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Impaired Lung Dendritic Cell Migration and T Cell
Stimulation Induced by Immunostimulatory Oligonucleotides
Contribute to Reduced Allergic Airway Inflammation’

Hannelore Constabel,* Metodi V. Stankov,* Christina Hartwig,” Thomas Tschernig,"
and Georg M. N. Behrens**

CpG-containing oligonucleotides (CpG) have been shown to reduce key features of allergic airway inflammation in mouse models.
Given the inhibitory effects of CpG treatment on Ag presentation of subsequently encountered Ags via MHC class I and II
molecules by dendritic cells (DC), we hypothesized that intranasal CpG treatment would lead to reduced Ag-specific T cell
stimulation in the lung-draining lymph nodes, thereby reducing the inflammatory response in sensitized mice. Intranasal CpG
administration led to phenotypic maturation of lung and mediastinal lymph node DC as determined by expression of MHC class
11, CD80, and CD86. This was accompanied by a significant reduction in the proliferation of adoptively transferred Ag-specific
CD4* and CD8* T cells in mediastinal lymph nodes, when CpG was given before inhalative OVA challenges. DC obtained from
mediastinal lymph nodes of CpG-treated mice before OVA inhalation led to reduced T cell stimulation via MHC class I and 11
molecules. In addition, CpG diminished airway eosinophilia and pulmonary infiltration after sensitization or following adoptive
transfer of Ag-specific Th2 cells. These results were explained by reduced CCL21 expression and inhibition of lung DC migration
following CpG administration, which could be restored by transfer of bone marrow-derived DC, because CpG had no major
impact on the constitutive MHC class II Ag presentation of protein-derived Ag by lung tissue-derived DC. We conclude that CpG
treatment can effectively impair the DC-mediated Ag transport from the lungs to the lymph nodes, resulting in reduced T cell

activation and blunted airway inflammation. The Journal of Immunology, 2009, 183: 3443-3453.

sthma is a chronic disease of the lungs, and its charac-
A teristic features include symptoms such as recurrent ep-

isodes of increased airway inflammation, enhanced mu-
cus production, and constriction of the airways (1). Environmental
factors have been suggested to be important contributing factors
for raising prevalence of allergic diseases. The so-called hygiene
hypothesis proposes that a major source of microbial, Thl-like
immune stimulations has been lost with the decreased incidence of
infectious diseases due to vaccinations, the use of antibiotics, and
improved health conditions (2, 3). This had led to an increase in
Th2-biased immune responses toward environmental allergens,
and consequently to an increase in allergic asthma.

TLRs are expressed mainly on macrophages and dendritic cells
(DC)? and recognize signature microbial products. The interaction
of TLRs with their microbial ligands activates innate immunity to
mount a defense mechanism, i.e., up-regulation of costimulatory
molecules and the production of chemokines and cytokines (4, 5).
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CpG-containing immunostimulatory DNA sequences (CpG) acti-
vate the TLRO9 pathway (6) and facilitate the development of a Th1
cell response in vivo (7, 8). CpG has been shown to reduce key
features of allergic asthma and airway inflammation, such as air-
way hyperresponsiveness, mucus production, and airway eosino-
phil infiltration in mouse models (9-16). CpG was effective when
given before allergen challenge (11, 13, 14) and has even been
demonstrated to reverse established disease (12, 17, 18). Given
that CpG activates the innate immune system, thereby inducing
release of cytokines to generate Th1 cells, such as TNF-a, IL-12,
IFN-, and indirectly, IFN-vy (7, 8), it was postulated that long-
term treatment with CpG would lead to a rebalancing of Th1/Th2
responses (19). This, however, would not explain the immediate
inhibitory effects of CpG on allergen-induced Th2 response. Stud-
ies investigating these immediate effects demonstrated that the im-
pact of CpG on allergen-induced eosinophil infiltration is partially
dependent on IFN-vy (12, 20), whereas others provide evidence that
cytokines, such as IL-12 or IFN-v, are of minor importance (21—
24). More recently, a study showed that CpG inhibits the Th2
response by rendering lung APCs unable to effectively present Ag
to Th2 cells, but not to Th1 cells (19). In addition, CpG inhibited
the IgE-dependent release of Th2 cytokines, especially IL-4, from
basophils and/or mast cells in the airways of Th2-primed mice.
Based on previous observations about the inhibitory effects of CpG
on MHC class I- and II-mediated Ag presentation of subsequently
encountered Ags by DC (25, 26), we aimed to investigate the im-
pact of CpG on lung DC when given before inhalative Ag chal-
lenge. We hypothesized that down-regulation of MHC class II Ag
presentation would lead to impaired CD4™ T cell proliferation,
thereby reducing major features of pulmonary hypersensitivity and
inflammation. In this study, we show that instead impaired migra-
tion of pulmonary DC leads to reduced T cell stimulation and



3444

contributes to allergic airway inflammation. Our results thus dem-
onstrate a previously unrecognized functional action of pulmonary
CpG administration.

Materials and Methods

Animals

Eight- to 10-wk-old female C57BL/6 (B6) mice, female BALB/c mice
(Charles River Laboratories), DO11.10 mice (The Jackson Laboratory),
and OT-II and OT-I mice were used throughout the study. The OT-I and
OT-II mice express MHC class I- and II-restricted TCR (Va2/VB5.1%)
specific for the H-2K°-restricted OVA peptides OVA,s, 5, and
OVAj,5 339, respectively. These mice were provided by B. Heath
(Walter Eliza Hall Institute of Medical Research, Melbourne, Austra-
lia). CCR7-deficient mice were provided by R. Forster (Hannover Med-
ical School, Hannover, Germany). Mice were fed with OVA-free lab-
oratory food and tap water ad libitum, and kept in a regular 12-h dark/
light cycle at a temperature of 21 = 2°C. All experimental procedures
were performed according to a protocol approved by the appropriate
governmental authority and ethics committees.

Sensitization and allergen challenge of mice

The mice were sensitized with OVA (10 ug, grade VI; Sigma-Aldrich)
absorbed to aluminum hydroxide (1.5 mg; Pierce Biotechnology) or PBS as
diluent control by i.p. injection on days 1, 14, and 21. On days 28 and 29,
all mice were challenged with 1% OVA dissolved in PBS for 20 min.
Allergen exposition was performed by dispersing of the relevant agent
using a jet nebulizer, LC Star, 2.8 wm mass median aerodynamic diameter
(Pari) in a closed plexiglass box, in which mice could move freely. For
treatment with CpG (TIB MolBiol), mice received 20 nmol CpG (dissolved
in PBS) via intranasal administration under ketamine/rompun anesthesia
the day before the first challenge. To generate Ag-specific Th2-biased
DO11.10 or OT-II cells, single-cell suspensions obtained from cervical,
brachial, axillary, inguinal, and mesenteric lymph nodes were treated with
mAbs against MAC-1, F4/80, erythroid cells, GR-1, MHC-II, and CD8c.
The Ab-coated cells were incubated with anti-rat IgG-coupled magnetic
beads (Biomag), following the manufacturer’s protocols, and enriched T
cells cocultured with purified DC from BALB/c or B6 mice, respectively,
in complete medium containing IL-4, IL-2, anti-IFN-vy, and OVA;,3 339
peptide (Biosyntan). Four days later, Th2-biased DO11.10 or OT-II cells
were quantified, and 2 (BALB/c) or 4 (B6) X 10° lymphocytes were adop-
tively transferred i.v. into recipient mice (27). Induction of an effective Th2
cytokine pattern by measuring IL-4 produciton in DO11.10 cells was con-
firmed using an ELISPOT assay (ELISPOT"""S for mouse IL-4; Mabtech),
with a mean of 7 (0-10) spot-forming units per 2.5 X 10° T cells, when
naive DO11.10 cells were used, as compared with a mean of 909 (856—
962) spot-forming units, when Th2-biased DO11.10 cells were used. On 5
(B6 mice) or 2-3 consecutive days (BALB/c mice), respectively, recipient
mice were challenged with 1% OVA in PBS via inhalation. Control ani-
mals received adoptively transferred cells, but were challenged with PBS
only. Twenty-four hours after the last challenge, mice were dissected for
further analysis.

Cell differentiation of the bronchoalveolar lavage (BAL) fluid

Total cell counts in BAL fluid were scored using a Neubauer chamber
(Brand). Leukocyte subsets (eosinophils, neutrophils, macrophages, or
lymphocytes) were counted in BAL fluid using cytospins (centrifuged
preparations) stained with Diff-Quik (Medion Diagnostics). A total of 400
cells was counted in each sample.

Histology

Twenty-four hours after the last airway challenge, lungs were fixed with
4% formalin and embedded in paraffin. The paraffin blocks were cut into
4-um slices and stained with H&E (Merck). From each mouse lung, four
sections (containing hiliar structures and periphery) of the right and left
lung were evaluated. Microphotographs were performed using a Laborlux
K microscope (LEITZ) with an Olympus DP71 camera (Olympus). Peri-
bronchial and perivascular inflammation of two to four mice from each
group were analyzed and scored as follows (28): 0, normal; 1, few cells; 2,
a ring of inflammatory cells one cell layer deep; 3, a ring of inflammatory
cells two to four cells deep; and 4, a ring of inflammatory cells of more than
four cells deep.

DC isolation and flow cytometric analysis

DC were isolated from mouse lungs and mediastinal lymph nodes, as pre-
viously described (29-32). In brief, the organs were cut into small frag-
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ments and digested with collagenase and DNase I (Sigma-Aldrich), and
lung DC enriched by gradient centrifugation using Nycodenz reagents
(Axis-Shield) with a density of 1.074. Mediastinal lymph node DC were
directly enriched by FACS after digestion. To prevent DC maturation dur-
ing the isolation protocol, the procedure was conducted on ice, with the
exception of the initial 20-min digestion with collagenase/DNase, which
was performed at room temperature. Lung and mediastinal DC were
stained for CD11c (HL3) and MHC class II (2G9), CD11b (M1-70),
CD103 (M290) (all BD Pharmingen), and CCR7 (4B12; BioLegend), and
for gating of lung DC, special emphasis was given to exclude autofluores-
cent cells such as macrophages. In some cases, unstained samples were
analyzed in the FL-1 and FL-2 channel first to identify autofluorescent
cells, which then were excluded from further analysis. If necessary,
autofluorescent cells were removed by an initial sort of unstained cells,
followed by Ab labeling of the remaining cell populations for specific
surface marker expression analysis. Analytical and preparative FACS was
done on a FACSAria (BD Biosciences), or a Mo-Flo (DakoCytomation)
instrument, and sorts were usually 95-98% pure.

T cell isolation and in vitro T cell proliferation assay

For stimulation of OT-II or DO11.10 cells, single-cell suspensions from the
lymph nodes were enriched using magnetic beads, as described above.
OT-I cells were enriched using a commercial kit (BD CD8 Enrichment
Set), according to the manufacturer’s instructions. Enriched T cells were
labeled with CFSE, as described elsewhere (25). For T cell stimulation, DC
were plated in U-bottom 96-well plates (0.5-1 X 10* cells/well in RPMI
1640 supplemented with 10% FCS and 25 mM HEPES) with 100 ug/ml
OVA for 45 min at 37°C in complete medium, unless otherwise indicated.
The DC were washed three times and cocultured in 200 ul of complete
medium containing 5 X 10* CESE-labeled OT-1, OT-IL, or DO11.10 cells.
For proliferation analysis after 60 h of culture, OT-II or DO11.10 cells
were stained with CD4-allophycocyanin (GK1.5) and OT-I cells with CD8§-
allophycocyanin (53-6.7) (all BD Biosciences), and samples were analyzed
by flow cytometry. The total number of dividing (CD4" or CD8* pro-
pidium iodide™#***CFSE'") cells was determined in duplicate. For in
vivo T cell proliferation assays, 2 X 10° CFSE-labeled OT-I or OT-II cells
were adoptively transferred, mice were challenged with OVA as indicated,
and mediastinal lymph nodes 60 h after the last challenge assessed for
T cell proliferation after staining, as described above. For intracellular
IFN-v staining, single-cell suspension of mediastinal lymph nodes from
mice that had received CFSE-labeled OT-I cells and intranasal OVA
challenges was analyzed using the BD Cytofix/Cytosperm Kit BD (BD
Biosciences), according to the manusfacturer’s instruction, and mea-
sured by flow cytometry.

Migration assays

Mice were treated with PBS or 20 nmol CpG, and 24 h later received 40
wl of 5 mM CFSE intranasally. The next day, DC were enriched from the
mediastinal lymph nodes and stained for CD11c, and CD11c* CFSE™ cells
were quantified by flow cytometry. For alternative analysis of DC migra-
tion, 5 X 10'* Fluoresbrite YG Microspheres (0.05 wm; Polysciences)
were administered intranasally in untreated or CpG-treated mice. After
24 h, mediastinal lymph node DC or lung DC were stained after enrichment
for CD11c and MHC class II (lung DC), and uptake of beads (lung DC) or
transport into the mediastinal lymph node was assessed by flow cytometry.
For further migration experiments, bone marrow-derived DC (BMDC)
were generated by flushing out the bone marrow from tibia and fibula of B6
mice. RBC were lysed by RBC lysis buffer containing ammonium chloride.
The cells were filtered through a 70-um nylon mesh, counted, and plated
at a concentration of 1 X 10° cells/ml complete IMDM (Biochrom) sup-
plemented with 20 ng/ml rtGM-CSF. Medium was changed on days 3 and
5, and usually 7-day-old cultures were used for experiments. Mice received
4-5 X 10° CFSE-labeled unsorted BMDC intranasally, and 18 h later
mediastinal lymph nodes were dissected, DC stained with CD11c, and the
entire cells of the lymph nodes analyzed for CD11c"&" CESE™" cells. For
the functional assays, mice that had received 2-3 X 10° CFSE-labeled
OT-II cells by tail vein injection received FACS-sorted 4—5 X 10° BMDC
intranasally 30 min before the inhalative challenge with 1% OVA for 20
min. Sixty hours later, OT-II proliferation was analyzed in the mediastinal
lymph nodes by flow cytometry.

RNA preparation and real-time quantitative PCR

Total RNA extraction was done using RNeasy Protect Mini Kit (Qiagen).
Samples were treated with DNase I (Qiagen). cDNA was synthesized from
total RNA in 20 ul using random nonamers, oligo(dT) primers, and Om-
niscript RT Kit (Qiagen). Real-time quantitative PCR analyses for the
genes encoding CXCL13, CCL19, CCL21, and hypoxanthine guanine
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FIGURE 1. CpG treatment inhibits aller-
gic airway inflammation in mice. A, B6 mice
were sensitized with 10 ug of OVA adsorbed
to 1.5 mg of Alum and challenged by inha-
lation with 1% OVA on 2 consecutive days 1
wk after the last sensitization. CpG (20 nmol
CpG) was administered intranasally the day
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phosphoribosyltransferase 1 (HPRT) were performed in a final volume
of 25 ul using QuantiTect SYBR Green PCR Kit (Qiagen) in an iCycler. The
primers for CXCL13, CCL19, CCL21, and HPRT (housekeeping gene)
were as recently published (33). Amplifications were performed in specif-
ically designed optical 96-well plates using a spectrofluorometric thermal
cycler (iCycler; Bio-Rad). Genes of interest and housekeeping gene prod-
ucts were amplified separately, using identical cycling conditions. An ini-
tial cycle at 95°C for 15-min incubation was performed for activation of
HotStarTaqg DNA polymerase, and then 42 cycles of one step at 95°C (30
s) for denaturation, one step at 58°C (30 s) for annealing, and one step at
72°C (30 s) for extension. Products were also analyzed by melting curve
analysis and on ethidium bromide-stained agarose gel to ensure that a sin-
gle amplicon of the expected size was indeed obtained. To measure PCR
efficiency, serial dilutions of reverse-transcribed RNA (1, 1/5, and 1/25)
were amplified, and a standard curve was obtained by plotting cycle thresh-
old values as a function of starting reverse-transcribed RNA, the slope of
which was used for efficiency calculation using the iCycler software. The
relative quantification for any given gene was calculated after dividing the
standard curve value of the given gene A (CXCL13, CCL19, or CCL21)
by that of the calibrator gene B (HPRT) in CpG-treated or untreated control
B6 mice. The effect of CpG was calculated by comparing mean values
obtained from two independent experiments. In each of the experiments,
RNA from the mediastinal lymph nodes, lung tissue, inguinal lymph nodes,
and spleen was isolated. The RNA was reverse transcribed, and cDNA
was obtained by three separate reactions. This cDNA was pooled and mea-
sured in a real-time PCR in triplicates.

Statistical analyses

All values are expressed as mean plus SEM. Statistical analysis was per-
formed with Student’s # test using PRISM 4 (GraphPad). Where necessary,

data were log transformed to obtain a normal distribution. A p value <0.05
was considered as statistically significant.

Results
CpG leads to phenotypic maturation of lung DC and inhibits
allergic airway inflammation in mice

To confirm that administration of CpG previous to inhalative Ag chal-
lenge reduces the pulmonary hypersensitivity response, B6 mice were
OVA sensitized and received 20 nmol CpG intranasally or diluent
control 7 days following the last sensitization. Mice were then chal-
lenged on 2 consecutive days by inhalation. After this, mice were
sacrificed, and the BAL fluid and the lungs were examined. CpG-
pretreated mice had reduced total cell numbers in the BAL fluid (p =
0.029) and also presented with a significant 90% reduction (p <
0.001) in eosinophil counts as compared with control mice (Fig. 1B).
Numbers of neutrophils, macrophages, and lymphocytes were not dif-
ferent among the groups. Similar results were obtained from the his-
tological sections of the lungs, revealing a nearly absent peribronchio-
lar and perivascular infiltration of immune cells in CpG-pretreated
animlas as compared with sensitized, PBS-pretreated, and OV A-chal-
lenged mice (Fig. 1B). Taken together, CpG pretreatment was able to
significantly reduce the inflammatory response in sensitized mice
when given intranasally before the allergen challenge.

To test a prerequisite of our hypothesis, we also examined
whether the administration of CpG would lead to DC maturation,
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FIGURE 2. Up-regulation of MHC class II and costimulatory molecules of lung and mediastinal lymph node DC after administration of CpG. B6 mice
were given 20 nmol CpG (black line) or PBS (gray histogram) intranasally, and 24 h later, DC were enriched from the lungs and mediastinal and inguinal
lymph nodes. Cells were gated as depicted, and lung DC were classified according to their MHC class II'* CD11c™ expression. In lymph nodes, CD11c¢™
DC were identified and DC were assessed for their surface expression of MHC class II and costimulatory molecules as depicted for CD80. Histograms
represent expression analysis for MHC class II, CD80, and CD86 molecules on 5000 (lung), 2000 (mediastinal), and 4000—6000 (inguinal) cells of the
respective DC population. The mean fluorescence intensities (MFI) are depicted in the histograms in black (CpG-treated animals) or gray (PBS-treated
animals). The results are representative for three independent experiments.
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as determined by up-regulation of MHC class II molecules and
costimulatory molecules such as CD80 and CD86. To this end,
mice were treated with CpG, and the phenotypic changes of lung
DC, DC in mediastinal lymph nodes, and, as a control, DC from
inguinal lymph nodes were assessed by flow cytometry. We ob-
served a clear increase of MHC class II, CD80, and CD86 surface
expression on DC obtained from the lungs or mediastinal lymph
nodes following intranasal CpG administration, as depicted in Fig.
2. According to the mean fluorescence intensity, MHC class II
expression increased by 55% in mediastinal lymph node DC,
CD80 expression by 86 and 243%, and CD86 expression by 46 and
50% on lung DC and mediastinal lymph node DC, respectively.
This up-regulation appeared to be nonsystemic, because there was
no increase in expression of these molecules in nondraining lymph
nodes (Fig. 2). We conclude that intranasal CpG administration
leads to a phenotypic maturation of lung and mediastinal lymph
node DC as determined by expression of MHC class II and co-
stimulatory molecules.

CpG inhibits naive CD4 and CDS8 T cell proliferation in
mediastinal lymph nodes

Next, we wished to assess whether intranasal CpG application to
mice before Ag exposure by inhalation would reduce MHC class
I- and II-mediated Ag presentation by DC in the mediastinal lymph
nodes, eventually leading to less proliferation of adoptively trans-
ferred Ag-specific T cells. For this, nonsensitized mice were
treated with CpG intranasally, received 2-3 X 10° CFSE-labeled
OT-I or OT-II cells, and were challenged with OVA on 2 consec-
utive days. Sixty hours after the first challenge, proliferation of
transferred T cells in the mediastinal lymph nodes was measured
by flow cytometry. This revealed a significant reduction in the
proliferation of OT-II (p = 0.003) or OT-I cells (p < 0.001) by a
factor of 3 or 10, respectively, in mice that were given CpG before
the Ag challenge, as compared with diluent control (Fig. 3). Anal-
ysis of T cell function in OT-I cells confirmed that the lower T cell
proliferation was directly and linear correlated to a reduced intra-
cellular IFN-y production of transferred T cells after CpG treat-
ment (supplemental Fig. 1).*

Airway eosinophilia after adoptive transfer of Ag-specific Th2
cells is reduced by CpG

To better demonstrate that the impact of CpG on pulmonary
hypersensitivity is mediated through impaired Ag presentation
and T cell proliferation, we made use of an adoptive transfer
model (27). T cells of OT-II or DO11.10 mice were enriched
and stimulated with peptide Ag and DC in vitro in medium
containing IL-4, IL-2, and anti-IFN-vy. After 4 days of culture,
these Th2-biased cells were transferred by tail vein injection
into B6 or BALB/c mice, which had been treated with CpG 2 h
previously and which, from the next day on, were then chal-
lenged five times (B6) or twice (BALB/c) with OVA or PBS.
Analysis of the BAL fluid confirmed that exposure to the Ag
had led to a significant increase of total cells in the BAL fluid,
and that these mice developed marked eosinophilia (Fig. 4).
CpG-treated mice, however, had lower total cell numbers (p =
0.01) and a significant reduction in eosinophil counts (p =
0.01) in BAL fluid. Similarly, BALB/c mice demonstrated a
reduced inflammatory infiltration in the peribronchial and
perivascular regions upon histological examination, as com-
pared with mice that did not receive CpG (Fig. 4). Taken to-
gether, we conclude that these observations would be consistent
with a CpG-mediated impaired Ag presentation by DC, leading

+The online version of this article contains supplemental material.
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FIGURE 3. Proliferation of adoptively transferred naive T cells in
mediastinal lymph nodes is reduced after intranasal application of CpG.
A, A total of 2-3 X 10° CFSE-labeled OT-II or OT-I cells (B) was
injected i.v. into B6 mice. Two hours later, mice were challenged by
inhalation with 1% OVA in PBS, followed by a second inhalative chal-
lenge the next day. Sixty hours after the first challenge, transferred T
cells were recovered from inguinal and mediastinal lymph nodes for
analysis by flow cytometry. Intranasal application of 20 nmol CpG (H)
or no treatment ([]) was performed the day before the first Ag exposure.
The total numbers of proliferated (CFSE!®Y) T cells depicted in the
graphs are mean (+SEM) of four (OT-II) and two (OT-I) independent
experiments with at least three mice per group. Representative T cell
proliferation is shown in the histograms.

to reduced T cell proliferation, and eventually diminished eo-
sinophilia and reduced pulmonary infiltration.

Impaired Ag presentation of DC obtained from mediastinal
lymph nodes after treatment with CpG

To more accurately assess the impact of CpG on the Ag presen-
tation via MHC class I and II molecules by DC in the mediastinal
lymph nodes, B6 mice were treated with OVA intranasally after
they had received CpG or PBS. The next day, DC were enriched
from the mediastinal lymph nodes and used to stimulate CFSE-
labeled OT-I and OT-II cells in vitro. Under these conditions, we
observed a low, but readily detectable Ag-specific proliferation of
both CD4™" as well as CD8™ T cells, when DC of OV A-treated
mice were used in the cultures (Fig. 5). In contrast, DC from me-
diastinal lymph nodes of CpG-treated mice led to significantly re-
duced T cell proliferative response of both OT-II (p = 0.013) as
well as OT-I cells (p = 0.02) to the in vivo inoculated Ag com-
parable to levels of control-treated mice. To exclude an intrinsic
defect in Ag presentation after CpG administration, DC were
pulsed in vitro with either the MHC class I- or Il-restricted OVA
peptide and cocultured with OT-I or OT-II cells, respectively. This
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FIGURE 4. CpG treatment reduces airway eosino-
philia in an adoptive Th2 cell transfer model. BAL fluid
of B6 mice (A) and representative histology sections
(magnification X100) and inflammatory score of
BALB/c mice (B) after transfer of Th2-biased cells and PBS
inhalative OVA challenge. Th2-biased T cells for B6 or
BALB/c mice were generated by cocultivation of OT-II B
or DOI11.10 cells, respectively, with OVA peptide and
splenic DC for 4 days in medium containing IL-4, IL-2,
and anti-IFN-y. A total of 2 (BALB/c) or 4 (B6) X 10°
Th2-biased cells per mouse was injected i.v. after intra-
nasal CpG application in the treated group. Mice of the
positive control and treated group were challenged by
inhalation with 1% OVA on the following 2 (BALB/c)
or 5 (B6) days; mice of the negative control group in-
haled PBS. One day after the last challenge, mice were
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confirmed the overall comparable Ag presentation and T cell stim-
ulation capacity of all DC with a trend toward higher T cell pro-
liferation of OT-II or OT-I cells, when CpG-treated and OV A pep-
tide-pulsed DC were used (Fig. 5).

Inhibition of lung DC migration by CpG administration

Although the results to date would suggest that down-regulation of
Ag presentation by lung DC following CpG administration could
contribute to impaired T cell responses, we reasoned that reduced
migration of DC from the lungs to the draining lymph nodes could
be an alternative explanation and in agreement with our observa-
tions to date. To address this question, mice were given CpG or left
untreated the day previous to an intranasal application of CFSE to
label lung DC in vivo (32). After 18 h, the mice were sacrified and
the mediastinal lymph nodes were assessed for migratory CFSE™
CDI11c* DC. In mice that had received CpG intranasally, the num-
ber of CFSE™ DC was markedly reduced as compared with un-
treated animals (Fig. 6A). In mice that were treated with CpG and
CFSE simultaneously, however, the numbers of migratory DC
from the periphery to the draining lymph node were unaffected. As
a control, and to further quantify the degree of impaired DC mi-
gration, we used CCR7-deficient mice, which are deficient of con-
stitutive migration of DC from peripheral organs to the draining
lymph nodes. The numbers of CFSE™ CD11c¢™ DC in these ani-
mals were within the range of the results obtained from CpG-
treated mice, confirming the major impact of CpG on DC migra-
tion. Similarly, we observed a significant reduction of DC
migration (p = 0.001), when the mice, instead of soluble CFSE,
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received fluorescent-labeled beads into their lungs, to determine
the uptake and transport of Ag from the peripheral tissue to the
draining lymph nodes (Fig. 6B). We excluded the possibility that
CpG treatment had reduced the phagocytic uptake of beads by lung
DC, because analysis of lung DC after CpG treatment showed
comparable and sufficient uptake of fluorescent-labeled beads in
mice irrespective of whether they had received CpG or not. There
was minimal or no uptake of beads by lung-derived macrophages
(Fig. 60C).

To test whether CpG or CpG-induced events would act directly
on the DC or predominantly generate an environment that prevents
DC from migration, CpG-treated mice were given CFSE-labeled
BMDC intranasally and the migration of these cells to the draining
lymph nodes was determined by flow cytometry. The results
shown in Fig. 7A indicate that the adoptively transferred DC were
readily detectable in the draining lymph nodes of CpG-treated
mice with even increased migratory DC numbers. To confirm the
functional capacity of the transferred BMDC and to exclude that
CpG administration leads to conditions that prevent effective T cell
proliferation in vivo, we tested whether the transfer of BMDC
would reconstitute the proliferation of Ag-specific T cells after
CpG treatment. As shown in Fig. 7B, intranasally administered
BMDC before giving the Ag led to efficient proliferation of OT-II
cells in CpG-treated mice comparable to levels obtained from un-
treated control animals.

To investigate the impact on CpG on chemokine homeostasis in
lung tissue, which may significantly influence DC migration, we
assessed the expression of CCL21, CCL19, and CXRLI13 1 day
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FIGURE 5. Ag presentation of DC obtained from mediastinal LN is im-
paired after CpG treatment. B6 mice were challenged intranasally with 25 ug
of OVA (OVA) or PBS (PBS) as control. One day before intranasal OVA
application, the treatment group received CpG intransally (CpG). Twenty-four
hours after Ag challenge, 1 X 10* DC from the mediastinal lymph nodes were
isolated and used in vitro to stimulate CFSE-labeled OT-II (A, left column) and
OT-I cells (B, left column). DC of the respective animal groups were pulsed
with the MHC class I (OVA5,9_33,) or MHC class I (OVA,5; ) restricted,
and then used to stimulate the corresponding T cells (right columns). Data
represent the mean + SEM of results obtained in three (OT-II cells) and two
(OT-I cells) independent experiments.

following intranasal CpG admistration. This revealed a highly sig-
nificantly reduction in CCL21 expression with only little changes
of the other chemokines at this early time point (Fig. 84). These
alterations were paralleled by raised numbers of CCR7* DC in
mediastinal lymph nodes, but not in inguinal lymph nodes (Fig.
8B). Specifically, a recently characterized migratory lung-DC pop-
ulation (CD11c"#" MHC class II* CD103" CD11b ™) supposed to
be involved in Ag transport to the lung-draining lymph nodes was
markedly reduced in the lung tissue 16 h after CpG administration
(supplemental Fig. 2).

Collectively, we conclude from these results that CpG or sec-
ondary events impact significantly on lung-resident DC and the
chemokine homeostasis, and result in a significant reduction of
lung DC migration to the lymph nodes after at least 18 h, leading
to declined T cell stimulation and pulmonary infiltration. This ef-
fect appears to dominate following inital lung-DC activation and
an early phase of increased migration of CCR7* DC toward the
draining lymph nodes after CpG intranasal application.
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Impact of CpG on lung DC Ag presentation

To directly test the effect of CpG on the MHC class II Ag presen-
tation of subsequently encountered Ags by lung DC, we treated B6
mice with CpG or left them untreated and 18 h later, enriched lung
DC by cells sorting, and either pulsed the DC with OV A protein or
OVA class II peptide. These cells were then used to stimulate
CFSE-labeled OT-II cells in vitro. Lung DC of untreated mice
showed comparable T cell stimulation when pulsed with OVA or
OVA peptide. In contrast, lung DC from CpG-treated mice led to
4-fold increase in OT-II cell proliferation (p = 0.004) when pulsed
with peptide, and the OT-II proliferation, resulting from uptake
and presentation of protein Ags, was also slightly, but significantly
(p = 0.01) increased as compared with untreated mice (Fig. 9).
This led us to conclude that CpG has no major impact on the
constitutive MHC class II Ag presentation of protein-derived Ag
by lung tissue-derived DC, but that MHC class II-mediated T cell
stimulation of peptide Ags is enhanced.

Discussion

Our experiments have led us to identify a new mechanism on how
CpG treatment previous to allergen exposure contributes to the
prevention of pulmonary inflammation in a murine model for al-
lergic pulmonary hypersensitivity. In this study, we have shown
that intranasal administration of the TLRY ligand CpG leads to
reduced transport of newly encountered Ag by lung DC to the
draining lymph node. This results in impaired T cell stimulation of
both CD4* and CD8™ T cells and contributes to the reduced pul-
monary inflammatory response to inhaled Ags. The expression of
TLRY and the response of lung DC to CpG have been previously
demonstrated by others (34, 35). In contrast to studies using
splenic or peripheral lymph node DC after systemic CpG injection
(26), CpG-induced maturation of lung DC did not down-regulate
their constitutive MHC class II-mediated Ag presentation.

DC have a high capacity to endocytose Ags and present them on
their MHC class II molecules (36). In their immature state, DC are
highly endocytic and express low amounts of MHC class II mol-
ecules on their surface. Upon stimulation with TLR ligands, DC
undergo phenotypic changes resulting in a mature phenotype. Ma-
ture DC down-regulate macropinocytosis and phagocytosis, but
retain their micropinocytic activity (37, 38). Mature DC accumu-
late long-lived surface MHC Il-peptide complexes, derived from
exogenous and endogenous Ags contained within the endosomal
compartments at the time of activation (39—45). Down-regulation
of MHC II-peptide complex turnover allows long-term presenta-
tion of Ags captured, or synthesized, at the time of activation (46).
We had hypothesized that CpG-induced DC maturation would re-
duce the uptake of exogenous Ags and/or the processing and pre-
sentation of subsequently encountered Ags via MHC class II mol-
ecules to CD4™ T cells. These effects have been described for DC
obtained from the spleen or various peripheral lymph nodes, but
were not studied in DC derived from peripheral organs. We chose
a local application in our model and speculated that CpG can di-
rectly access the draining lymph node via the lymphatics to stim-
ulate mediastinal DC or, in addition, activate migratory lung DC,
which accumulate in the draining lymph nodes, contributing to the
phenotypically mature DC in mediastinal lymph nodes. We have
previously shown that systemic DC preactivation impaired cross-
presentation and the stimulation of CD8™" T cell responses against
HSV and influenza virus, which are proposed to be induced by
cross-priming (25, 47). Impairment of cross-presentation of viral
Ags was attributed chiefly to down-regulation of phagocytosis,
which prevented mature DC from capturing infected cells, and this
is also the primary cause of impairment of MHC II presentation of
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FIGURE 6. Migration of lung DC
is inhibited by intranasal CpG admin-
istration. A, B6 or control mice
(CCR7-deficient mice, CCR7 ") re-
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cell-associated Ags by mature DC (25). Indeed, mature DC could
present endogenous viral Ags via MHC I if infected (25), indicat-
ing that their endogenous MHC I presentation pathway was oper-
ative. In contrast, MHC class II presentation of newly encountered
endogenous viral Ags is reduced in mature DC (26), showing that
additional factors downstream of Ag uptake, such as down-regu-
lated MHC class II synthesis, also contribute to poor presentation
of new Ags after systemic CpG administration (26). Our data pre-
sented in this work are consistent with a different regulation of Ag
presentation after TLR9 signaling of lung DC vs lymph node and
splenic DC in that CpG-treated lung DC had unchanged constitu-
tive MHC class II Ag presentation of endocytosed and processed
Ag, revealed no major reduction in phagocytosis of fluorescent-la-
beled beads, but had increased presentation of peptides via MHC class
II molecules in agreement with their phenotypic maturation. Because
we used the fluorescent-labeled beads to monitor DC migration and
analyzed uptake of beads by lung DC only to rule out significant

Yellowgreen —»

effects on the interpretation of the migration analysis, further studies
with different DC to bead ratios might be necessary to fully charac-
terize the impact of CpG on the phagocytosis of lung DC.

Despite the lack of impact on pulmonary DC, we observed that
in animals, in which CpG had caused pulmonary DC maturation,
the Ag presentation of new Ags, such as OVA to CD4 " T cells and
the resulting T cell proliferation in the draining lymph node, was
markedly reduced. Our results using CFSE labeling of DC or mon-
itoring the transport of fluorescent-labeled beads in vivo indicate a
strong reduction in Ag transport from the periphery to the medi-
astinal lymph nodes as explanation for this. In line with this, the
constitutive number of peripheral lung tissue DC expressing CCR7
was low and comparable to numbers found in CpG-treated ani-
mals, consistent with the view that migratory DC increase their
CCR7 expression upon activation and subsequently start migration
toward the lymphatics and draining lymph nodes. Consequently,
the number of CCR7 expressing DC in the mediastinal lymph
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FIGURE 7. Impaired migration of lung DC and T cell proliferation fol-
lowing CpG treatment can be rescued by intranasal application of BMDC.
A, CD11c¢™ MHC class II" BMDC express costimulatory molecules such
as CD80 and CD86 after culture, but are negative for F4/80 (gray, isotype
control). B, CFSE-labeled BMDC (4-5 X 10°) were intranasally trans-
ferred into untreated (E]) or CpG-treated () B6 mice. One day later,
CFSE* BMDC were recovered from mediastinal lymph nodes and quan-
tified by flow cytometry. C, Groups of three B6 mice were left untreated
(O) or received 20 nmol CpG intranasally (M and E). The next day, the
mice received 2-3 X 10° CSFE-labeled OT-II cells and were challenged
with OVA by inhalation (M) or treated with 4-5 X 10° sorted BMDC
intranasally before OVA challenge (E1). After 60 h, mediastinal lymph
nodes were analyzed for proliferation of adoptively transferred OT-II cells.
Data are mean + SEM of two to four independent experiments. The his-
tograms depict the representative T cell proliferation.

nodes of CpG-treated mice was consistently higher as compared
with control-treated mice. These findings suggest an early increase
in migration of pulmonary DC from the periphery after CpG treat-
ment, followed by a reduced DC-mediated Ag transport 18 h after
CpG application. Efficient T cell proliferation in mediastinal
lymph nodes of CpG-pretreated mice could be restored after the
mice had received BMDC previous to Ag administration, indicat-
ing that CpG had not caused overt suppression of CD4™ T cell
activation in the mediastinal lymph nodes of these mice. Thus, im-
munosuppressive effects on T cell activation, such as induced by IDO
after TLRO stimulation (48), appear not to be dominating mechanisms
during the conditions studied in this work. This is further supported by
our observation that CpG-treated DC induced rather than increased T
cell proliferation, when pulsed with peptide Ag. Finally, both the pro-
liferation as well as IFN-y production in T cells were almost identi-
cally reduced, suggesting that proliferation and effector cell functions
such as cytokine production were closely and directly correlated in
both groups and not altered by CpG.
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range of two independent experiments with three mice per group.
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Based on our CCL21 expression analysis, we speculate that dis-
turbed regulation of homeostatic chemokine expression, chemo-
kine receptor expression, and cell trafficking after CpG adminis-
tration may contribute to impaired DC migration. This would be
consistent with reports showing that CCL21, CCLI19, and
CXCL13 are transiently down-regulated within lymphoid tissues
during immune responses after viral infection or TLR9 stimulation
(33). This modulation was found to alter the localization of lym-
phocytes and DC within responding lymphoid tissue. In agreement
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FIGURE 9. Constitutive Ag presentation and T cell stimulation of lung
DC are unaffected following CpG treatment. B6 mice were left untreated or
received 20 nmol CpG intranasally. The next day, lung DC (1 X 10* per
well) of the mice were enriched, left unpulsed (M), pulsed with MHC class
-restricted OVA5,4_33, () or OVA protein (L), and cocultured with 5 X
10* CFSE-labeled OT-II cells. Sixty hours later, T cell proliferation was
quantified by flow cytometry. Data represent the mean + SEM obtained in
three independent experiments with at least three mice per group.
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with these observations, studies have demonstrated that pulmonary
influenza virus infection results in a transient acceleration of re-
spiratory DC to the regional lymph nodes during the first 24 h after
infection, and the DC remained refractory to further migration
thereafter (49). Previous intranasal CpG administration in this
study abrogated the virus-induced increased pulmonary DC mi-
gration, and we suggest that a similar effect of CpG contributes to
the reduced lung DC migration, when given before inhalative Ag
challenge. Further research is required to delineate the specific
effects and kinetics of CpG and other TLR ligands on the expres-
sion of chemokines and chemokine receptors in the lungs and
lung-draining lymphatics.

CpG-containing oligonucleotides have shown significant prom-
ise for preventing allergic responses to pulmonary allergen chal-
lenge (9-18, 50, 51) both following systemic (9, 10, 12-14) or
local administration into the respiratory tract (9, 11, 14). Given that
CpG not only inhibited acute responses to allergen, but also
chronic manifestations, such as airway remodelling (18, 50-52),
and considering the complex cascade of cellular events, the num-
ber of different cell types, and the cellular interactions involved
during the response to a pulmonary allergen, it is difficult to dissect
the CpG-induced events that lead to reduced airway inflammation.
In this regard, inhibited Ag transport by lung DC to the draining
lymph nodes is likely to be only one among several additional
CpG-mediated effects that might act synergistically or have a dif-
ferent relevance, depending on the pathogenetic phase of pulmo-
nary inflammatory response.

In contrast to our findings, Hessel et al. (19) described a drastic
reduction in the overall expression of costimulatory molecules on
CD11c¢™ DC from the airways of CpG-treated mice, including PD-
L1, PD-L2, CD40, ICOS, CD80, and CD86, accompanied by a
clear reduction in the expression of MHC class II molecules, cre-
ating an overall picture of a much less competent DC. We spec-
ulate that these differences as compared with our observations may
result from different isolation protocols for lung DC, and that the
studies by Hessel et al. (19) studied cytokine production of Th2
cells instead of T cell proliferation. In any case, our phenotypic
characterization of increased MHC class II together with the en-
hanced T cell proliferation after peptide pulsing of CpG-treated
mediastinal DC clearly provide no evidence for a negative impact
on the overall MHC class Ag presentation capacity of these cells.
We cannot exclude, however, that both mechanisms, reduced Ag
transport and impaired stimulation of Th2 cells, coexist at the
same time.

In summary, our data implicate that CpG treatment prevents
pulmonary hypersensitivity by reduced pulmonary DC migration,
but may also lead to a reduced DC-mediated transport of other
inhalative Ags (e.g., viral particles) to the draining lymph nodes.
This could have negative impact on the effective adaptive antiviral
immunity due to reduced helper cell priming and cytotoxic T cell
responses. Alternatively, it could be beneficial, because it might
prevent the collateral priming against inhaled Ags during pulmo-
nary hypersensitivity reactions (53), and thereby limit sensitization
against further allergens. Thus, our findings on reduced Ag trans-
port and T cell stimulation reveal some exciting new mechanism of
action of pulmonary CpG administration, but also raise some im-
portant caveats for its therapeutic application in patients.
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Supplementary Figure 1. Intracdlular cytokine production of adoptively transferred T
cells after CpG-administration. A, Dot plot of CFSE-labelled OT-I cell proliferation and
corresponding intracellular IFNy-production after transfer of cells (2x10°% into B6 mice,
which were PBS- or CpG-pretreated and then challenged intranasally with 25ug OVA on two
consecutive days. The middle panel depicts the absolute number of OT-I cells per cell
division in the respective groups of recipient mice. B, Fold increase of IFNy" T cells per cell
division of adoptively transferred OT-1 cells in PBS- or CpG-pretreated mice normalized for

the number IFNy" non-divided cells.

Supplementary Figure 2. CpG-associated changes in composition of lung tissue DC
populations. A, In lungs of B6 mice, at least two distict DC populations can be identified. In
addition to their different CD11c and MHC class Il expression, CD11c"%" MHC class 11"9"
DC also express CD103 whereas CD11c* MHC class 11"%" are negative for CD103. B, One
day after i.n. CpG-application, the population of CD11c"" MHC class 11" CD103" DC is
reduced in the lung tissues of B6 mice. C, Quantification of the changes after CpG-
application revealed reduced number of CD103'CD11b’ DC and increased numbers of
CD103CD11b" DC. The dot plots depict cells that are gated on CD11c" MHC class 11M9"
cells from the lung tissues and than divided in CD103'CD11b" and CD103 CD11b" DC

populations.
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