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CD11c" Cells Are Required for Antigen-Induced Increase of

Mast Cells in the Lung

Joakim S. Dahlin,* Ricardo Feinstein,” Yue Cui,* Birgitta Heyman,* and

Jenny Hallgren*

Patients with allergic asthma have more lung mast cells, which likely worsens the symptoms. In experimental asthma, CD11c" cells
have to be present during the challenge phase for several features of allergic inflammation to occur. Whether CD11c* cells play
a role for Ag-induced increases of lung mast cells is unknown. In this study, we used diphtheria toxin treatment of sensitized
CD11c-diphtheria toxin receptor transgenic mice to deplete CD11c* cells. We demonstrate that recruitment of mast cell progen-
itors to the lung is substantially reduced when CD11c" cells are depleted during the challenge phase. This correlated with an
impaired induction of endothelial VCAM-1 and led to a significantly reduced number of mature mast cells 1 wk after challenge.
Collectively, these data suggest that Ag challenge stimulates CD11c" cells to produce cytokines and/or chemokines required for
VCAM-1 upregulation on the lung endothelium, which in turn is crucial for the Ag-induced mast cell progenitor recruitment and
the increase in mast cell numbers. The Journal of Immunology, 2012, 189: 000-000.

response leading to, for example, mucus production, air-
way hyperresponsiveness, infiltration of inflammatory
cells, and increased levels of allergen-specific IgE (1). Tissue-
resident mast cells are activated and release mediators that par-
ticipate in the allergic response (2), and the numbers of mature
mast cells are increased in the human asthmatic lung (3-5). In
experimental models, mice lacking mast cells have attenuated
airway responses, also pointing to an important role for mast cells
in the development of allergic asthma (6—8). Mast cells arise from
mast cell progenitors (MCp) originating from the bone marrow.
During normal conditions these home to peripheral organs via the
blood and mature in situ (9). Naive mice, or mice sensitized to an
Ag but not challenged, have few MCp and mature mast cells in the
airways (10-12). However, when sensitized mice are challenged,
the influx of MCp to the lung increases 10- to 30-fold (10, 12).
This is followed by an increase in mature mast cells in the tracheal
intraepithelium 1 wk later (11). Therefore, the allergen-induced
increase in mature lung mast cells seen in both asthmatic patients
and in mouse models is presumably preceded by an increased
migration of MCp into the lung, referred to in this study as MCp
recruitment.
In the lung, dendritic cells and alveolar macrophages express
CDll1c (13). Using an experimental model of allergic asthma in

P atients with allergic asthma have a Th2 type of immune
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which mice were sensitized with OVA-pulsed dendritic cells fol-
lowed by OVA aerosol challenge, van Rijt et al. (14) showed that
depletion of CDI11c" cells during the challenge phase reduces
production of Th2 cytokines, eosinophilia, goblet cell hyperplasia,
and airway hyperresponsiveness. This prompted us to investigate
whether CD11c" cells play a role in the recruitment of MCp to the
lung and in the subsequent increase of mast cells. Small amounts
of diphtheria toxin (DT) deplete CD11c* cells in CD11¢-DTR
mice but not in wild-type strains (15). Using mice transiently
depleted of these cells during the challenge phase, we demonstrate
in this study that CD11c* cells are required for Ag-induced re-
cruitment of MCp to the lung and for the appearance of mature
mast cells. The diminished MCp recruitment correlated with lower
induction of VCAM-1 on the lung endothelium. A plausible ex-
planation is that Ag challenge induces production of cytokines
and/or chemokines by dendritic cells and alveolar macrophages
crucial for VCAM-1 upregulation on the lung endothelium, which
in turn is required for Ag-induced MCp recruitment (10).

Materials and Methods

Animals

Age- and sex-matched female or male mice with an age of at least 6 wk
were used in the experiments. The mice were bred and maintained at the
National Veterinary Institute in Uppsala, Sweden. BALB/c mice were
originally acquired from Bommice (Ry, Denmark), and hemizygous CD11c-
DTR mice on a BALB/c background were acquired from The Jackson
Laboratory (Bar Harbor, ME). CD11c-DTR mice were genotyped as pre-
viously described (16). The Ethics Committee in Uppsala approved all
experiments performed.

Experimental protocol

The mice were immunized with 10 wg OVA grade V (Sigma-Aldrich, St.
Louis, MO) adsorbed to 1 mg Alum (Pierce, Rockford, IL, USA) in 200 pl
PBS i.p. on days O and day 7. On days 17, 18, and 19, the mice were
challenged with 1% OVA (w/v) in PBS for 30 min using a nebulizer (PARI,
Starnberg, Germany). To deplete CD11c¢™ cells during the challenge phase,
250-400 ng DT (depending on the batch; Sigma-Aldrich) was injected i.p.
in 200 wl PBS on days 16 and 18. The dose of DT used was chosen as the
lowest possible that still efficiently depleted lung CD11c” cells. Day 20,
the lungs were analyzed for MCp by limiting dilution and for other cell
populations by flow cytometry. In the experiments where bone marrow
chimeric mice were used (see Fig. 4), the lungs were removed on day 27
for analysis of mature mast cells.
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Generation of bone marrow chimeras

CD11c-DTR mice were euthanized and the femurs and tibiae were removed.
The bone marrow was flushed out with complete RPMI (RPMI 1640, 10%
heat-inactivated FCS, 100 U/ml penicillin, 100 pg/ml streptomycin, 10 pg/
ml gentamicin, 0.1 mM nonessential amino acids, 2 mM L-glutamine, 10
mM HEPES, 1 mM sodium pyruvate, and 20 uM 2-ME; all from Sigma-
Aldrich) using a 27-gauge needle. The cells were centrifuged and resus-
pended in PBS (pH 7.4). After determining the concentration of viable
cells with trypan blue exclusion on a hemacytometer, the cells were
centrifuged and resuspended in PBS. Ten million bone marrow cells in 200
il were injected i.v. into sublethally irradiated (7.5 Gy) wild-type BALB/c
mice. The mice were allowed to rest for at least 6 wk before the experi-
ments. The bone marrow chimeric mice were only used in the experiments
illustrated in Fig. 4.

Preparation of lung and bone marrow mononuclear cells

The mice were euthanized by an overdose of isoflurane (Schering-Plough,
Farum, Denmark) followed by dislocation of the neck. The lungs were
flushed with 10 ml PBS administered through the right ventricle of the heart.
A single-cell suspension was prepared by chopping the lungs with scalpel
blades and enzymatic degradation of tissue by 1500 U collagenase type IV
(Life Technologies, Paisley, Scotland, U.K.) in 10 ml complete RPMI
(described above) at 37°C. After 20 min, 30 ml complete RPMI was added.
The released cells were removed by pipetting, and the undigested tissue
was subjected to a total of three digestions. Released cells were centrifuged
for 10 min at 200 X g and resuspended in 44% Percoll (Sigma-Aldrich).
The solution was underlaid with 67% Percoll and the gradient was
centrifuged for 20 min at 500 X g. The Percoll gradient separation was
repeated for pooled cells from the second and the third digestion. Mono-
nuclear cells (MNC) from the interfaces were extracted by pipetting, washed
in complete RPMI, and viable cells were counted on a hemacytometer using
trypan blue exclusion. For preparation of bone marrow MNC, the femur and
tibia were obtained from the right hind leg. The bone marrow was flushed
out with complete RPMI and spun down for 10 min at 200 X g. The pellet
was subjected to one round of Percoll purification as described above.

Quantification of MCp

A 2-fold serial dilution of MNC in two 96-well tissue culture plates was
performed, starting at 20,000 cells per well in 24 wells. The MNC were
supplemented with 20-40 ng/ml IL-3 from X63 supernatant (17), 2040
ng/ml recombinant murine stem cell factor (PeproTech, Rocky Hill, NJ),
and feeder cells from 30 Gy gamma-irradiated total splenic cells. IL-3
concentration in X63 supernatant was measured by ELISA. After culture
for 10-12 d, the numbers of wells scored positive for colony growth were
counted, and the concentration of MCp was quantified as described earlier
(10, 12, 18).

Flow cytometry

Unless indicated, lung cells were preincubated with CD16/CD32 (2.4G2;
BD Biosciences, Franklin Lakes, NJ) in FACS buffer (PBS supplemented
with 2% heat-inactivated FCS) to prevent unspecific binding. The fol-
lowing Abs were used for identification of dendritic cells and alveolar
macrophages: I-A“-PE (AMS-32.1; BD Biosciences) and CDIlc-
allophycocyanin (HL3; BD Biosciences) or CD11c-PE-Cy7 (N418; eBio-
science, Hatfield, U.K.). To detect mature mast cells the following Abs were
used: c-Kit-PE-Cy7 (2B8; eBioscience) or c-Kit-Horizon V450 (2B8;
BD Biosciences), FceRIa-PE (MAR-1; eBioscience), CD34-Alexa 647
(RAM34; eBioscience), CD19-PE-Cy5 (eBiolD3; eBioscience), and CD3-
PE-Cy5 (17A2; BD Biosciences). Cultured MCp were stained with c-Kit-
PE-Cy7 (2BS8; eBioscience), FceRla-PE (MAR-1; eBioscience), and
CD11c-allophycocyanin (HL3; BD Biosciences). For analysis of splenic
basophil/MCp (BMCp), the unconjugated CD16/32 Ab was not used. These
cells were stained with lineage Abs CD3-PE-Cy5 (17A2; BD Biosciences),
CDI19-PE-Cy5 (eBiolD3; eBioscience), B220-PE-Cy5 (RA3-6B2; eBio-
science), CD4-PE-Cy5 (GK1.5; eBioscience), CD8b-PE-Cy5 (eBioH35-
17.2), and Gr-1-PE-Cy5 (RB6-8CS5; eBioscience) together with c-Kit-PE-
Cy7 (2B8; eBioscience), CD16/32-PE (2.4G2; BD Biosciences), integrin
B,-FITC (FIB504; eBioscience), and CD11c-allophycocyanin (HL3; BD
Biosciences). Appropriate fluorescence minus one samples with isotype
staining were used as controls. For detection of intracellular TNF-a, 2
million MNC were incubated at 37°C in 4 ml complete RPMI containing
0.2 wg PMA and 2 pg ionomycin (both from Sigma-Aldrich). After 1 h, 5.2
il GolgiStop (BD Biosciences) was added, and the cells were incubated for
another 2 h at 37°C. The cells were washed with FACS-buffer and stained
with I-A%biotin. After washing, the cells were stained with streptavidin-
FITC (eBioscience) and CDI11c-PE-Cy7. The cells were fixed and per-

CD11c* CELLS REGULATE LUNG MAST CELL NUMBERS

meabilized using Foxp3 fixation/permeabilization buffers (eBioscience) and
subsequently stained with TNF-a-PE (MP6-XT22; BioLegend, San Diego,
CA) or isotype control in permeabilization buffer (eBioscience).

Histology

Mice were euthanized on day 20 or 27 with an overdose of isoflurane
(Schering-Plough). The large left lung lobe was removed for flow cyto-
metric analysis, whereas the right lobes and tongue were fixed overnight by
immersion in 10% buffered, neutral formaldehyde. Tissues were processed
for routine histology and embedded in paraffin. Sections were cut at 4 pm
and stained with toluidine blue for mast cell identification. Cell profiles
having metachromatic granules in the cytoplasm were counted blindly
using the X40 objective. A Nikon Eclipse E600 microscope (Nikon,
Tokyo, Japan) equipped with a Nikon Digital Sight DS-Fil digital camera
was used for observation and photography.

Immunohistochemistry

The paraffin-embedded lung sections were deparaffinized, hydrated in
ethanol and water, and thereafter incubated with 30% hydrogen peroxide in
50 ml TBS (0.05 M Tris-HCI with 9% NaCl [pH 7.6]) for 20 min to in-
activate endogenous peroxidase. After washing three times in TBS, the
slides were heated in Dako Target Retrieval Solution (Dako, Glostrup,
Denmark) in a microwave oven (7 min at 750 W plus 14 min at 350 W).
VCAM-1 (H-276)/rabbit polyclonal IgG (sc-8304; Santa Cruz Biotech-
nology, Santa Cruz, CA) was diluted 1:30 in 1% BSA and detected using
EnVision+ system HRP/rabbit (K4003; Dako) according to the instructions
by the manufacturer. The difference in VCAM-1 staining of the lung en-
dothelium was blindly semiquantified by giving the sections a score be-
tween 0 and 4 (where 4 corresponded to intense staining of all vessels; 3,
strong staining of most vessels; 2, a few vessels strongly stained; 1, a few
vessels weakly stained; 0, no staining observed). For the score of 0 (no
staining), see the control staining in Fig. 5D.

Preparation of lung cells for quantification of mast cells with
flow cytometry

The left lung lobe was chopped with scalpel blades and enzymatically degraded
with 750 U collagenase IV in 2.5 ml complete RPMI for 20 min at 37°C. After
digestion, 10 ml complete RPMI was added, and the released cells were
centrifuged for 10 min at 200 X g. The remaining 2.5 ml was subjected to
another degradation, and all released cells were pooled, centrifuged for 10 min
at 200 X g, and resuspended in 1 ml RBC lysis buffer (0.16 M NH,CI, 10 mM
KHCO;, 1 mM EDTA in distilled H,O) for 1 min on ice. The cells were
washed in complete RPMI and resuspended in FACS buffer. After counting
the viable cells on a hemacytometer, cells were kept overnight at 4°C. The
next day, the cells were centrifuged for 10 min at 200 X g, resuspended in
FACS buffer, and 2 million cells were filtered through a nylon mesh into
FACS tubes. Cells were washed in FACS buffer and stained for mast cells
(described above in the paragraph headed Flow cytometry).

Statistics

The results were analyzed with Prism 5.0d (GraphPad Software). All
comparisons between groups were made by two-tailed Student ¢ tests,
except for Fig. 5C, which was analyzed by a two-tailed Mann—Whitney U
test. Correlations were made with a Pearson test. Means = SE of mean are
indicated in the figures, except for Fig. 5C, where the median is shown.
A p value <0.05 was considered significant.

Results
Lung dendritic cells and alveolar macrophages in CDI11c-DTR
mice are depleted by DT

To study the involvement of CD11c* cells in the Ag-induced re-
cruitment of MCp to the lung, we used CD11c-DTR mice that can
be transiently depleted of CD11c* cells by administration of DT.
The CD11c-DTR mice were sensitized with OVA-Alum on days
0 and 7 and subsequently divided into three groups: one was left
unchallenged, one was challenged with OVA aerosol on days 17—
19, and the third group was treated with DT during the challenge
phase (Fig. 1A). To test whether DT treatment led to depletion of
CDl11c* cells in our model, lung MNC from the three groups
were analyzed 24 h after the final challenge. Sensitized but not
challenged CD11¢c-DTR mice had low levels of CDI11c*MHC
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class I (MHC-I"™ dendritic cells. These cells increased both in
frequency and in total number after challenge (Fig. 1B-D), whereas
the frequency and total number of CD11c¢*MHC-II" alveolar macro-
phages were similar in the two groups (Fig. 1B, 1E, 1F). As expected,
the sensitized and challenged CD11c-DTR mice treated with DT
during the challenge phase had a severe reduction of both CD11¢*
MHC-II" dendritic cells and CD11¢*MHC-II' alveolar macrophages
(Fig. 1B-F). In summary, Ag challenge leads to a substantial increase
in CD11c*MHC-II" dendritic cells whereas CD11¢"MHC-II' alve-
olar macrophages are not significantly increased. Both cells types are
depleted after treatment with DT.

CDIIc* cells are required for Ag-induced MCp recruitment to
the lung

Analogous to previous observations in wild-type mice (10, 12),
sensitized and challenged CD11c-DTR mice that were not depleted

of CD11c" cells had a higher frequency and higher total numbers of
MCp per lung (368 * 58 MCp/10° MNC; 2964 = 381 MCp/lung)
than did mice that were sensitized but not challenged (28 = 5 MCp/
10® MNC; 72 + 22 MCp/lung) (Fig. 2A, 2B). Remarkably, when
CD11c" cells were depleted during the challenge phase, the MCp
recruitment to the lung was severely impaired (Fig. 2A, 2B). The
frequency of lung MCp was reduced with 78% and the total number
of MCp per lung with 74% as compared to sensitized and chal-
lenged mice not treated with DT. This substantial reduction was
specific because the DT treatment did not reduce the total number of
MNC in the lung (Fig. 2C).

Mast cells and their progenitors do not express CD11c and
they are not killed by DT

To ensure that the DT-induced effects on MCp recruitment were not
due to an unspecific toxic effect, we performed a series of control

A CD11c-DTR mice
. . OVA aerosol 1%
10piOVA|n1 mgAllin i.p. 30 mir/day
[ [ 1 T
day0 7 16 17 18 19 20
DTip. Analysis
B Sens Sens+Ch Sens+Ch+DT
AM (55 %) ‘DC (1.3 %)|  19* 108 AM (0.4 %) DC (0.1 %)

FIGURE 1. Lung dendritic cells and alveolar mac-
rophages are depleted by DT. (A) CD11c-DTR mice
were either only sensitized (Sens) to OVA, sensitized
and challenged (Ch) with OVA aerosol, or sensitized,
challenged, and treated with DT according to the
protocol. (B) Representative plots of flow cytometric
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FIGURE 2. CDl1c" cells are required for

CD11c* CELLS REGULATE LUNG MAST CELL NUMBERS

CD11c-DTR mice

Ag-induced MCp recruitment to the lung. A C
CDl11c¢-DTR mice were either only sensitized 800 > - 600 il il * ns
(Sens), sensitized and challenged (Ch), or o L . . 2 .
sensitized, treated with DT, and challenged. £ 600 2 400 " 31 . oo
. S =
One day after the third challenge, the fre- Q400 % 5 % = 1 .
5 4 g X 3+ F
quency (A) and total number (B) of lung MCp 5 00 % o = 200 " S - o
were assessed. (C) Number of MNC per lung. = o . RS %@ Z _E‘!:‘-_ .:
The graphs show 5-12 individual mice per @I c}l < 0 T T 3
group pooled from four independent experi- &F g D &° & L
%e? O &) © o
ments. *p < 0.05, **p < 0.01, ***p < 0.001, 66(\6 =4 &
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##%%p < 0.0001. The data represent the
means = SEM.

experiments. Our approach was to compare the effects of DT in
wild-type mice (which do not express the DTR and therefore should
not be affected by specific effects of DT) with those in CD11¢-DTR
mice. First, the effects of DT on CD11c¢* lung cell populations were
tested. The percentages of CD11¢*MHC-II" dendritic cells in the
sensitized, challenged, and DT-treated wild-type mice (Supple-
mental Fig. 1B) were comparable to those in sensitized and
challenged wild-type mice without DT treatment (Supplemental
Fig. 1A). Similarly, the same pattern was true for the percentage of
CD11c*MHC-II" alveolar macrophages (Supplemental Fig. 1C,
1D). This showed that DT treatment was not generally toxic to
CD11c* cells. As expected, the levels of CD11c™ cells in DT-
treated CD11c-DTR mice were severely reduced (Supplemental
Fig. 1B, 1D). Second, putative toxic effects of DT on Ag-induced
MCp recruitment were studied. Following DT treatment, wild-
type mice had more lung MCp than did CD11c-DTR mice, al-
though the MNC numbers were the same, suggesting that DT
treatment does not affect MCp recruitment in wild-type mice (Fig.
3A—C). Finally, four approaches were used to exclude that MCp or
mast cells express CD11c and that they therefore could be directly
depleted by DT treatment. First, to exclude that DT kills MCp
directly in vivo in the transgenic mice, MCp were quantified in the
bone marrow in parallel with the lung. Sensitized and challenged
CD11c-DTR mice treated with DT had similar total mast cell
capacity in the bone marrow compared with sensitized and chal-
lenged wild-type mice treated with DT (Fig. 3E). As expected,
because CD11c* cells populate the bone marrow, the number of
MNC was reduced (Fig. 3F) and the frequency of MCp was higher
(Fig. 3D) in the DT-treated CD11c-DTR mice subjected to the
OVA protocol. Second, a bipotent splenic BMCp population was
studied (19). These cells, identified as lineage ™ c-Kit*integrin [37hi
FeyRIVII™ (19), were negative for CD1lc surface expression
(Fig. 3G). Third, mature mast cells obtained from cultured lung
MCp were negative for CD11c expression (Fig. 3H). Fourth, to
exclude that DT nonspecifically depleted mature mast cells, the
tongue that contains a high number of mast cells also in naive
mice was chosen as a control organ. Clearly DT treatment of
sensitized and challenged CD11c-DTR mice did not deplete ma-
ture mast cells (Fig. 31-K).

In summary, DT treatment of wild-type mice did not lead to
depletion of CD11c* dendritic cells or CD11c* alveolar macro-
phages or to reduced MCp recruitment. Neither MCp nor mature
mast cells express detectable levels of CDl11c, and they are not
killed by DT in vivo.

CDIIc* cells are required for MCp recruitment to the lung in
sublethally irradiated wild-type mice reconstituted with
CD11c-DTR bone marrow

Previous studies have demonstrated that the Ag-induced recruit-
ment of lung MCp is followed by intraepithelial mast cells that

appear in the trachea 1 wk after challenge (11). To investigate
whether the absence of CD11c* cells during the challenge phase
leads to reduced numbers of mature mast cells in the airways, we
therefore had to wait 11 d after the first DT treatment. However,
CD11c-DTR mice die 6-7 d after DT injection owing to DTR
expression on nonhematopoietic cells (20). Therefore, we had to
generate bone marrow chimeric mice. Sublethally irradiated wild-
type mice were reconstituted with CD11c-DTR bone marrow and
then treated according to the protocol (Fig. 4H). The frequency
and total number of MCp and MNC in the lung increased with
challenge in sensitized CD11c-DTR chimeric mice (Fig. 4A—C) in
a similar way as observed in nonchimeric CD11c-DTR mice (Fig.
2). For unknown reasons the MCp frequency was 3-fold higher
and the total number of lung MCp was 7-fold higher in sensitized
and challenged CD11c-DTR chimeric mice than in nonchimeric
CD11c-DTR mice (compare Fig. 2A and 2B with Fig. 4A and
4B). Importantly, depletion of CD11c* cells with DT during the
challenge phase resulted in a markedly reduced recruitment of
MCp to the lung in chimeric CD11c-DTR mice (Fig. 4A, 4B),
similar to what was seen in the normal CD11¢c-DTR mice (Fig.
2A, 2B). Thus, overall the MCp recruitment in chimeric mice
closely resembled that in nonchimeric mice, making us confident
that this model is relevant for the study of mature mast cells.

CDIIc* cells are required for Ag-induced increase in mature
lung mast cells

To quantify the effect of CD11c* cell depletion on the appearance
of mature mast cells, the four right lung lobes from each mouse
were analyzed for mature mast cells with histology. Naive or only
sensitized CD11c-DTR chimeric mice had very few toluidine
blue-positive mast cells in their lungs (Fig. 4D, 4G). However,
after sensitization and challenge these numbers increased by 8-
fold (Fig. 4E, 4G). Interestingly, the newly recruited mature mast
cells were distributed in patches in the alveolar parenchyma (Fig.
4E). The increase in mast cells was dependent on the presence of
CD11c* cells, as it was completely abrogated after treatment with
DT (Fig. 4F, 4G). In parallel with the study of the lung sections,
mast cells in the left lung lobes were quantified with flow
cytometry. Mast cells were identified as non-autofluorescent
CD3 CD19 CD34"c-Kit"FceRI* cells (Fig. 4I). Sensitized and
challenged chimeric CD11¢c-DTR mice had 1518 = 397 mast cells
per 10° lung cells (Fig. 4J) and 4810 * 1039 mast cells per left
lung lobe (Fig. 4K). Depletion of CD11c" cells during the chal-
lenge phase led to a 65% reduction in the frequency of mast cells,
as well as a 57% reduction of mast cells per left lung lobe (Fig. 4],
4K). There was a strong correlation between the number of to-
luidine blue-positive mast cells in histological sections and the
mast cell numbers obtained by flow cytometry (Fig. 4L). In
summary, both MCp recruitment to the lung (measured 1 d after
challenge) and the number of mature mast cells in the lung
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The quantification of mast cells in each tongue
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0.01, ***p < 0.001. The data represent the
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(measured 8 d after challenge) were severely impaired in the ab-
sence of CD11c* cells during the challenge phase.

CDIIc* cells are required for Ag-induced VCAM-1 expression
on the lung endothelium

Ag-induced recruitment of lung MCp is dependent on the upregulation
of VCAM-1 on the endothelium (10). A possibility is that CD11c*
cells are crucial for MCp recruitment because they induce VCAM-1,
and therefore the VCAM-1 expression on the lung endothelium was
studied. Sections from Ag-sensitized and -challenged CD11c-DTR
mice displayed strong VCAM-1 staining (Fig. 5A, 5C). In contrast,
the VCAM-1 staining in CD11c-DTR mice that in addition were DT
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treated was considerably reduced (Fig. 5B, 5C), suggesting that
CDl1c* cells were required for upregulation of VCAM-1.

Lung CDI1c™ cells from Ag-sensitized and -challenged mice
produce TNF-«

Because TNF-« is a known inducer of VCAM-1 (21), the CD11c*
lung cells were analyzed for TNF-a by flow cytometry. Mice were
sensitized and challenged according to the protocol described in
Fig. 1A. Twenty-four hours after the last challenge, most of the
CD11c¢*MHC-II" dendritic cells and a substantial amount of the
CD11c¢*MHC-II" alveolar macrophages stained positive for TNF-
o (Fig. 6, bottom).
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FIGURE 4. CDll1c" cells are re-
quired for Ag-induced increase in
mature lung mast cells. CD11¢c-DTR
bone marrow cells were transferred
to sublethally irradiated wild-type
mice. The mice were allowed to rest
for 6 wk and then either only sensi-
tized (Sens), sensitized and chal-
lenged (Ch), or sensitized, treated
with DT, and challenged according

to the protocol (H). One day after the ot
third challenge, the frequency (A) Clls
and total number (B) of lung MCp
were assessed. (C) Number of MNC
per lung. The graphs in (A)—(C)
represent 4—16 individual mice per e

group pooled from five independent
experiments. On day 27, mice were
analyzed for mature mast cells with
histology. (D-F) Toluidine blue-
positive mast cells in representative

lung sections. The fop panels are : ey

magnifications of the lower panels.
Scale bars: top panels, 50 pm; lower

panels, 100 pm. (G) Mean number G é 800
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per group pooled from three inde- 27y 400
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indicated in (I). The gray histogram \
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control sample with isotype staining.
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Discussion

In agreement with earlier studies (14, 22), our data show that Ag
challenge increases the number of CD11c* lung dendritic cells
whereas the CD11c¢* alveolar macrophages remain at a constant
level. To quantify lung MCp, the MNC fraction is collected
mainly to remove mature mast cells and the numerous eosinophils.
Interestingly, depletion of CD11c* cells did not affect the total
number of MNC, although it dramatically reduced the numbers of
MCp. In the previous studies of the impact of CD11c™ cells on the
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allergic response in the lung, no attempts to measure MCp or
mature mast cells were made. In this study, we demonstrate that
depletion of CD11c* cells severely inhibited the Ag-induced re-
cruitment of lung MCp. We wanted to test whether the inhibition
of MCp recruitment to the allergic lung translated into a reduction
also in the numbers of mature mast cells. Similarly to wild-type or
CD11¢c-DTR mice, irradiated wild-type mice reconstituted with
CD11c-DTR bone marrow had increased numbers of lung MCp
after sensitization and challenge that was diminished with DT
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CD11¢-DTR mice

FIGURE 5. CDlIc" cells are required for Ag-induced VCAM-1 ex-
pression on the lung endothelium. CD11¢c-DTR mice were either sensitized
(Sens) and challenged (Ch) or in addition treated with DT according to the
protocol in Fig. 1A. Six to twenty-four hours after the third challenge, mice
were analyzed for VCAM-1 expression on the lung endothelium with
immunohistochemistry. (A and B) VCAM-1 staining of representative lung
sections. The scale bars to the left in (A) and (B) correspond to 100 wm,
whereas the scale bars to the right correspond to 50 wm. (C) Semi-
quantification of VCAM-1 expression of seven individual mice per group
pooled from two independent experiments. The median and all data points
are shown. *p < 0.05. (D) Control staining of the sequential lung section
of the right panel shown in (A). This section was stained according to the
protocol but without the primary Ab. Scale bar, 50 pwm.

treatment. A highly reproducible and unexpected finding was that
they had 3-fold higher frequency and 7-fold more lung MCp than do
nonchimeric CD11c-DTR mice after sensitization and challenge.
We speculate that the increased level of MCp in CD11c-DTR chi-
meric mice is partly due to a greater capacity of CD11c-DTR bone
marrow to form the mast cell lineage. Additionally, the adoptive
transfer may affect the site of “storage” of MCp, which may cause
an easier release of MCp into the blood upon challenge. However,
this effect worked in our favor because for the first time, a tremen-
dous increase in mature lung mast cells could be observed with this
mild and acute protocol. The mature mast cells in sensitized and
challenged chimeric CD11c-DTR mice were localized to the alve-
olar parenchyma. Interestingly, patients with atopic uncontrolled
asthma also have more mast cells in the alveolar parenchyma as
compared with healthy controls (5). Remarkably, sensitized mice
that lacked CD11c¢" cells during the challenge phase had signifi-
cantly fewer mast cells 8 d after challenge. In fact, the numbers
were as low as those seen in naive or only sensitized mice.
Because the effects of depleting mice of CD11c™ cells with DT
had such a dramatic impact on the number of MCp, and later on

CD11¢c-DTR mice
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FIGURE 6. Lung CDI1c" cells from Ag-sensitized and -challenged
mice produce TNF-a. CD11c-DTR mice were sensitized (Sens) and
challenged (Ch). One day after the third challenge, lung MNC were
extracted and stimulated with PMA/ionomycin. The cells were stained for
the surface markers CD11c and MHC-II, and intracellularly for TNF-a.
TNF-a expression is shown for CD11c*MHC-II'® alveolar macrophages
and CD11c*MHC-II" dendritic cells. Fluorescence minus one control
sample with isotype staining is shown in gray. Analysis of TNF-a ex-
pression on CD11c* cells in sensitized and challenged mice was performed
in two independent experiments with similar results.

the number of mature mast cells in the allergic lung, we performed
control experiments to exclude possible direct effects of DT on
mast cells and their progenitors. Our experiments altogether show
that the reduced Ag-induced recruitment of MCp is not due to an
unspecific toxic effect of the DT or to direct deletion of MCp or
mast cells via CD11c-DTR. Rather, CD11c¢™ cells are required for
Ag-driven recruitment of lung MCp. In support of our data, other
studies have demonstrated that mast cells do not express CD11c
(23, 24).

An interesting question is why CD11c* cells are required for
Ag-induced MCp recruitment to the lung. One candidate molecule
that could cause such a dramatic decrement in Ag-induced MCp
recruitment to the lung is VCAM-1 (10, 11). Mice lacking en-
dothelial VCAM-1, or mice treated with Abs blocking VCAM-1
during the challenge phase, had severely impaired MCp recruit-
ment to the lung when our protocol to induce lung inflammation
was used (10). In this study, we observed a striking decrease in
VCAM-1 staining in DT-treated CD11c-DTR mice as compared
with controls not treated with DT. The impaired induction of
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VCAM-1 after treatment with DT constitutes a likely explanation
for the impaired Ag-induced MCp recruitment in mice lacking
CD11c" cells. However, we cannot exclude that other mechanisms
operating in parallel may be contributing to the reduction of Ag-
induced MCp recruitment.

The next question was why depletion of CD11c* cells during
the challenge phase led to impaired upregulation of endothelial
VCAM-1. One possibility is that VCAM-1 upregulation is de-
pendent on a full-blown Th2 response, which will be abrogated
in CD11c* cell-depleted CD11c-DTR mice subjected to the ex-
perimental OVA model (14). Similarly, the Th2 response was
hampered upon transient CD11c* cell depletion in house dust mite-
induced experimental asthma and the priming phase of Schisto-
soma mansoni infection (25, 26). In fact, both IL-4 and IL-13 can
induce VCAM-1 expression (27, 28). However, the Th2 cytokines
IL-4, IL-5, and IL-13 are dispensable for the recruitment of MCp,
at least when the cytokines are knocked out or neutralized one by
one (29). Thus, the inhibition of Ag-induced MCp recruitment is
not likely due to a reduced induction of Th2 cytokines in the mice
transiently devoid of CD11c™ cells, although we cannot completely
rule out that possibility. A cytokine that is known to be required for
optimal MCp recruitment to the allergic lung is IL-9. However,
neither mice treated with blocking Ab to IL-9 nor IL-9—deficient
mice have reduced VCAM-1 expression on the vascular endothe-
lium using the same model of Ag-induced allergic inflammation
(29). Another cytokine that is crucial for the onset of allergic
responses in mouse models of allergic airway inflammation is
TNF-a (8, 30). TNF-a is a well-known and potent inducer of
VCAM-1 (21). Recently, CDI11c* dendritic cells and alveolar
macrophages were shown to be the major sources of TNF-a in
a mouse model of Aspergillus fumigatus-induced airway inflam-
mation (13). In agreement with this finding, lung CD11c* dendritic
cells and alveolar macrophages produce TNF-a in our model.
Thus, a possible explanation for the reduced VCAM-1 expression
may be that the reduction of CD11c* cells leads to a reduction of
TNF-a and, hence, less VCAM-1 upregulation. However, there are
other powerful VCAM-1 inducers, one of which is the proin-
flammatory cytokine IL-1 (21). Furthermore, CD11c* dendritic
cells and alveolar macrophages also produce the chemokines
CXCL1 (KC) and CXCL2 (MIP-2), which bind to CXCR2 (31).
Stromal expression of CXCR2 is required for upregulation of
VCAM-1 on the endothelium and in turn for Ag-induced recruit-
ment of lung MCp (11). Therefore, these chemokines also are
likely to be involved in the CD11c* cell-dependent upregulation of
VCAM-1. These observations suggest that regulation of VCAM-1
expression is extremely complex, and probably several mecha-
nisms operate redundantly.

To find out whether CD11c* dendritic cells, alveolar macro-
phages, or both cell types are required for Ag-induced MCp re-
cruitment, a large number of adoptive transfer experiments were
performed (data not shown). Ag-sensitized and -challenged DT-
treated CD11¢c-DTR mice were reconstituted with various CD11¢*
cell populations. We tried unpulsed or OVA-pulsed dendritic
cells and/or alveolar macrophages given by either intratracheal,
i.v., and/or i.p. injection. We have also given DT by intratracheal
injection and reconstituted through the same route. (Note that
when DT is given by intratracheal injection instead of i.p., the Ag-
induced MCp recruitment response is inhibited to the same de-
gree.) However, these procedures all failed to repopulate the lungs
with the CD11c* cells as judged by flow cytometry. Not surpris-
ingly, they also failed to rescue the MCp recruitment. It seems to
be notoriously difficult to reconstitute the cells to the right place
by adoptive transfer. To our knowledge, only one study has suc-
ceeded with adoptive transfer of dendritic cells to DT-depleted

CD11c* CELLS REGULATE LUNG MAST CELL NUMBERS

CD11¢c-DTR mice (14). However, in that study (14), unlike in
our attempts, the CD11c-DTR mice were sensitized with OVA-
pulsed dendritic cells of wild-type origin. Thus, the dendritic cells
used for sensitization were not depleted by DT, and possibly the
presence of wild-type dendritic cells makes it easier to restore the
allergic response.

In summary, it seems likely that depletion of CD11c* dendritic
cells and alveolar macrophages leads to insufficient amounts of
several cytokines and chemokines being produced in the allergic
lung. This causes impaired VCAM-1 upregulation, which is
a prerequisite for Ag-induced MCp recruitment and subsequent
accumulation of lung mast cells. Our study also suggests that
CD11c* cells should be considered as targets in the treatment of
patients with allergic asthma.
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Supplemental Figure 1. Diphtheria toxin treatment of wild type mice does not
deplete CD11c" cells.

Lung MNC were isolated and CD11¢" MHC-II" dendritic cells as well as CD11¢” MHC-
11 alveolar macrophages were quantified with flow cytometry on day 20 according to the
protocol in Fig. 14. (A) CD11c" MHC-II" dendritic cells were quantified in only
sensitized (Sens) or sensitized and challenged (Ch) wild type (WT) mice. (B) CD11c"
MHC-II" dendritic cells were quantified in sensitized, challenged and DT treated wild
type mice or CD11¢-DTR mice. (C) CD11c" MHC-II" alveolar macrophages were
quantified in only sensitized or sensitized and challenged wild type mice. (D) CD11c"
MHC-II” alveolar macrophages were quantified in sensitized, challenged and DT treated
wild type mice or CD11c-DTR mice. (A) and (C) show 5 individual mice per group
pooled from two independent experiments. (B) and (D) show 3 to 4 individual mice per
group from one experiment. *P<0.05, **P<0.01, ***P<0.001, ns=not significant. The

data represent the mean = SEM.
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