Enhanced production of CCL18 by tolerogenic dendritic
cells is associated with inhibition of allergic airway

reactivity
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Background: IL-10-treated dendritic cells (DCs) have been
shown to inhibit T-cell responses through induction of anergy
and regulatory T cells in various model systems, including
allergic inflammation, but the factors being involved in this
inhibition are still unclear.

Objective: This study set out to analyze such factors produced
or induced by IL-10-treated DCs by using gene expression
profiling and to explore their function.

Methods: CD4™ T cells from allergic donors were stimulated
with autologous monocyte-derived allergen-pulsed mature DCs
or IL-10-treated DCs. After 24 hours, the transcriptional profile
was analyzed by using Affymetrix technology. Results were
validated by using quantitative real-time PCR, protein
expression, and functional ir vitro and in vivo studies.

Results: In CD4™ T-cell/IL-10—treated DC cocultures the
expression of several known genes, such as IL13, IL5 and 0X40,
was suppressed. Interestingly, there was only one factor that was
strongly upregulated: the DC-derived chemokine CCLI8.

In vitro addition of CCL18 to cocultures of CD4™ T cells and
allergen-pulsed DCs resulted in a similar inhibition of Tyz2
cytokine production as induced by allergen-pulsed IL-10-
treated DCs without exogenous CCL18, whereas Tyl cytokine
production, IL-10 production, and proliferation were not
affected. Furthermore, in a humanized mouse model of allergy
using PBMC-engrafted NOD-scid-yc™'~ mice, CCL18, but not
another Ty2-associated chemokine, CCL17, inhibited airway
reactivity and lung inflammation. Chemotaxis assays revealed
that CCL18 preferentially attracted regulatory T cells and, less
efficiently, T2 cells.
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Conclusion: These data demonstrate that CCL18 might
represent a molecule of significant importance in
immunoregulation and might be a therapeutic target in patients
with allergic airway diseases. (J Allergy Clin Immunol
2012;uum; NuN-NEN,)
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The balance between allergen-specific Tr1 cells and T2 cells
plays a key role in the development of allergy: although IL-10-
and TGF-B-producing Tgr1 cells are more frequent in healthy
donors, IL-4—producing Ty2 cells are dominant in allergic
patients.'? Tg1 cells are induced during allergen-specific immu-
notherapy in vivo and by immature or tolerogenic dendritic cells
(DCs), such as IL-10-treated DCs, in vitro.>* In contrast to natu-
rally occurring CD4*CD25™ forkhead box protein 3 (FoxP3)—
positive regulatory T (Treg) cells, FoxP3 is not critical for the
suppressive function of Tr1 cells, which rather seems to be
dependent on the production of TGF-$ and IL-27 and on
contact-dependent signals, such as programmed death 1,
glucocorticoid-induced TNF receptor, and cytotoxic T lympho-
cyte—associated antigen 4.° Recruitment of Treg cells to the
inflamed tissue through the chemokine receptors CCR4, CCRS,
CCR7, and CCR8 might play an important role as well.” How-
ever, the precise mechanisms of suppression still remain elusive.
To identify further suppression factors produced or induced by
IL-10-treated DCs, we performed a genome-wide analysis of
gene expression in cocultures of CD4" T cells from patients
with grass pollen allergy and either tolerogenic IL-10-treated
DCs or regular mature allergen-pulsed DCs. We showed that
the only gene being upregulated in IL-10—-treated DC/T-cell co-
cultures was CCLIS.

CCL18, also known as DC-derived CC chemokine 1 or pul-
monary and activation-regulated chemokine, is a 7.8-kDa chemo-
kine that was generated by fusion of 2 macrophage inflammatory
protein 1o (CCL3)-like genes, which occurred after the diversi-
fication of rodents, so that no murine homologue exists. The
CCL18 receptor is also unknown thus far.® CCL18 attracts naive
CD4" and CD8™ T cells, B cells, and immature DCs and is mainly
expressed by monocyte-derived DCs, alveolar macrophages,
monocytes, and eosinophils.g CCL18 is constitutively expressed
in human serum and synovial fluid and upregulated in patients
with several diseases,'® such as rheumatoid arthritis,'' cutaneous
contact hypf:rsensitivity,12 pulmonary fibrosis,'* chronic rhinosi-
nusitis,14 and allergic asthma.'® The Ty2-associated cytokines,
such as IL-4, IL-13, and IL-10, increase the production of
CCL18 in alveolar macrophages, whereas IFN-7 inhibits its pro-
duction.'® CCL18 is also expressed in the skin of patients with
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Abbreviations used
AHR: Airway hyperresponsiveness
APC: Allophycocyanin
BAL: Bronchoalveolar lavage
DC: Dendritic cell
FITC: Fluorescein isothiocyanate
FoxP3: Forkhead box protein 3
IMDM: Iscove modified Dulbecco medium
iTreg: Induced regulatory T
PE: Phycoerythrin
Treg: Regulatory T

atopic dermatitis, where it binds to CD3"CLATCCR4™ T cells
and mediates skin homing.'” In this study we show that CCL18
leads to the inhibition of allergic Ty2 immune responses
in vitro and in vivo using a recently developed humanized mouse
model of allergy in immunodeficient NOD—scid—ch/f mice en-
grafted with PBMCs from highly sensitized allergic donors.'®"?

METHODS

Blood samples

Heparinized blood was obtained from atopic donors with allergic
rhinoconjunctivitis and/or asthma to grass or birch pollen or house dust
mite. Specific sensitization was documented by positive skin prick test
responses and detection of allergen-specific IgE in sera (CAP class >2 and
CAP class >5 for studies in humanized mice, as measured with the Immuno-
CAP specific IgE blood test; Phadia AB, Uppsala, Sweden). This study was
approved by the local ethics committee. Informed consent was obtained from
all subjects before the study.

Mice

NOD.CB17-Prkdescid/] yc ™/~ mice 4 to 8 weeks of age were obtained from
the Central Animal Facility of the Johannes-Gutenberg-Universitit, Mainz,
Germany. Experiments were performed in accordance with current federal,
state, and institutional guidelines (authorization 23 177-07/G 08-1-009).

Cell-culture reagents

Iscove modified Dulbecco medium (IMDM) containing L-glutamine and
25 mmol/L HEPES supplemented with an antibiotic-antimycotic solution
(PAA Laboratories GmbH, C6lbe, Germany) and 1% or 5% heat-inactivated
autologous plasma was used for DC culture or DC/T-cell cocultures. Recom-
binant human IL-4, IL-1B, and TNF-a were purchased from Miltenyi Biotec
(Bergisch Gladbach, Germany); IL-10 was purchased from DNAX (Palo Alto,
Calif); IL-12 was purchased from Hoffmann-La Roche (Nutley, NJ);
GM-CSF (Leukine) was purchased from Immunex (Seattle, Wash); TGF-$
was purchased from R&D Systems (Wiesbaden, Germany); and prostaglandin
E, was purchased from Cayman Chemical (Ann Arbor, Mich). Endotoxin-free
(<1 ng/mL) grass pollen, birch pollen, and house dust mite allergen extracts
were provided by ALK-Abell6 (Hamburg, Germany). Recombinant human
CCL18 was purchased from R&D Systems, and CCL5 and CCL17 were pur-
chased from Tebu-bio GmbH (Offenbach, Germany).

Antibodies

The following anti-human mAbs were used: fluorescein isothiocyanate
(FITC)—conjugated HLA-DR (L243), phycoerythrin (PE)—conjugated CD80
(L307.4), CD83 (HB15e), CD86 (2331[FUN-1]), allophycocyanin (APC)—
conjugated CD209 (DCN46), and mouse 1gG isotype controls (all from BD
Biosciences, San Jose, Calif) for staining of DCs; PE-conjugated CD25 (4 E3,
Miltenyi Biotec), FITC-conjugated CD4 (RPA-T4) and IFN-y (4S.B3),
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PE-conjugated IL-4 (MP4-25D2), IL-10 (JES3-19F1), CD294 (BM16), and
mouse or rat IgG isotype controls (all from BD Biosciences), FITC- or APC-
conjugated CCL18 (64507, R&D Systems), AlexaFluor 647—conjugated CD4
(MT310; Santa Cruz Biotechnology, Santa Cruz, Calif), FITC-conjugated
FoxP3 (PCHI101; eBioscience, San Diego, Calif), PE-conjugated GARP
(G14D9, eBioscience), and fluorescein (DTAF)—conjugated goat anti-rat IgG
(Dianova, Hamburg, Germany) for staining of T cells; CCL18 (AF394, R&D
Systems), IL-10 (JES3-19F1, BD Biosciences), and goat or rat IgG isotype
control for blocking experiments; CD3e (UCHT1, R&D Systems) and CD28
(CD28.2, BD Biosciences) for polyclonal T-cell stimulation; and IL-4
(AB-204-NA) and IL-12 (AB-219-NA, R&D Systems) for generation of
Tyl- or Ty2-priming conditions.

PBMC preparation and generation of monocyte-

derived human DCs

PBMC:s were isolated from heparinized blood by using Ficoll-Paque (1.077
g/mL; PAA, Pasching, Austria) density centrifugation. PBMCs (1 X 107 per
well) were incubated for 45 minutes in a 6-well plate (Greiner, Frickenhausen,
Germany) in IMDM (3 mL per well) at 37°C to enrich CD14* monocytes. Af-
ter washing the nonadherent cells, the remaining monocytes (purity >90%)
were incubated in IMDM supplemented with IL-4 (1000 U/mL) and GM-
CSF (200 U/mL). On day 6, the resulting immature DCs were pulsed with
the respective allergen extract (10 pwg/mL) and matured with TNF-a (1000
U/mL), IL-1B (2000 U/mL), and prostaglandin E, (1 pg/mL). At the same
time point, IL-10 (20 ng/mL) was also added to the culture. DCs were har-
vested 48 hours later, washed twice, and used for T-cell stimulation assays. Ma-
ture DCs expressed high levels (>90%) of CD80, CD83, CD86, and MHC class
I molecules, whereas the percentage of CD80 and CD83 and the mean fluores-
cence intensity of CD80, CD83, and CD86 expression was strongly inhibited
by the addition of IL-10 during maturation, as shown previously.?’

Purification of T cells

Autologous CD4™ T cells were obtained from PBMCs by using antibody-
coated paramagnetic MultiSort MicroBeads (MACS, Miltenyi Biotec), ac-
cording to the manufacturer’s protocols. For isolation of CD4"CD25™ Treg
cells, CD4™" T cells were stained with CD25 MicroBeads (Miltenyi Biotec)
after detaching; CD4"CD25" T cells were positively selected, and
CD47CD25™ T cells were negatively selected. Separation was controlled
by using flow cytometry (purity: >98% CD4" T cells, >98% CD4"CD25~
T cells, and >95% CD4"CD25™" Treg cells).

Reconstitution of mice with PBMCs and
assessment of airway reactivity by using invasive
body plethysmography

Mice were injected intraperitoneally with 2 X 10’ PBMCs together with 20 pg
of allergen with or without 0.5 g of CCL18 or CCL17 in 500 nL of 0.9% NaCl
(n = 3-4 per group). Eight days later, the mice received an additional intraperito-
neal allergen boost of the same concentration in 200 L of 0.9% NaCl. Control
groups received allergen or NaCl alone. On days 20 to 22, mice were challenged
intranasally with 20 pg of allergen with or without 0.5 g of CCL18 or CCL17 on
the first day of challenge in 20 L of 0.9% NaCl. Forty-eight hours after the last
challenge, airway hyperresponsiveness (AHR) was measured invasively by ad-
ministering increasing doses (3.125-50 mg/mL) of methacholine with a body ple-
thysmograph (Buxco Electronics, Wilmington, NC). Data are reported as airway
resistance of greater than the baseline value taken before receiving methacholine.

Sera collection, bronchoalveolar lavage, cell
preparation, and histology

After measurement of airway reactivity, sera were collected and stored at
—20°C until determination of allergen-specific and total IgE levels by using
the ImmunoCAP blood test (Phadia AB). Then lungs underwent lavage
through the tracheal tube with 1 mL of PBS. Numbers of bronchoalveolar



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

lavage (BAL) cells were counted by using trypan blue exclusion. Differential
cell counts were made from cytocentrifuged preparations stained with
DiffQuick (Dade Behring AG, Diidingen, Switzerland).

Spleens and lungs were removed, fixed in formalin or digested with 1 mg/
mL collagenase IA (Sigma-Aldrich, Steinheim, Germany) for 45 minutes
(only lungs), and dispersed through a 70-wm nylon cell strainer (BD
Biosciences). Erythrocytes were lysed by incubating the cells for 1 minute
in lysis buffer (150 mmol/L NH4Cl, 10 mmol/L KHCO;, and 10 mmol/L
EDTA-sodium, pH 7.4). Then cells were washed twice with PBS and used
for flow cytometric staining.

Paraffin-embedded sections were stained with hematoxylin and eosin or
anti-human CD45 (2B11 and PD7/26; DakoCytomation, Glostrup, Denmark)
or anti-human FoxP3 (236A/E7; Abcam, Cambridge, Mass) and visualized
with the Dako REAL EnVision Detection System, Peroxidase/DAB +, Mouse/
Rat (DakoCytomation), according to the instructions of the manufacturer, to
assess lung inflammation or migration of human cells in lung tissue. Slides
were examined with a microscope (BX40; Olympus, Hamburg, Germany) by
using the color view soft imaging system camera and software.

Coculture of T cells and autologous allergen-pulsed
DCs

For proliferation or cytokine production assays, 1 X 10° or 5 X 10° CD4*
T cells were cocultured in 96-well or 48-well plates (Greiner) in triplicate with
1 X 10* or 5 X 10* autologous allergen-pulsed DCs or IL-10-treated DCs in
200 L or 1 mL of IMDM. After 5 days, the cells were pulsed with 37 kBq per
well of tritiated thymidine (ICN, Irvine, Calif) for 6 hours, and tritiated thymi-
dine incorporation was evaluated in a beta counter (1205 Betaplate; LKB
Wallac, Turku, Finland). For detection of cytokines, T cells were restimulated
with 5 X 10* newly generated autologous allergen-pulsed DCs or IL-10—trea-
ted DCs on day 7, and supernatants were collected 24 hours later.

In some experiments recombinant human CCL18 (200 ng/mL), anti-human
CCL18, anti-human IL-10, or goat or rat IgG isotype controls (2 pg/mL) were
added to the cocultures from the beginning, and FCS was used instead of
autologous plasma because human plasma already contains high amounts of
CCL18, whereas FCS does not, allowing the analysis of exogenous effects
of CCL18. For polyclonal T-cell activation, CD4™ T cells were stimulated
with anti-human CD3 (0.5 pg/mL) and anti-human CD28 (1 pg/mL) for 72
hours. For intracellular staining of cytokines and CCL18, cocultures were fur-
ther stimulated with 50 ng/mL phorbol 12-myristate 13-acetate (Sigma-
Aldrich), 1 pg/mL ionomycin (Sigma-Aldrich, Taufkirchen, Germany), and
0.7 pL of GolgiStop (BD Biosciences) for 5 hours.

Flow cytometric analysis and fluorescence

microscopy

Surface phenotyping was performed by staining 5 X 10° T cells or 5 X 10*
DCs with specific mAbs for 20 minutes at 4°C, after which they were washed
and analyzed in a FACSCalibur equipped with CellQuest Software (BD Bio-
sciences). For determination of intracellular cytokine, FoxP3, and CCL18
levels, cells were fixed with Fix/Perm Buffer (eBioscience) for 30 minutes
at 4°C. Then cells were permeabilized with Permeabilization Buffer (eBio-
science) for 5 minutes, and staining was performed for 30 minutes at 4°C.

For fluorescence microscopy, cells were spun on slides by using a cytospin
(Tharmac, Waldsolms, Germany) at 500 rpm for 5 minutes before fixation and
permeabilization. After staining, cells were covered with fluorescent mount-
ing medium (Dako, Carpinteria, Calif) and analyzed with a fluorescence
microscope (Zeiss, Gottingen, Germany). For image acquisition and process-
ing, Cell-P software was used.

Quantification of cytokine production by means of
ELISA

Levels of human IL-4, IL-5, IL-13, IL-10, and IFN-y (BD Biosciences) and
human CCL18 (R&D Systems) were measured by using ELISA, according to
the instructions of the distributors of the used pairs of antibodies.
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RNA isolation and microarray analysis

CD4™ T cells (5 X 10% were cocultured in 6-well plates with 5 X 10°
allergen-pulsed DCs or IL-10-treated DCs in 3 mL of IMDM. After 24 hours,
total RNA was extracted by using the RNeasy Mini Kit (Qiagen GmbH,
Hilden, Germany) and concentrated to 1 pg/pL by using the RNeasy MinE-
lute Cleanup Kit (Qiagen). A total of 5 wg of RNA was used for synthesis
of biotinylated cRNA and hybridization on the human genome GeneChip
U133A (Affymetrix, Santa Clara, Calif) containing 22,283 full-length genes.
Microarray analysis was performed according to the manufacturer’s instruc-
tions, and statistical significance was evaluated by using the software Array
Assist (Stratagene, La Jolla, Calif).

Quantitative real-time PCR

Quantitative real-time PCR analysis was performed with QuantiTect
Primer Assays (Qiagen) for B-actin (Hs_ACTB_1_SG [QT00095431]) and
CCL18 (Hs_CCL18_1_SG [QT00024066]). One hundred nanograms of RNA
was reverse transcribed in a 20-pL reaction containing Oligo-dT primers and
Omniscript RT (Qiagen). Then the cDNA was diluted 1:100, and 2 pL of
diluted cDNA was amplified in duplicate by using 45 cycles in a LightCycler
apparatus (Roche Diagnostics, Mannheim, Germany) with the SYBR Green
PCR Mastermix Kit (Qiagen). Data were collected with LightCycler Software
3.5.3 (Roche Diagnostics), and the relative gene expression of CCL18 was
examined by using the AA cycle threshold (AACT) method.?’

Chemotaxis assay

CD47CD25™ T cells (3 X 10°% were cocultured with 3 X 10° allergen-
pulsed DCs in 12-well plates in the presence of Tyy1 or T2 priming conditions
(1 pg/mL anti—IL-4 and 2 ng/mL IL-12 to induce Ty1 cells or 10 ng/mL IL-4
and 1 pg/mL anti-IL-12 to induce Ty2 cells) or with allergen-pulsed IL-10-
treated DCs and 1 ng/mL TGF-f to induce induced regulatory T (iTreg) cells
in 1 mL of IMDM. Furthermore, 3 X 10° CD4*CD25" Treg cells were cocul-
tured with 3 X 10° allergen-pulsed DCs. After 7 days, all cell populations were
harvested, and 1 X 10° T cells were seeded in triplicate into the upper filter
plate of a 96-well MultiScreen-MIC Plate (Millipore, Billerica, Mass) con-
taining a 3-pm-pore polycarbonate filter and selected wells of the receiver
plate to obtain 100% migration value. CCL18 or CCLS5 (10-100 ng/mL) was
added to the receiver plate in 150 pL of IMDM without plasma or FCS.
The plate was incubated for 90 minutes at 37°C. Then the filter plate was re-
moved, and the migrated cells were harvested and counted in a FACSCalibur
for 60 seconds. Results were calculated as the percentage of the 100% migra-
tion value.

Statistics

ANOVA or the Student ¢ test was used to test the statistical significance of
the results by using GraphPad Prism version 5.04 software (GraphPad Soft-
ware, La Jolla, Calif). A P value of .05 or less was considered significant.

RESULTS
Transcriptional profile revealed that CCL18 is
upregulated in cocultures of CD4™ T cells with
allergen-pulsed, tolerogenic, IL-10-treated DCs
compared with regular allergen-pulsed DCs

CD4™" T cells from donors with grass pollen allergy were co-
cultured with allergen-pulsed DCs or IL-10-treated DCs. After
24 hours, the RNA was extracted for microarray analysis by using
Affymetrix technology. Table I shows all the genes transcribed at
an enhanced or reduced rate after evaluation of the results from 3
different donors by using Array Assist software (P < .05). Al-
though 20 of 21 genes were upregulated in cocultures of CD4™"
T cells and allergen-pulsed DCs compared with IL-10—treated
DCs with a log, ratio of greater than 1.5, there was only 1 gene
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TABLE I. Differential gene expression in cocultures of CD4* T cells and allergen-pulsed DCs compared with CD4* T cells stimulated
with allergen-pulsed IL-10-treated DCs after evaluation of 3 different experiments with 3 different donors

No. Log, ratio > 1.5 Title Gene symbol Location
1 3,029 Signal transducer and activator of transcription 1.91 kDa STATI chr2q32.2

2 2,869 Carcinoembryonic antigen—related cell adhesion molecule 1 (biliary glycoprotein) CEACAM1I chr19q13.2

3 2,800 Cytokine-inducible SH2-containing protein CISH chr3p21.3

4 2,667 Suppressor of cytokine signaling 1 SOCS1 chrl6p13.13
5 2,560 Interferon-induced protein 35 IFI35 chrl7q21

6 2,542 TNF receptor superfamily, member 4 TNFRSF4 chrlp36

7 2,369 Guanylate binding protein 1, interferon-inducible, 67 kDa GBP1 chrlp22.2

8 2,256 Chemokine (C-C motif) receptor 2 CCR2 chr3p21

9 2,224 Lymphotoxin o (TNF superfamily, member 1) LTA chr6p21.3

10 2,168 Chemokine (C-C motif) ligand 20 CCL20 chr2q33-q37
11 1,948 Interferon-induced protein 44 IFI44 chrlp31.1

12 1,878 Suppressor of cytokine signaling 2 SOCS2 chrl2q

13 1,734 IL-2 receptor, o IL2RA chrlOpl5-p14
14 1,706 Tryptophanyl-tRNA synthetase WARS chr14q32.31
15 1,645 Radical S-adenosyl methionine domain containing 2 RSAD2 chr2p25.2

16 1,626 2'-5'-Oligoadenylate synthetase 3, 100 kDa OAS3 chr12q24.2
17 1,604 HemK methyltransferase family member 1 HEMKI1 chr3p21.3

18 1,543 Transporter 1, ATP-binding cassette, subfamily B (MDR/TAP) TAPI chr6p21.3

19 1,522 Endothelial cell growth factor 1 (platelet-derived) ECGF1 chr22q13|22q13.33
20 1,511 Mesenchyme homeo box 1 MEOX1I chr17q21

21 —5,486 Chemokine (C-C motif) ligand 18 (pulmonary and activation-regulated) CCLI8 chrl7ql1.2

that was more than 32-fold downregulated, the DC-derived che-
mokine CCLI8.

Validation of enhanced CCL 78 transcription by using
quantitative real-time PCR and protein expression

Validation of enhanced CCLIS8 transcription by using
quantitative real-time PCR revealed that allergen-pulsed IL-10-
treated DCs expressed about 10-fold more of the CCLI8 gene
than regular mature DCs. CCLI8 mRNA expression was en-
hanced to the same extent in 24-hour cocultures of CD4™ T cells
and allergen-pulsed IL-10-treated DCs compared with that seen
in regular mature DCs (Fig 1, A). However, expression levels of
CCLI8 by DC/IL-10-treated DC cultures were about 60-fold
stronger than observed for T-cell-DC/IL-10-treated DC cocul-
tures at a 10: 1 ratio (data not shown). CD4™" T cells cultured alone
showed no signal for CCLIS, even after stimulation with PHA,
anti-CD3/anti-CD28, IL-10, or supernatant from DC cultures
(data not shown).

Analyzing CCL18 protein expression, we could show that
production of CCL18 was increased in allergen-pulsed IL-10—
treated DCs on day 8 of DC culture (containing 1.5 X 10°
DCs/mL) compared with that seen in regular mature DCs and
in 10:1 cocultures of CD4™ T cells and allergen-pulsed IL-10—
treated DCs (containing 0.5 X 10> DCs/mL) compared with
that seen in cocultures of CD4 " T cells and regular mature DCs
after 24 hours (Fig 1, B). However, neutralization of IL-10 by
anti-human IL-10 mAb did not change CCL18 levels in T-cell/
DC cocultures (Fig 1, B). Intracellular CCL18 expression was
measured by using flow cytometry to verify the source of
CCL18. Again, CCL18 was significantly increased in cocultures
of CD4™ T cells and IL-10-treated DCs. However, costaining for
CD4 and CD209 showed that CCL18" cells expressed both
markers because of DC/T-cell clustering (data not shown). There-
fore intracellular CCL18 expression was measured by using fluo-
rescence microscopy, which clearly revealed that CCL18 was

only produced by DCs (lavender dye) and not by CD4™ T cells
(green dye; Fig 1, C).

The enhanced CCLI8 gene and protein expression by tolero-
genic IL-10-treated DCs was not a specific feature of donors
with grass pollen allergy because it was also observed in cocul-
tures of CD4" T cells and tetanus toxoid— or grass pollen—
pulsed IL-10-treated DCs derived from healthy donors (data
not shown).

Addition of exogenous CCL18 to cocultures of CD4™"
T cells with allergen-pulsed DCs strongly inhibited
Th2 but not Ty1 cytokine production, whereas
neutralization of CCL18 had no effect on cytokine
production

To analyze the function of CCL18, we added exogenous
CCL18 from the beginning to cocultures of CD4" T cells and
allergen-pulsed DCs and compared the T-cell proliferation
and cytokine production with that induced by allergen-pulsed
IL-10-treated DCs. As expected from our previous observa-
tions,20 IL-10-treated DC-stimulated CD4" T cells were
anergic and showed lower proliferation rates, produced signifi-
cantly lower Tyl and Ty2 cytokine levels, and produced higher
IL-10 levels than CD4" T cells stimulated with regular DCs
(Fig 2, A and B). The addition of exogenous CCL18 to DC-
stimulated CD4" T cells reduced the production of the Ty2
cytokines IL-4 and IL-5 to the same extent as observed for
IL-10-treated DCs, whereas proliferation and IL-10 and
IFN-y production were not affected (Fig 2, A and B). Next we
addressed the question of whether neutralization of the CCL18
pathway would restore the proliferation and cytokine production
in IL-10-treated DC—stimulated anergic CD4" T cells. How-
ever, neither anti-human CCL18 nor isotype control antibody
had a significant influence on proliferative responses or cytokine
production (Fig 2, A and B).
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FIG 1. Validation of enhanced transcription of CCL18 by IL-10-treated DCs. A, CCL18 mRNA expression on
day 8 of DC culture. B, CCL18 protein expression of DC cultures on day 8 and of T-cell/DC cocultures after 24
hours (means = SEMs, n = 10 [n = 5 for Fig 1, Bl). *P <.05. C, Fluorescence microscopy of a single repre-
sentative of 6 different T-cell/DC cocultures. Cells were stained with anti-human CD4 FITC and anti-human

CCL18 APC.

To analyze whether CCL18 affects T-cell responses directly,
we activated CD4" T cells with anti-CD3/CD28 mAb with or
without the addition of CCL18 for 72 hours. Because production
of IL-4 and IL-5 was too low or even undetectable in these cul-
tures, we further measured levels of the Ty2 cytokine IL-13.
This cytokine was produced at high amounts and its production
was significantly inhibited by CCL18, whereas production of
IL-10 and IFN-y was not affected (Fig 2, C).

CCL18 preferentially attracted Treg cells and
in vitro-polarized Ty2 but not Ty1 cells

To investigate the effect of CCL18 on the migration of T cells,
we performed chemotaxis assays with in vitro—polarized Ty 1 and
Tw2 cells, CD47CD25" Treg cells, and IL-10-treated DCs and
TGF-B—-induced iTreg cells. In vitro—polarized Tyl cells pro-
duced more IFN-y than IL-4 and no IL-10; in vitro—polarized
Ty2 cells showed a predominant IL-4 production, little IFN-Y,
and no IL-10; iTreg cells produced IL-10, IL-4, and IFN-7y; and
CD47CD25" Treg cells secreted almost no cytokines (data not
shown). All T-cell populations were dose-dependently attracted
by CCL18. Compared with migration to medium alone, Ty2
and iTreg cells showed an enhanced migration toward CCL18,

whereas the highest migration rates were observed for

CD4"CD25™ Treg cells (Fig 3).

Coinjection of CCL18 in PBMC-engrafted NOD-scid-
vc~'~ mice reduces allergic AHR and lung
inflammation

Analysis of the in vivo function of CCL18 in common asthma
models was not possible because no murine homologue for
CCL18 exists. Therefore we used a recently developed human-
ized mouse model of allergy using PBMC-engrafted NOD-scid-
ch/ ~ mice."®" In this model a strongly increased airway
resistance after intranasal allergen challenge was only observed
in mice engrafted with PBMCs from highly sensitized allergic
donors in the presence of the respective allergen, whereas engraft-
ment of mice with PBMCs alone was not sufficient to induce AHR
compared with control mice receiving no human cells (Fig 4, A).
Coinjection of CCL18 together with PBMCs plus allergen at day
1 or during allergen boost at day 9 significantly improved airway
resistance. If another Ty2-associated chemokine, CCL17, was co-
injected, no significant improvement in airway resistance was
observed (Fig 4, B). Intranasal administration of CCL18 at the
first day of allergen challenge also led to a significant inhibition
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FIG 2. CCL18 inhibits Ty2 cytokine production in T-cell/DC cocultures. A and B, CD4" T cells were cocultured
with allergen-pulsed DCs with or without CCL18 (open bars) or allergen-pulsed IL-10-treated DCs with or
without anti-CCL18 or isotype control antibodies (solid bars) for 5 days (Fig 2, A, proliferation) or for
1 week and restimulated with freshly generated DCs or IL-10-treated DCs for 24 hours (Fig 2, B, cytokine pro-
duction). C, CD4" T cells were stimulated with anti-CD3/28 mAbs with or without CCL18, and cytokine ex-
pression was analyzed after 72 hours. Data represent means = SEMs (n = 10 [5 for Fig 2, C]). *P < .05

compared with DCs or CD3/CD28.

of airway reactivity (Fig 4, C). Histologic staining of the lungs re-
vealed enhanced mucus production and goblet cell hyperplasia in
PBMC plus allergen—engrafted mice, which was also inhibited by
CCL18 but not by CCL17 (Fig 4, D).

Coinjection of CCL18 in PBMC-engrafted NOD-scid-
yc~’~ mice decreases recruitment of neutrophils in
the BAL fluid but does not enhance recruitment of
Th2 or activated Treg cells into the lung

Enhanced numbers of murine macrophages and neutrophils
were found in the BAL fluid of PBMC plus allergen—treated mice,

which were significantly inhibited by CCL18, whereas CCL17
had no effect (Fig 4, E). In NOD-scid-yc ™'~ mice murine lym-
phocytes were not present, and only some human lymphocytes
were found in PBMC-engrafted mice, without any difference in-
duced by CCL18 or CCL17. Unfortunately, eosinophilia (Fig 4,
E) and human Ty2 cytokines (data not shown) were not observed
in the BAL fluid of PBMC-engrafted mice.

Finally, we analyzed whether CCL18 also attracts Treg or Ty2
cells in vivo. High numbers of human CD45™ cells were detected
in lung tissues of PBMC plus allergen—treated mice, which mainly
consist of T cells and some FoxP3" and CD294 (CRTH2)—positive
cells among them. Addition of CCL18 or CCL17 did not change
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FIG 3. Chemotactic activity of CCL18 on Ty and Treg cells. In vitro-primed
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cells were analyzed for their migration toward CCL18 and CCL5 in a
96-well MultiScreen-MIC Plate, as described in the methods section. Results
were calculated as percentages of the 100% migration value. Data represent
means * SEMs (n = 8). *P<.05 compared with migration to medium alone.

the number of human cells in the lung (Fig 5, A and B) or spleen (Fig
5, B). Because FoxP3 is not only expressed by Treg cells but also by
activated T effector cells,?>>> we further used the recently de-
scribed marker GARP, which is exclusively expressed on Treg cells
and not on T effector cells, for staining.24 Fig 5, C, shows that 59%
to 77% of the human CD4 *FoxP3™ T cells in the lung coexpressed
GARP, whereas only 32% to 57% of GARP" cells were detected
among the CD4 *FoxP3™ T cells in the spleen. Additionally, we ob-
served a slight increase in GARP™ Treg cell numbers after treat-
ment of mice with CCLI8 or CCL17 in both organs
independently of the route of application of these chemokines.

DISCUSSION

In the present study we have investigated the gene expression
profile of CD4™" T cells from allergic donors cocultured with au-
tologous allergen-pulsed DCs or tolerogenic IL-10-treated DCs.
We found that the gene encoding the chemokine CCLI8 was the
only gene significantly upregulated in cocultures of CD4™ T cells
and IL-10-treated DCs. In functional analysis we have shown that
enhanced CCL18 production is associated with recruitment of
Treg cells and inhibition of Ty2 responses in vitro. Most impor-
tantly, we have demonstrated for the first time that CCL18 also
prevents allergic airway inflammation in vivo by using a recently
developed humanized mouse model of asthma.'®

Validation of the microarray results by using quantitative real-
time PCR and fluorescence microscopy confirmed that CCL18
was only expressed by DCs, whereas it was not expressed by
CD4™ T cells. The finding that IL-10 increases CCL18 production
in mature DCs is in line with a study from Vulcano et al*® demon-
strating that CCL18 production was upregulated by 2 known in-
hibitors of DC maturation: IL-10 and vitamin D3. Furthermore,
it was shown by Gunther et al'” that among PBMCs, only DCs
and monocytes produced CCL18, whereas T and B cells did
not. Neutralization of IL-10 did not inhibit production of
CCL18 in DC/T-cell cocultures, suggesting that factors other
than IL-10 maintain enhanced CCL18 expression by DCs. Similar
results have recently been shown by de Nadai et al,'® in whose
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study stimulation of PBMCs from asthmatic patients with the al-
lergen Dermatophagoides pteronyssinus upregulated CCL18 se-
cretion in an IL-4— and IL-13- but not IL-10-dependent
manner. In general, CCL18 has been shown to play an important
role in allergic diseases because it is preferentially expressed in
the lung or nasal mucosa, attracts in vitro—polarized Ty2 cells
and basophils, and is secreted by PBMCs from asthmatic patients
but not from healthy donors after allergen stimulation. %52
More recently, an enhanced production of CCL18 by monocyte-
derived DCs from allergic compared with nonallergic subjects
was also reported.27 However, in our study monocyte-derived
DCs from allergic donors produced similar amounts of CCL18
compared with those from healthy subjects. This discrepancy
might be explained by different purification methods for mono-
cytes and by different DC culture conditions. Interestingly, the
same group has further demonstrated that CCL18 can generate
Treg cells from memory CD4™" T cells of healthy but not allergic
donors, as well as tolerogenic DCs.?”-*® They explained this phe-
nomenon by decreased CCL18 receptor binding on the surface of
memory CD4" T cells from allergic subjects using biotin-
conjugated CCL18 for staining, but because the nature of
CCL18R is still unknown, the exact mechanisms concerning
CCL18 receptor expression cannot be resolved thus far.

In further experiments we demonstrated that addition of
exogenous CCL18 led to a similar inhibition of T2 cytokine pro-
duction by allergen-pulsed, DC-stimulated CD4™ T cells as ob-
served with allergen-pulsed, IL-10-treated, DC-stimulated
CD4™ T cells, whereas proliferation levels, Ty;1 cytokine produc-
tion, and IL-10 levels were not affected. However, neutralization
of CCL18 could not inhibit IL-10-treated DC—induced anergy of
CD4™ T cells. The reason for this might be that additional factors
could be involved in the induction of anergy. Additionally, CCL18
can directly inhibit Ty2 cytokine production of polyclonally acti-
vated T cells, especially IL-13. Chang et al*® described no inhibi-
tion of Ty2 cells after anti-CD3/CD28 stimulation, probably
because of different cell-culture conditions (CCL18 was washed
out after 2.5 hours in their study, whereas it was present the whole
time in our study). Furthermore, they did not investigate produc-
tion of IL-13, the cytokine most strongly affected in our study.

Our finding that CCL18 attracts polarized Ty2 cells better than
Tyl cells is in accordance with a recent report from de Nadai
et al,"> demonstrating that CCL18 among other chemokines pref-
erentially attracted T2 cells and basophils but not eosinophils
and in vitro—polarized Tyl cells. However, naturally occurring
CD4*CD25" cells and, to a lesser extent, IL-10~treated DCs
plus TGF-B—-induced iTreg cells showed the highest migration
rates toward CCL18. This recruitment of Treg cells together
with the finding that immature rather than mature DCs are at-
tracted by CCL18'%* and that CCL18 even induces Treg cells
and tolerogenic DCs, at least in healthy nonallergic donors,>"?
suggests that CCL18 is not only a proinflammatory chemokine
but also plays an important role in tolerance induction. In this con-
text it was shown by Nibbs et al*’ that CCL18 exhibits antagonis-
tic activity for CCR3, a chemotactic receptor for eosinophils and
basophils, as well as T2 cells, and therefore might preferentially
dampen allergic T2 responses. Indeed, in our recently developed
humanized model of asthma, we demonstrated that systemic or
intranasal administration of CCL18 in NOD—scid-ch/f mice
that had been engrafted with PBMCs from allergic donors pre-
vented AHR after allergen challenge, whereas another Ty2-
attracting chemokine, CCL17, had no significant effect. However,
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FIG 4. CCL18 inhibits airway reactivity and lung inflammation in a humanized mouse model of asthma.
A-C, NOD-scid-yc ™'~ mice were engrafted with 2 X 10” human PBMCs from allergic donors injected together
with or without the respective allergen. Three weeks later, airway resistance in response to methacholine

was measured after intranasal allergen challenge.

CCL18 and CCL17 were injected intraperitoneally on

day 1 or administered intranasally on day 20. Shown are means = SEMs of the relative change to baseline
value of 3 (Fig 4, A), 9 (Fig 4, B), or 6 (Fig 4, C) independent experiments with at least 2 mice per group. *P<
.05 compared with mice receiving no human cells (Fig 4, A), PBMC plus allergen-treated mice (Fig 4, B), or
mice receiving no chemokines (Fig 4, C). D, Hematoxylin and eosin (H&E) staining of the lungs from 1 rep-
resentative experiment (magnification X40). E, Means + SEMs of the numbers of eosinophils, neutrophils,
macrophages, and lymphocytes in the BAL fluid (n = 10). *P<.05 compared with PBMC plus allergen-trea-

ted mice.

migration of human cells into the lungs or other organs was not
affected by CCL18 either intraperitoneally or intranasally, except
for a slight increase in activated GARP and FoxP3™ Treg cell
numbers. Whether this slight increase in activated Treg cell num-
bers is sufficient for the inhibition of lung inflammation or
whether CCL18 might also induce IL-10-producing Tgr1 cells,
which do not overexpress FoxP3, remains to be investigated. In
preliminary experiments restimulation of human CD4* T cells
isolated from the lungs of humanized CCL18-treated mice did
not lead to an enhanced IL-10 production.

Taken together, the role of CCL18 in patients with allergic
diseases needs to be reconsidered. It might also act as a negative
regulator to limit allergic immune responses. Although CCL18

does not exist in mice, administration of human CCL18 has
recently been shown to attract murine B and T lymphocytes.3° Thus
further studies in rodent and humanized mouse models, as shown
here, will help to clarify the exact in vivo role of this chemokine.

We thank Petra Schuster, Anke Heinz, and Claudia Braun for excellent
technical assistance.

Clinical implications: In a humanized mouse model allergic
airway inflammation is inhibited by CCL18, which might repre-

sent a novel therapeutic approach in the treatment of airway
diseases.
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