Cruz)) for 2hr and with HRP-conjugated secondary
antibodies (NEB) at a dilution of 1:1000 in blocking buffer
for 1 hr. Blots were developed using chemoluminescence (ECL
system, Amersham International, Amersham, UK). Sequential
detection of different antigens was achieved by incubating the
membranes in stripping buffer (62-5 mM Tris/HCI, 2% SDS and
100 mM 2-mercaptoethanol (ME), pH 6,7) for 45 min at 50° and
washing in TBS + Tween-20 to remove antibodies before
further analysis.

Statistics
Student’s 7-test was employed to test the statistical significance
of the results; P <0-05 was considered significant.

RESULTS

Dendritic cells matured in the presence of increasing
amounts of allergen secrete increasing amounts of
IL-6 and IL-12

To investigate the influence of allergens on DC phenotype and
cytokine production, immature monocyte-derived DC from
atopic donors were stimulated for 48 hr with IL-1B, TNF-o
and PGE, to achieve full maturation in the presence or absence
with different concentrations of allergen. Flow cytometric
analysis revealed, that the typical phenotype of fully matured
DC characterized by high expression of the major histocompat-
ibility complex (MHC) class II molecule HLA-DR, the costi-
mulatory molecules CD80 and CD86, and the DC-specific
marker CD83 was not affected by different allergen concentra-
tions (data not shown). The addition of increasing concentra-
tions of allergen during DC maturation led to an increased
production of IL-6 and of the Thl-inducing cytokine IL-12p40
(Fig. 1).

To rule out any effects of endotoxin contamination of the
allergen extracts on the cytokine release of DC, all allergen
preparations used in this study were analysed for their endotoxin
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Figure 1. Increased amounts of allergen induce increased levels of IL-6 and IL-12 production by DC. DC were generated from
peripheral blood monocytes isolated from atopic donors. On day 6 of culture, immature DC were pulsed with different allergen doses as
indicated and stimulated with IL-1f, TNF-o and PGE, to induce full maturation. At the same time point, 10 pg/ml PMB was added to
neutralize endotoxin contamination in the allergen preparations. Supernatants were harvested 48 h later and analysed for IL-6 and IL-
12p40 content by ELISA. The results represent the means £ SD from four independent experiments.

content by employing the highly sensitive LAL-Assay, and only
batches with a contamination of endotoxin < 1 ng/ml were used.
Furthermore, endotoxin was neutralized by the addition of the
antibiotic PMB.?? Cytokine secretion after stimulation with
different allergen concentrations was still measurable in a dose
dependent manner even in the presence of PMB (Fig. 1).

Maturation of DC in the presence of allergens leads to
the development of IFN-y- and of IL-4-secreting
T-helper cells

When allergen-treated, mature DC were used in coculture
experiments with CD4" T helper cells of the same allergic
donor, these T cells were induced to secrete the Thl cytokine
IFN-y as well as the Th2 cytokine IL-4 (Fig.2). Increasing
amounts of allergens added during the maturation of the APC
led to increased allergen presentation and thereby to the secre-
tion of increased amounts of T-cell cytokines. This increase of
cytokine secretion did not depend on LPS contaminations of the
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allergen preparations, as neutralization of LPS did not
cytokine secretion (data not shown).

affect

Activation of transcription factor STAT6 in Th cells
during coculture with allergen treated DC

The increased secretion of IFN-y by CD4% Th cells during
coculture with allergen-pulsed DC may be due to the increased
secretion of IL-12 by the allergen presenting DC. But the
increased secretion of IL-4 with increased allergen concentra-
tions presented by DC is much more difficult to explain.
Therefore, we investigated the activation of transcription factor
STAT®, an early signal transduction event induced in Th2 cells.
Time course studies revealed the activation of this transcription
factor in cell lysates of CD4" T cells cultured together with
allergen presenting DC as shown by Western blotting. Within
1 hr of coculture a slight protein band corresponding to active
STAT6 was visible and increased during the following 6 hr,
whereas the overall STAT6 expression remains unaffected

5000 -
4500 -
4000 -
3500 -
3000 -
2500 -
2000 -
1500 4
1000 +
500 -

IFN-y

pg/ml

1 10 0 01 1 10

Allergen concentration (pg/ml)

Figure 2. DC pulsed with increased amounts of allergen induce increased levels of IL-4, IL-5 and IFN-y by CD4" T helper cells.
Five x 10° CD4™ T cells were cocultured with 5 x 10* autologous mature DC which were pulsed with different allergen doses in the
presence or absence of PMB. After 8 days of culture, T cells were restimulated with 5 x 10* newly generated mature DC of the same
donor which were pulsed with an optimal dose (5 pg/ml) of the respective allergen. Supernatants were harvested 24 hr later and
analysed for IL-4 and IL-5 and IFN-y content by ELISA. Shown are the means = SD from 10 independent experiments.

© 2003 Blackwell Publishing Ltd, Immunology, 108, 167-176



Dendpritic cell-derived IL-13 and Th2 responses 171

{a) (a)
Allergen - sug Spg Spg Spg Spg Allergen  LPS -  l0pg 10pg  10pg 10pg
time 6hr 1hr 2hr 4hr Shr  Ghr time 10 10 5 15 30 6l
min  min min  min  min  min
p-STATG
STAT6 STAT6
by (h)
Allergen - Olpg lpg 10pg Olpg 10pg Allergen - Olpg Olpg - Olpg Olpg
PMRB _ _ - - s 4 i 10 w1 6 60 60
me min min  min  min  min min
¥
p-STAT6 q“- |
- Pt p-STAT6
STATG —_

\

Figure 3. Induction of the transcription factor STAT6 in CD4 " T helper
cells after stimulation with allergen-pulsed DC. Five x 10° CD4" T
cells were cocultured with 5 x 10° autologous DC which were pulsed
with different allergen doses in the presence or absence of PMB. DC
were depleted after 1-6 hr (a) or 5 hr (b) of culture. Then, T cells were
lysed and analysed for STAT6 expression by Western blot as described
in Materials and Methods.

(Fig. 3a). Twenty-four hr after start of the coculture the phos-
pho-STAT6 signal decreased significantly (data not shown).
The amount of activated STAT6 was not only influenced by
the duration of the coculture, but also by the strength of the
initial interaction between allergen-specific T cells and aller-
gen-presenting DC. This was seen in experiments, where DC
pulsed with increasing amounts of allergen were used to activate
autologous T helper cells (Fig. 3b). Again, the induction of Th2
driving STAT6 was in no way influenced by LPS contamina-
tions of the allergen preparations used to initially pulse the DC,
as the use of PMB did not affect STAT 6 activation in T cells.
STATG6 activation was not exclusively seen in cocultures of
CD4* T cells and allergen-pulsed DC from atopic donors but
also in cocultures from nonatopic donors (data not shown).

Influence of allergen uptake on immature DC

Allergen uptake by immature DC leads to the development of
APC which are able to induce the production of Th1 cytokines
as well as Th2 cytokines in autologous CD4 ™ T cells. To address
the question whether allergen uptake of immature DC influ-
ences the development of potentially Th2 driving DC, we
analysed the expression and activity of the Th2-associated

© 2003 Blackwell Publishing Ltd, Immunology, 108, 167-176

Figure 4. Induction of the transcription factor STAT6 in immature DC
after stimulation with increasing amounts of allergen. On day 6 of
culture, 1-5 x 10° immature DC were preincubated at 37° for 60 min
before treatment with different allergen doses or 10 ng/ml LPS. After
5-60 min DC were lysed and analysed for STAT6 expression by Western
blot as described in Materials and Methods.

transcription factor STAT6 also in these cells. All allergen-
induced effects were compared to stimuli with no allergenic
properties (LPS or HSA).

Time course studies revealed a rapid phosphorylation of
STAT6 in immature DC from atopic or nonatopic donors after
stimulation with allergens but not with LPS (Fig.4a) or HSA
(data not shown). Phospho-STAT6 appeared with a peak
5-15 min after stimulation and decreased after 30 min (Fig. 4a).
Furthermore, increased amounts of allergens induced increased
STAT6 activation as seen in Fig. 4.

Production of IL-13 by immature and mature allergen-
pulsed DC and IL-13 responsiveness by DC

The addition of increasing amounts of allergen to immature
monocyte-derived DC not only induced the activation of tran-
scription factor STAT6, but also the production of IL-13 as
detected by ELISpot. Allergen concentrations of 10 pg/ml were
able to induce similar IL-13 spot counts as the known inductor
of IL-13in DC, PMA/ionomycin.24 Again, LPS had no effect on
the number of IL-13-secreting DC (Fig.5) and immature DC
from non-atopic donors were also able to produce IL-13 (data
not shown). When mature DC were analysed for IL-13 produc-
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Figure 5. Immature DC produce IL-13 after stimulation with increas-
ing amounts of allergen. On day 6 of culture, 5 x 10* immature DC were
seeded on an anti-IL-13 coated PVDF membrane and stimulated with
0-1-1 pg/ml allergen extract, 10ng/ml PMA/0-5ug/ml ionomycin,
2-4 ng/ml PHA or 100ng/ml LPS. After 48 h the ELISpot assay was
continued as described in Materials and Methods. The results represent
the means = SD of the number of IL-13 producing cells from three
independent experiments.
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Figure 6. IL-13 responsiveness of immature dendritic cells. On day 6
of culture, 1-5 x 10® immature DC were preincubated at 37° for 60 min
before treatment with 10 ng/ml IL-4 or 5 ng/ml IL-13. After 10 min DC
were lysed and analysed for STAT6 expression by Western blot as
described in Materials and Methods.

tion, the number of spots induced by the cytokine cocktail used
for DC-maturation were so high (up to 200 spots/50 000 mature
DC) that no additional allergen-induced IL-13 production could
be found (data not shown).

Besides the production of IL-13 by DC, we also analysed the
IL-13 responsiveness of DC. In Fig. 6 is shown that DC respond
to IL-13 as we detected a signal for phosphorylated STAT6 after
stimulation of immature DC with IL-13, which was almost as
strong as the signal obtained using IL-4 as stimulus.

Functional role of IL-13 for DC function and
Th2-development

To investigate the functional role of IL-13 produced by DC, an
IL-13 neutralizing antibodies was added together with allergen
and cytokine cocktail during DC maturation. DC matured in the
presence or absence of anti-IL-13 did not differ morphologi-
cally and did express equal densities of the cell surface markers
CD83 and CD86 (data not shown).

Additionally, neutralization of IL-13 had no effect on the
secretion of the DC cytokines IL-6 and IL-12 (Fig.7a). In
contrast, when neutralizing anti-IL-4 antibodies were used as
a control for antibody treatment of DC, the production of IL-12
by these cells was significantly reduced (Fig. 7a), underlining
the importance of IL-4 for the regulation of IL-12 production by
DC.*

A strong effect of IL-13 neutralization was seen when the
activation of allergen-specific CD4* T-helper cells by allergen-
presenting DC was assessed. For these experiments, DC
matured in the presence of allergen and neutralizing anti-IL-
13 antibodies were used for cocultures with autologous CD4"
Th cells. First, STAT6 phosphorylation was decreased under
these conditions, but the inhibition was not so strong as being
observed after the addition of neutralizing anti-IL-4 antibodies
during DC maturation. The use of isotype control antibodies had
no effect on STAT6 activation (Fig. 7b). The allergen-induced
secretion of the Th2 cytokine IL-4 was also significantly
reduced, when DC-derived IL-13 was blocked especially at
low allergen concentrations (Fig.7c), while isotype control
antibodies did not inhibit IL-4 production (data not shown).
Conversely, the addition of IL-13 to the cocultures lead to a
three-fold increase of IL-4 secretion compared to T cells
stimulated by allergen pulsed DC without additional IL-13
(Fig.7c). Interestingly, the addition of anti-IL-13 antibodies
at a later time point, i.e. at the start of the cocultures had no
inhibiting effect, but lead to a slight increse in IL-4 secretion.
This may be due to non-specific T cell activation by the anti-
body molecule itself. The effect of IL-13 appeared to be
restricted to the Th2 cytokines IL-4 and to a lesser extent IL-
5, as the Thl cytokine IFN-y was not affected by neutralization
of IL-13 at any time (Fig. 7c).

DISCUSSION

Fully matured monocyte-derived DC are known to be strong
inducers of Thl-dominated immune responses. This might be
partly caused by the secretion of the Th1-inducing cytokines IL-
12 and IL-18->"2%%7 For this reason monocyte-derived DC have
also been referred to as IFN-y-inducing DC1."® Previously, we
have shown that DC of allergic donors, matured in the presence
of allergen protein, are not only able to induce IFN-y-secreting
Thl cells, but also IL-4- and IL-5-secreting Th2 cells of the
same donor.'” To investigate the factors, which make a DC an
inducer of Th2 cytokines?® we now analysed the effect of
allergen treatment on DC development and on T helper cell
differentiation.

The active process of antigen uptake by immature DC via
phagocytosis involves several cellular activation processes and
leads in vivo to cell migration and maturation. When DC are
generated under cell culture conditions and incubated with
protein allergens, this stimulus alone is not sufficient to induce
DC maturation, but a cocktail of pro-inflammatory cytokines is
necessary to achieve full maturation.”®?’ Nevertheless, allergen
uptake has an influence on the resulting function of the DC.
Whereas cell morphology and cell surface marker expression (at
least as the markers investigated by us are concerned) are not
influenced by allergen uptake, the DC secrete increasing
amounts of the cytokines IL-6 and IL-12p40 with increasing

© 2003 Blackwell Publishing Ltd, Immunology, 108, 167-176



Dendritic cell-derived IL-13 and Th2 responses 173

(@) aspo | OnoAb mant-L-13 mant-L-4 12000 . ONOAD mant-L-13  mant-L-4
e l 10000
2500
= £ 8000
E 2000
2 T E 6000
% 1500 | 3
~ fo00 | 5 4000
500 2000 r
0 -+ —T +— — 0
Medium O1pg/ml 10 pugiml Medium 0-1 pg/ml 10 pg/mi
allergen allergen allergen allergen
(b) oy >
A A
§ § §F §
& F g ES
§F & & &
%
3 3 3
a§ 2 D £
)
p-STAT6 v
(@ 140 {20 Ab . 5000 4 CInoAb 3000 4 CInoAb
W anti-L-13 (DC) ® anti-IL-13 (DC) W anti-Il-13(DC)
120 |@anti-IL-13 (coculture) 4500 1 g anti-IL-13 (coculture) 2500 - IaLn:l:-i!L-‘IE(mmlluﬁ-
BR-13 4000 { WIL13 T -
3500 -
E £ 3000 - =
B B 2500 - ®
T w 2000 - *
= =
- = 1500 - &
1000 -
500
0 - i :
Medium Allergen Medium Allergen Medium Allergen

Figure 7. Neutralization of IL-13 has no effect on DC cytokine production, but reduces the potency to induce production of the Th2
cytokine IL-4 by T cells. (a) On day 6, immature DC were pulsed with different allergen doses as indicated and stimulated with IL-1f,
TNF-o and PGE, with or without the addition of 5 pg/ml anti-IL-13 or 1 pg/ml anti-IL-4 mAbs. Supernatants were harvested 48 hr later
and analysed for IL-6 and IL-12p40 content by ELISA. The results represent the means + SD from four independent experiments. (b)
5 % 10°CD4 ™ T cells were cocultured with 5 x 10° autologous mature DC which were pulsed with 10 pg/ml allergen = 1 pg/ml anti-IL-4,
5 pg/ml anti-IL-13, or 5 pg/ml mouse IgG, isotype control. DC were depleted after 5 hr of culture. Then, T cells were lysed and analysed
for STAT6 expression by Western blot as described in Materials and Methods. (c) CD4™ T cells (5 x 10%) were cocultured with 5 x 10*
autologous mature DC which were pulsed with 0-1-10 pg/ml allergen & 5 pg/ml anti-IL-13 mAbs. After 8 days of culture, which was
additionally performed = 5 pg/ml anti-IL-13 mAbs or 5 ng/ml recombinant IL-13, T cells were restimulated with 5 x 10* newly generated
DC of the same donor which were pulsed with an optimal dose (5 pg/ml) of the respective allergen. Supernatants were harvested 24 hr later
and analysed for IL-4, IL-5 and IFN-y content by ELISA. Shown are the means £ SD of six (for IL-4) and 10 (for IL-5 and IFN-y)
independent experiments. *indicates statistically significant differences (P < 0-05) between absence or presence of anti-IL-13 or -IL-13.

concentrations of allergen, and bioactive IL-12p70 had also allergen-specific setting, we have already demonstrated that
been detected by us in earlier experiments.!” This IL-12 pro- neutralization of IL-12 during the maturation phase of DC or
duction can account for the strong ability of monocyte-derived during coculture of DC and CD4" T cells diminished the

DC to induce IFN-y-secreting Th1 cells.”** Concerning our production of IFN-y but did not enhance the production of
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IL-4 and IL-5."” Herein, we show that DC exposed to increasing
amounts of allergens are also able to induce the secretion of
increasing amounts of IL-4 by T cells of allergic donors at least
in a certain dose range. This finding is in contrast to observa-
tions reporting that low antigen/allergen doses are more suitable
for the induction of Th2 immune responses'®''*! but may be
explained by the mechanisms described below.

A well known early event during Th2 differentiation is the
phosphorylation of the signal transducer and activator of tran-
scription STAT6, its dimerization and translocation into the
nucleus.”*® When coculture experiments with allergen-pulsed
DC and CD4™ T cells of the same allergic donor were inves-
tigated, STAT6 was activated in the T-cell population within 1 hr
of coculture. We found an increase of STAT6 phosphorylation
with the time of coculture but also with the allergen concentra-
tion used to initially pulse the DC. Thus, the stronger the
interaction between allergen/peptide-loaded MHC class 1I
molecules on DC surface and allergen/peptide-specific TCR,
the more STAT6 phosphorylation occurs and the more IL-4 is
released by the T cells. Similar results were obtained for
activation of STAT4 in response to increasing allergen concen-
trations (data not shown), which correspond to the enhanced IL-
12 production by DC depending on the amount of allergen
leading to increased production of IFN-y by T cells.

The ability of allergen-pulsed DC to induce Th2 cytokines in
T helper cells may be in part a result of the intrinsic properties of
the allergen itself. This is demonstrated by the fact, that only the
uptake of protein allergens by immature DC induces the phos-
phorylation of STAT6 in this cell type itself. When proteins with
no allergenic properties, like HSA, were used, no STAT6
phosphorylation was observed. In addition, even strong cellular
activators like contact sensitizers are not able to induce a
significant STAT6 phosphorylation or activation of other STAT's
in DC.%? However, DC and CD4" T cells cocultured with
allergen-pulsed DC from non-atopic donors also showed con-
centration-dependent STAT6 phosphorylation but without pro-
ducing similar high amounts of the Th2 cytokines IL-4 and
IL-5"7 implicating that additional factors apart from STAT6 are
responsible for the induction of Th2 cytokine production.

The transcription factor STAT6 is known to be involved in
the expression of IL-4. But as DC do not produce or secrete any
IL-4, the connection between STAT6 phosphorylation in DC on
the one hand and Th2 induction on the other hand cannot be
explained by IL-4 effects. The cytokine IL-13 shows many
structural and functional similarities to IL-4. The two cytokines
have evolved by gene duplication, which explains their partial
redundancy.®® Similar to IL-4, IL-13 is involved in allergic
immune responses as IL-13 can induce IgE and IgG, production
by B cells, eosinophilia and airways hyper-reactivity (AHR)
independently of IL-4 or the IL-4Ro chain complex.*°
STAT®6 signal transduction seems to be critical in the develop-
ment of allergic airway responses as STAT6-deficient mice do
not develop AHR.Y However, in contrast to IL-4, IL-13 fails to
induce Th2 differentiation in naive CD4™ T cells indicating that
these T cells do not express functional IL-13R*** whereas T
cells from peripheral blood have been shown to signal in
response to IL-13.*° Furthermore, IL-13 seems to be an impor-
tant mediator of the effector phase of allergic immune
responses.*’ In how far the STAT6 phosphorylation and

IL-13 production are connected in DC is the subject of further
investigations. The data presented in the current investigation
indicate at least that IL-13 plays also a critical role early in the
initiation of Th2 responses, even it may not act directly on T
cells, but rather on the DC themselves, which respond to IL-13
by up-regulating phospho-STAT6.

DC have previously been shown to express IL-13 mRNA and
protein after stimulation with PMA/ionomycin.>* In the present
report, we now demonstrate the secretion of IL-13 by immature
monocyte-derived DC 48 hr after incubation with increasing
concentrations of protein allergens. These results were obtained
using a highly sensitive ELISpot technique. When DC were
treated with allergen together with the maturation cocktail of
pro-inflammatory cytokines, no allergen-dependent enhance-
ment was seen as the number of IL-13 specific spots was already
very high due to the maturation stimuli.

The functional relevance of IL-13 secreted by DC matured in
the presence of allergens can be concluded from our experi-
ments with a IL-13 neutralizing antibody. Regularly matured
allergen presenting DC-induced IL-4-secreting T helper cells.
In contrast, the pretreatment of DC with an anti-IL-13 antibody
significantly reduced not only phosphorylation of STAT6 in
CD4" T cells, but also the Th2-inducing capacity of the DC.
This effect was mainly seen for the production of IL-4 at low
allergen concentrations and to a lesser extent for IL-5 by the
allergen-specific T cells. At the same time, the Thl cytokine
IFN-v was not affected by the neutralizing antibody. When anti-
IL-13 was added directly to the coculture of DC and CD4* T
cells, no IL-4 inhibiting effect was seen, but even an increased
secretion of IL-4 was measured. This result may be explained by
non-specific activation of the cells by the antibody molecules. It
also demonstrates that the importance of IL-13 for the induction
of Th2 cells may rest in its early effect on immature DC rather
than on mature DC or T cells. Addition of IL-13 leads to
enhanced production of Th2 cytokines probably due to the
down-regulation of Thl-inducing cytokines, particularly of
IL-12.4*% It could also be possible that IL-13 is additionally
affecting T cells directly as it was shown by Yu et al. that
addition of IL-13 to anti-CD3/IL-2- or PHA-stimulated T cells
inhibits the production of IFN-y.%* The anti-IL-13 treatment had
no effect on cell surface expression of CD86 and CD83 or on the
secretion of the DC cytokines IL-6 and IL-12, ruling out effects
via the modulation of these molecules at least.

Taken together, the data indicate that the type of antigen is
important for the signals elicited in DC (STAT6, 1L-13), which
may involve so far unknown physicochemical properties of
allergens that render them allergenic (able to induce Th2
responses leading to IgE production). The data also indicate
that STAT6 plays a pivotal role in the induction of Th2
responses not only in T cells, but also in DC. Last but not
least, IL-13 may be one of the critical factors that lead to the
induction of Th2 cytokine production, like IL-12 and IL-18 are
important for Thl cytokine induction. However, the fact that
non-atopic donors also produce active STAT6 and IL-13 and
that DC from atopic donors are not impaired in the production of
bioactive IL-12'7 implies that other factors are also involved in
the induction of Th2 cytokine production. Nevertheless, our
findings may have strong implications for the understanding of
the immunopathology of Th2-mediated diseases, like atopic

© 2003 Blackwell Publishing Ltd, Immunology, 108, 167-176



Dendritic cell-derived IL-13 and Th2 responses 175

diseases, and may also lead to the development of new ther-
apeutic interventions in these diseases.
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