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The induction of allergen-specific T helper 2 (Th2) cells by lung
dendritic cells (DCs) is a critical step in allergic asthma development.
Airway delivery of purified allergens or microbial products can
promote Th2 priming by lung DCs, but how environmentally relevant
quantities and combinations of these factors affect lung DC function
is unclear. Here, we investigated the ability of house dust extract
(HDE), which contains a mixture of environmental adjuvants, to
prime Th2 responses against an innocuous inhaled antigen. Inhala-
tional exposure to HDE conditioned lung conventional DCs, but not
monocyte-derived DCs, to induce antigen-specific Th2 differentiation.
Conditioning of DCs by HDE was independent of Toll-like receptor 4
signaling, indicating that environmental endotoxin is dispensable for
programming DCs to induce Th2 responses. DCs directly treated with
HDE underwent maturation but were poor stimulators of Th2 differ-
entiation. In contrast, DCs treated with bronchoalveolar lavage fluid
(BALF) from HDE-exposed mice induced robust Th2 differentiation.
DC conditioning by BALF was independent of the proallergic cyto-
kines IL-25, IL-33, and thymic stromal lymphopoietin. BALF treat-
ment of DCs resulted in upregulation of CD80 but low expression of
CD40, CD86, and IL-12p40, which was associated with Th2 induc-
tion. These findings support a model whereby environmental adju-
vants in house dust indirectly program DCs to prime Th2 responses by
triggering the release of endogenous soluble factor(s) by airway cells.
Identifying these factors could lead to novel therapeutic targets for
allergic asthma.

dendritic cells; allergic asthma; T helper 2 responses; environmental
allergens; house dust

ALLERGIC ASTHMA IS A CHRONIC LUNG DISEASE characterized by
allergen-induced airway inflammation and hyperresponsive-
ness (28). In addition to genetic susceptibility, environmental
factors play a central role in asthma development (37). There is
growing evidence that immunogenic agents within the living
environment, including allergens and microbial products, can
impact the risk for atopy and asthma (1, 11). Studies in rodents
have shown that allergens and Toll-like receptor (TLR) ligands
can act as adjuvants and promote sensitization to inhaled
innocuous antigens, resulting in allergic airway inflammation
upon subsequent antigen exposure (14, 33, 55, 57, 58). How-
ever, such studies typically involve airway delivery of either
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purified TLR ligands or high doses (up to 100 wg) of a single
allergen and therefore are unlikely to simulate natural human
exposure. For example, indoor environmental sampling sug-
gests that humans are exposed to a complex mixture of aller-
gens, microbial-derived products, and pollutants (1, 19, 20).
Additionally, personal air samplers suggest that individuals
generally inhale only nanogram quantities of allergen daily
(13, 43). To address these limitations, some investigators have
employed extracts of common house dust in airway sensitiza-
tion models. House dust extracts (HDE) contain an environ-
mentally relevant mixture of several indoor allergens (e.g., dust
mite, cockroach, and pet dander) and microbial products (4). In
contrast, commercial allergen extracts, such as those prepared
from dust mites, contain large quantities of a single purified
allergen. Thus airway sensitization models using HDE more
accurately mimic the complex indoor environment to which
individuals are normally exposed. In addition to indoor aller-
gens, HDE also possess T helper 2 (Th2) adjuvant activity, as
demonstrated by their ability to promote allergic adaptive
immune responses to innocuous inhaled antigens (35, 57). An
improved mechanistic understanding of how environmental
adjuvants in house dust promote allergic sensitization should
facilitate the development of more effective strategies for
asthma prevention.

Sensitization to allergens is characterized by the develop-
ment of allergen-specific Th2 cells, which mediate allergic
inflammation through the production of type 2 cytokines,
including IL-4, IL-5, and IL-13 (41). Th2 cell differentiation is
orchestrated by signals from pulmonary dendritic cells (DCs),
which capture and present inhaled antigens to naive T cells
(25). DCs express an array of innate receptors that allow them
to directly sense immunogenic stimuli in the extracellular
environment and initiate immune responses tailored to specific
types of pathogens (42). Several pathogen-associated molecu-
lar patterns can directly stimulate DCs to produce IL-12 and
IL-23, which promote the differentiation of Thl and Thl17
cells, respectively (42). However, whether Th2-promoting ad-
juvants can also directly program DCs to induce Th2 responses
remains unclear. Several stimuli, including allergens (12, 23,
47), fungal products (26), and helminth-derived molecules (10,
50), have been reported to directly stimulate DCs to induce
Th2 cells. In contrast, other studies have found that Th2
adjuvants initially activate nonhematopoietic structural cells,
which secrete factors that condition DCs to prime Th2 re-
sponses. For example, dust mite allergen is reported to signal
through TLR4 on airway structural cells, stimulating produc-
tion of cytokines such as IL-25, IL-33, and thymic stromal
lymphopoietin (TSLP), which then program lung DCs to in-
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duce Th2 differentiation (17, 24). Whether environmentally
relevant adjuvants in HDE condition DCs through a direct or
indirect mechanism is unknown.

Pulmonary DCs are a heterogeneous group of antigen-
presenting cells that can be categorized as either conventional
DCs (cDCs) or monocyte-derived DCs (moDCs) based on their
developmental lineage (44). Lung c¢DCs are derived from
Fms-like tyrosine kinase 3 ligand (FLT3L)-dependent DC
precursors and are divided into two major subsets based on
reciprocal expression of the integrins a-E (CD103) and o-M
(CD11b) (51). Conversely, lung moDCs arise from circulating
monocytes that enter the lung parenchyma under steady-state
or inflammatory conditions (27, 31). Lung moDCs also express
CD11b but can be distinguished from CD11b" c¢DCs by
expression of the complement 5a receptor 1 (C5aR1/CD88)
(34) or Fc-vy receptor 1 (CD64) (39, 45). The relative contri-
bution of cDCs and moDCs for inducing Th2 responses against
inhaled allergens has been an area of debate. Although the role
of CD103" and CD11b™ ¢DCs in allergic airway inflammation
depends on the model used, both types of DCs can induce Th2
responses against indoor allergens (33, 39, 60). Inflammatory
moDCs have also been reported to induce Th2 responses
against dust mite allergen (18, 39), particularly at high antigen
concentrations (39). The primary DC subset responsible for
inducing Th2 responses following exposure to environmentally
relevant adjuvants found in HDE remains unknown.

In the present study, we investigated the mechanisms by
which inhalational exposure to HDE promotes Th2 responses.
We found that exposure to HDE conditioned lung ¢DCs, but
not moDCs, to induce Th2 cells. DCs treated with bronchoal-
veolar fluid (BALF) from HDE-exposed mice induced robust
Th2 differentiation, suggesting that HDE elicited the release of
soluble factors by airway cells, which in turn conditioned DCs
to prime Th2 cells. In contrast to previous studies using
purified dust mite allergen, we found that the cytokines IL-25,
IL-33, and TSLP were individually dispensable for condition-
ing DCs following HDE exposure. BALF treatment of DCs
resulted in marked upregulation of CD80 but only modest
induction of CD40, CD86, and IL-12p40, which was associ-
ated with Th2 induction. Overall, our findings suggest that the
mechanisms for DC conditioning following exposures to high
doses of purified allergens might be different than those un-
derlying sensitization to more environmentally relevant
amounts of allergens and adjuvants.

MATERIALS AND METHODS

Mice. C57BL/6] and OT-II [C57BL/6-Tg(TcraTcrb)425Cbn/J]
male mice were purchased from Jackson Laboratories (Bar Harbor,
ME). 11337/~ [1I33'm1(KOMP)Vieg] wwere obtained from the trans-NIH
Knock-Out Mouse Project (KOMP) Repository (www.komp.org).
Mice were housed in specific pathogen-free conditions at the National
Institute of Environmental Health Sciences (NIEHS) and used be-
tween 6 and 12 wk of age. All experiments were approved by the
Institutional Animal Care and Use Committee of the National Institute
of Environmental Health Sciences.

Flow cytometric analysis. Cells were incubated with a nonspecific
binding blocking reagent cocktail of anti-mouse CD16/CD32 (2.4G2)
and normal mouse and rat serum (Jackson ImmunoResearch, West
Grove, PA) for 5 min. For staining of surface antigens, cells were
incubated with fluorochrome [allophycocyanin (APC), APC-Cy7,
Alexa Fluor 488, Alexa Fluor 647, eFluor 450, eFluor 605 NC,
APC-eFluor 780, FITC, PerCP-Cy5.5, or phycoerythrin (PE)] or

L1209

biotin-conjugated antibodies against mouse B220 (HIS24), CD3e
(145-2C11), CD8a (56-6.7), CD8p (53-5.8), CD11b (M1/70), CD11c
(N418), CD19 (6D5), CD40 (1C10), CD49b (DXS5), CD80 (16-10A1),
CD86 (GL1), CD88 (20/70), CD103 (M290), Ly-6C (AL-21), Ly-6G
(1A8), myosin heavy chain (MHC) class II I-Ab (AFb.120), and
TER-119 (BD Biosciences, San Jose, CA; BioLegend, San Diego,
CA; and eBioscience, San Diego, CA). Staining with biotinylated
antibodies was followed by incubation with fluorochrome-conjugated
streptavidin. Stained cells were analyzed on a five-laser LSRII (BD
Biosciences) or sorted on a four-laser ARIA-II flow cytometer
(BD Biosciences), and the data were analyzed using FACS Diva (BD
Bioscience) and FlowJo (Treestar, Ashland, OR) software. Dead cells
were excluded based on their forward and side scatter. Only single
cells were analyzed.

HDE. HDE was prepared as previously described (46). Briefly,
vacuumed dust samples were passed through a coarse sieve, weighed,
and then extracted at 100 mg/ml with PBS at 4°C with mild agitation
for 16 h. The samples were centrifuged to remove insoluble debris,
and supernatants were sterilized by passage through a 0.22-pm filter.
Endotoxin levels were assayed by a Limulus amebocyte lysate assay
(Lonza, Karlsruhe, Germany), and allergens were measured using a
multiplex array for indoor allergens (MARIA; Indoor Biotechnolo-
gies, Charlottesville, VA), according to the manufacturer’s instruc-
tions. Titration studies revealed that airway delivery of 10 wl of HDE,
which contained 4.56 ng Der f 1,0.07 ng Feld 1,0.13ng Canf 1, 0.13
ng Bla g 2, and 21.28 endotoxin units, was sufficient to sensitize mice
to inhaled antigen (55).

Allergic sensitization. Mice were anesthetized by isoflurane inha-
lation and given 100 g of endotoxin-free ovalbumin (OVA) (Profos,
Regensburg, Germany) with either PBS diluent alone, 10 wl of HDE,
10 ng polyinosinic-polycytidylic acid [poly(I:C)] (InvivoGen, San
Diego, CA), or 120 ng Aspergillus oryzae protease (Sigma, St. Louis,
MO) in a total volume of 50 pl by oropharyngeal aspiration as
previously described (57, 58). In some experiments, mice received
endotoxin-free OVA labeled with Alexa Fluor 647 (Invitrogen, Grand
Island, NY) by oropharyngeal aspiration to measure antigen uptake by
lung DCs.

Generation of FLT3L-derived ¢cDCs. Marrow was collected from
pulverized bones, and red blood cells were lysed with 0.15 M
ammonium chloride and 1 mM potassium bicarbonate. Bone marrow
(BM) cells were then cultured in complete RPMI media [RPMI 1640,
10% FBS (Gemini, West Sacramento, CA), penicillin/streptomycin,
and 50 ng/ml B-mercaptoethanol] supplemented with either 100—-200
ng/ml recombinant human FLT3L to generate FLT3L-derived cDCs
(FL-cDCs). Recombinant human FLT3L was produced by the NIEHS
Protein Expression Core Facility using previously described methods
(21). Media was replaced every 3-5 days, at which time fresh FLT3L
was also added. Cells were harvested on days 7-9, incubated with
murine CD11c microbeads (Miltenyi, Auburn, CA), and finally iso-
lated with an automated magnet-activated cell sorter (AutoMACS) to
a purity of >90% CDI11c™ cells.

Isolation of lung DC subsets. Lung DC subsets were isolated and
purified by flow cytometry-based sorting to a purity of >95% as
previously described (30, 32). Briefly, at 16 h following allergic
sensitization, lungs were harvested, minced, and digested with Lib-
erase TM (100 wg/ml; Roche, Indianapolis, IN), collagenase XI (250
prg/ml), hyaluronidase 1a (1 mg/ml), and DNase I (200 p.g/ml; Sigma)
for 1 h at 37°C. The digested tissue was passed through a 70-pm
nylon strainer to obtain a single-cell suspension. DCs were enriched
by discontinuous phase-density centrifugation with 16% Nycodenz
(Accurate Chemical, Westbury, NY) before antibody staining. Total
lung DCs were identified as CD11cPMI-AP(MHC-II)Mautofluorescent
lung cells. In some experiments, lung DC subsets were isolated from
naive (unsensitized) mice.

Treatment of DCs with HDE and BALF from HDE-treated mice.
Mice were allowed to inhale 10 pl of HDE or the vehicle PBS in a
total volume of 50 wl. Following euthanasia 5-6 h later, lungs were
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lavaged with 1 ml of media. After centrifugation to remove airway
cells, BALF was sterilized by passage through a 0.22-pum filter.
Purified CD11c™ FL-cDCs or sorted lung cDCs were incubated for 24
h with BALF (50% vol/vol) or with 1% vol/vol HDE. In some
experiments, 10 pg/ml of neutralizing polyclonal anti-mouse TSLP
(R&D Systems Minneapolis, MN) (36), neutralizing monoclonal
anti-mouse IL-17E/IL-25 (Clone 50104, R&D Systems), or isotype
control antibodies were added to DC cultures during BALF treatment.
The HDE- or BALF-treated DCs were extensively washed before
their analysis or use in T-cell coculture experiments.

Coculture of naive T cells with DCs. Naive CD4" T cells
(CD8a: CD8B CD11b CDl1lc  CD19~ CD44°B220 CD49b 1-A~
Ly-6C/G™TER1197) were prepared from pools of lymph nodes and
spleens of OT-II mice by negative selection using specific antibodies
and an AutoMACS system (Miltenyi). Naive CD4™ T cells (5 X 10*
per well) were cultured with purified lung DCs (6.25 X 103 per well)
from OV A-treated mice in 200 pl complete IMDM medium contain-
ing 10% FBS (certified; Life Technologies, Grand Island, NY), 50
M B-mercaptoethanol, penicillin, and streptomycin in a 96-well
U-bottom plate (BD Biosciences) in a CO, incubator. In some
experiments, naive T cells were cultured with CD11c¢* FL-cDCs or
sorted lung DCs in the presence of 10 nM OV As3»3_339 peptide (New
England Peptide, Gardner, MA). Proliferation was inferred from
recovery of viable (Trypan blue negative) T cells after 5 days of
coculture. Equal numbers of viable cells (I X 10° cells/well) were
then stimulated for 24 h with plate-bound antibodies to CD3e (1
pg/ml) and CD28 (1 pg/ml). Cytokines in supernatants of these
cultures were measured by ELISA using specific antibodies against
IFN-y (R4-6A2 and XMG1.2), IL-4 (11B11 and BVD6-24G), and
IL-13 (eBiol3A and eBiol316H).

c¢DNA amplification and analysis. Total RNA was isolated from
cells using TRIzol reagent (Life Technologies) and converted to
cDNA with oligo dT and random hexamer primers using MuLV
reverse transcriptase (Life Technologies). PCR amplification was
performed using KiCqStart SYBR Green Primers (Sigma) specific for
1112b and Gapdh with Power SYBR Green PCR Master Mix (Life
Technologies) and an Mx3000P quantitative PCR (QPCR) system
(Agilent Technologies, Santa Clara, CA). The efficiency-corrected
ACt for each gene was determined and normalized to Gapdh expres-
sion.

Statistics. Data are expressed as means * SD. Statistical differ-
ences between groups were calculated using a two-tailed Student’s
t-test, unless indicated otherwise. P < 0.05 was considered signifi-
cant.

RESULTS

Lung c¢DCs, but not moDCs, induce Th2 differentiation
following HDE exposure. We have previously shown that airway
exposure to HDE primes Th2 responses against innocuous inhaled
antigens (57). Although both lung ¢cDCs and moDCs have been
reported to induce Th2 responses to purified dust mite allergen,
the DC subset primarily responsible for priming Th2 responses
following HDE inhalation is unknown. We first sought to char-
acterize the DC subsets present in the lungs of HDE-exposed
mice. Lung DCs can be divided into four main subsets based on
their lineage and surface marker expression: CD11b°CD103"
¢DCs (CD103" ¢cDCs), CD11b"CD103" ¢DCs (CD11b" cDCs),
CD11b"MCD88MLy6C™ resident moDCs (CD88"™ moDCs), and
CD11bMCD88MLy6CM inflammatory moDCs (Ly6C™ moDCs)
(30, 34). Under steady-state conditions, CD103" cDCs were the
major subset of DCs present in the lungs of C57BL/6 mice, being
approximately twofold more abundant than CD11b™ DCs (Fig.
1A). Further analysis of the CD11b" fraction indicated that the
majority were CD11b™ c¢DCs, with a smaller fraction of

AIRWAY-DERIVED FACTORS PROGRAM DCs TO INDUCE Th2 RESPONSES

CD88" moDCs (Fig. 14). As previously reported (27, 31),
Ly6CM moDCs were absent from the lungs under steady-state
conditions (Fig. 14). Following inhalational exposure to HDE,
the frequency of CD11b™ DCs increased dramatically because
of an influx of Ly6CM moDCs (Fig. 14). The frequencies of
CD103" ¢DCs, CD11bM ¢DCs, and CD88" moDCs in the
lungs decreased following HDE exposure (Fig. 1A). However,
the absolute numbers of these DC subsets did not significantly
change (Fig. 1B), indicating that the decreased frequencies
were secondary to an influx of Ly6C"™ moDCs and not attrib-
utable to cell death or emigration from the lungs.

Having identified the different DC populations present in the
lungs of HDE-exposed mice, we next evaluated the ability of
each DC subset to prime Th2 responses. HDE was instilled into
the airways of C57BL/6 mice together with endotoxin-free
OVA, which alone is not allergenic and can therefore be used
to test adjuvant activity of HDE. Sixteen hours later, lung DC
subsets were isolated, and each subset was cultured with
OV A-specific naive CD4™ T cells to assess Th cell polariza-
tion. We found that CD103" ¢DCs and CD11b* ¢cDCs potently
induced naive T-cell proliferation and production of IL-4 and
IL-13, consistent with Th2 polarization (Fig. 1C). T cells
stimulated by lung cDCs also produced IFN-v, indicating that
HDE exposure induces a mixed Thl/Th2 response. Con-
versely, neither CD88" moDCs nor Ly6C"™ moDCs induced
significant naive T-cell proliferation or cytokine production
(Fig. 1C). Naive T cells stimulated with either lung cDCs or
moDCs did not secrete significant levels of IL-17A (data not
shown), suggesting that HDE exposure does not stimulate
strong Th17 responses. The inability of moDCs to stimulate
naive T cells was not due to a lack of MHC class II expression
(Fig. 1D). Furthermore, both CD88" and Ly6CM moDCs
readily acquired OVA from the airways, indicating that their
inability to stimulate naive T cells was not due to poor antigen
uptake (Fig. 1E). Taken together, these data suggest that lung
moDCs are intrinsically poor stimulators of naive T cells and
that lung cDCs are responsible for inducing Th2 polarization
following HDE exposure.

HDE efficiently conditions lung c¢DCs in vivo to prime Th2
responses. Our data suggested that environmental adjuvants in
HDE conditioned lung DCs to promote Th2 responses against
an innocuous inhaled antigen. We further investigated the Th2
adjuvant activity of HDE by comparing it to Aspergillus
protease (Asp), which has previously been shown to promote
Th2 responses against OVA when codelivered to the airways
(22). As expected, CD103" and CD11b" cDCs from Asp/
OVA-treated mice induced significantly higher levels of IL-4
and IL-13 production by OVA-specific T cells compared with
¢DCs from PBS/OVA-treated mice (Fig. 24). Lung CD103™
and CD11bM ¢DCs from Asp/OVA-treated mice differed in
their ability to induce OVA-specific T-cell proliferation and
IFN-vy production, suggesting that these DC subsets may be
differentially responsive to the adjuvant activity of Asp. Im-
portantly, lung ¢cDCs from HDE/OVA-treated mice induced
equivalent if not slightly higher IL-4 and IL-13 production by
T cells compared with lung cDCs from Asp/OV A-treated mice
(Fig. 2A). Thus the ability of HDE to condition lung DCs to
prime Th2 responses was comparable to other known Th2
adjuvants.

We next investigated whether lung ¢cDCs are intrinsically
biased to induce Th2 responses irrespective of the type of
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Fig. 1. Lung conventional dendritic cells (¢cDCs), but not monocyte-derived DCs (moDCs), induce T helper 2 (Th2) differentiation following house dust extract
(HDE) exposure. A: flow cytometric analysis of lung DC subsets 16 h after airway installation of HDE or PBS. Numbers represent the frequency of cells within
each gate. Data are from a single experiment, representative of 4 experiments. B: total number of individual lung DC subsets in C57BL/6 mice following HDE
(solid bars) or PBS (open bars) exposure. Bars represent the means = SD of combined data from 4 experiments. C: Th cell polarization by lung DCs. The
indicated lung DC subsets were isolated from C57BL/6 mice by flow cytometry 16 h after instillation of HDE/ovalbumin (OVA) and cultured with naive CD4
T cells prepared from OT-II mice to induce Th cell differentiation. Bars represent the means *= SD of duplicate wells. Data are from 1 experiment, representative
of 4 experiments. D: flow cytometric analysis of I-A® (major histocompatibility complex II, MHC-II) expression on lung DCs following airway installation of
HDE. Bars represent the mean fluorescence intensity (MFI) = SD (n = 3 mice per group). Data are from a single experiment, representative of 2 experiments.
E: flow cytometric analysis of lung DCs following airway installation of HDE and fluorescent OVA-AF647 antigen. The graph depicts the percentage of DCs
that have taken up OVA-AF647 antigen. Bars represent the means = SD (n = 3 mice per group). ***P < 0.001.
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adjuvant to which they are exposed. To address this ques-
tion, we studied DCs prepared from mice that had received
airway instillation of OVA together with either HDE or the
viral mimetic poly(I:C), which has been reported to promote
Thl responses (49). CD103" and CD11" ¢DCs prepared
from HDE/OVA- and poly(I:C)/OV A-treated mice induced
equivalent OV A-specific T-cell proliferation (Fig. 2B) com-
pared with ¢cDCs from PBS/OVA-treated control mice, in-
dicating that both stimuli resulted in similar DC maturation
and antigen presentation. However, lung ¢cDCs from poly(I:
C)/OV A-treated mice induced lower levels of IL-4 and
IL-13 by OVA-specific T cells compared with cDCs from
HDE/OV A-treated mice (Fig. 2B). Lung ¢cDCs from poly(I:
C)/OVA-treated mice did induce T-cell production of
IFN-v, indicating that poly(I:C) possessed Thl adjuvant
activity (Fig. 2B). Taken together, our data indicate that the
type of antigen-specific Th responses induced by lung cDCs
is not intrinsically programmed but instead is adjuvant
dependent.

Endotoxin in HDE is not responsible for conditioning lung
c¢DCs to induce Th2 responses. The HDE used in the current
experiments has previously been reported to contain low
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levels of endotoxin (55), which can stimulate innate immune
cells via TLR4. Because low-level endotoxin can promote
Th2 responses (9, 55), we investigated whether the endo-
toxin residing in HDE was solely responsible for the ob-
served conditioning of lung cDCs. HDE and OVA were
instilled into the airways of wild-type or TIr4~'~ mice,
which are unresponsive to endotoxin. CD103" ¢DCs from
Tir4~'~ mice induced slightly less T-cell proliferation than
did their counterparts from wild-type mice (Fig. 3A), sug-
gesting that in vivo TLR4 signaling is necessary for optimal
T-cell stimulation. However, on a per-cell basis, T cells
cultured with wild-type or Tlr4~/~ CD103" ¢DCs produced
comparable levels of IL-4 (Fig. 3A). Tlr4~/~ CD103" ¢DCs
also induced T cells to produce IL-13, albeit to slightly
lower levels compared with wild-type DCs. Similar results
were obtained with lung CD11b" ¢DCs (Fig. 3B). Compared
with wild-type lung ¢DCs, Tlr4~/~ ¢DCs induced signifi-
cantly less IFN-vy production by OV A-specific T cells (Fig.
3, A and B), suggesting that the Thl adjuvant activity of
HDE was endotoxin dependent. Together, these findings
indicate that endotoxin in HDE is not solely responsible for
conditioning lung cDCs to prime Th2 cells.
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HDE exposure triggers the release of endogenous soluble
factors that condition cDCs to induce Th2 responses. In addi-
tion to endotoxin, HDE contains a mixture of indoor allergens,
including dust mite, pet dander, and cockroach allergen (55).
Inhaled allergens have been reported to stimulate airway epi-
thelial cells, which in turn secrete soluble factors that program
DCs to promote Th2 responses (24). We therefore investigated
whether inhalational exposure to HDE similarly triggers the
release of soluble factors into the airway that condition lung
DCs to prime Th2 differentiation. BALF was collected from
HDE-treated mice (BALF-HDE) and added to ex vivo cultures
of lung CD103™" ¢DCs and CD11b* ¢cDCs prepared from naive
mice. Very few CD11b™ ¢DCs remained viable after 24 h of ex
vivo culture, thus precluding further analysis of this ¢cDC
subset. However, a significant proportion of CD103% ¢DCs
survived, and these cells were pulsed with OVA peptide and
cultured with naive OV A-specific T cells. Lung CD103™ ¢DCs
treated with BALF-HDE induced robust T-cell proliferation
and Th2 cytokine production compared with cells treated with
BALF from PBS-treated mice (BALF-PBS) (Fig. 4A4). BALF-
HDE-treated CD103* ¢DCs also induced less IFN-y produc-
tion by OV A-specific T cells compared with CD103" ¢DCs
treated with BALF-PBS or media alone (Fig. 44). Although
this finding suggested that inhalation of HDE indirectly con-
ditioned DCs by triggering the release of endogenous soluble
factors, it was also possible that HDE components remaining in
the BALF at the time of harvest might have directly programed
DCs to prime Th2 responses. To address this possibility, we
directly treated lung CD103™ DCs with 1% vol/vol HDE, the
maximum concentration of HDE in BALF at the time of
harvest if there had been no clearance of active HDE compo-
nents from the airway after instillation. These HDE-treated
CD103™" ¢DCs did not induce significant T-cell proliferation or
Th2 cytokine production (Fig. 4A), indicating that HDE did not
directly condition DCs to induce Th2 responses.

To confirm that BALF from HDE-treated mice can condition
DCs to promote Th2 differentiation, we performed similar
experiments using cDCs generated in vitro from BM precur-
sors in the presence of recombinant FLT3L (FL-cDCs). Similar
to lung CD103™ ¢DCs, FL-cDCs treated with BALF-HDE
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induced robust T-cell proliferation and Th2 differentiation
(Fig. 4B). Although FL-cDCs treated directly with HDE did
stimulate T-cell proliferation, they failed to induce significant
Th2 cytokine production (Fig. 4B). In contrast to lung cDCs,
FL-cDCs induced comparable IFN-y production by OVA-
specific T cells, regardless of the treatment conditions (Fig.
4B). Taken together, these findings suggest that HDE exposure
triggers cells lining the airways to release soluble factors that
condition cDCs to direct Th2 differentiation.

HDE-mediated conditioning of cDCs does not involve IL-25,
IL-33, and TSLP. Because BALF-HDE similarly conditioned
FL-cDCs and lung CD103™ ¢DCs to prime Th2 responses, our
subsequent mechanistic studies focused on FL-cDCs because
of their greater viability during in vitro culture. Allergens and
microbial products found in house dust can stimulate airway
cells to produce the proallergic cytokines IL-25, IL-33, and
TSLP (24, 57), which have been reported to act on DCs and
promote Th2 differentiation (5, 6). However, others have
reported that these cytokines are either dispensable or not
directly involved with conditioning DCs to induce Th2 re-
sponses against inhaled allergens (8, 16). We therefore inves-
tigated the role of IL-25, IL-33, and TSLP in DC conditioning
following HDE exposure. To determine whether IL-33 is
required for cDC conditioning, we compared the activities of
BALF from HDE-treated 1133~/ or wild-type mice. FL-cDCs
treated with BALF-HDE from 133/~ mice were fully capable
of priming Th2 differentiation, indicating that IL-33 is not
required for BALF-mediated conditioning of ¢cDCs (Fig. 5A).
To determine the requirement of IL-25 and TSLP, FL-cDCs
were stimulated for 24 h with BALF-HDE in the presence of
neutralizing cytokine-specific or isotype control antibodies.
Neutralization of either IL-25 or TSLP did not inhibit the
ability of BALF-HDE to condition cDCs to induce IL-4 and
IL-13 production by OVA-specific T cells (Fig. 5, B-C).
Neutralization of IL-25 resulted in decreased IFN-vy production
by T cells stimulated with BALF-HDE-conditioned DCs (Fig.
5B). In contrast, neutralization of TSLP resulted in higher
IFN-y production by T cells stimulated with BALF-HDE-
conditioned DCs (Fig. 5C), which is consistent with prior
reports that TSLP inhibits the ability of DCs to induce IFN-vy
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Fig. 4. HDE exposure indirectly conditions cDCs to induce Th2 responses. A: CD103" ¢DCs were prepared from the lungs of untreated mice and cultured with
either media alone, bronchoalveolar lavage fluid (BALF) from PBS-treated (BALF-PBS) or HDE-treated (BALF-HDE) mice, or HDE (1% vol/vol). After 24
h, DCs were washed and cultured with naive CD4" OT-II cells in the presence of OVA peptide to induce Th cell differentiation. Bars represent the means *+
SD of duplicate wells. Data are from 1 experiment, representative of 2 experiments. B: FLT3L-derived cDCs (FL-cDCs) were treated as described in A and
cultured with naive CD4* OT-II cells in the presence of OVA peptide to induce Th cell differentiation. Bars represent the means * SD of duplicate wells. Data
are from 1 experiment, representative of 3 experiments. *P < 0.05, **P < 0.01.

production by T cells (52). Taken together, these results sug-
gest that the canonical Th2-promoting cytokines IL-25, IL-33,
and TSLP are dispensable for conditioning DCs to induce Th2
responses following HDE exposure.

Activation of cDCs with BALF-HDE results in upregulation
of CD80 but low expression of CD40, CD86, and IL-12p40.
During antigen presentation, the levels of MHC class II and
costimulatory molecules displayed by DCs dictate the strength
of T-cell receptor signaling, which is an important determinant
of Th cell polarization (38). IL-12 production by DCs is also
critical for promoting Thl responses and inhibiting Th2 dif-
ferentiation (42). We therefore compared expression of these
molecules in ¢DCs treated with either HDE or BALF-HDE.
MHC class I molecule (I-A°) expression was modestly in-
creased by both treatments although more so by direct HDE
treatment than by BALF-HDE (Fig. 6, A and B). BALF-HDE
treatment of cDCs resulted in strong upregulation of CD80 but
only modest induction of CD40 and CD86 compared with DCs
treated directly with HDE (Fig. 6, A and B). Furthermore,
direct treatment with HDE induced marked expression of
IL-12p40 mRNA by c¢DCs, whereas BALF-HDE did not (Fig.
6C). These data suggest that soluble factors within BALF-HDE
lead to a DC activation state characterized by upregulation of
CD80 but low expression of CD40, CD86, and IL-12p40,
which may favor Th2 differentiation.

DISCUSSION

Studies investigating Th2 induction by inhaled allergens
have generally involved the delivery of high-dose purified
allergen (e.g., dust mite allergen) directly to the airways.
Although such models have been helpful for investigating
potential mechanisms underlying allergic asthma, they are
unlikely to mimic normal human exposures to natural levels of
allergens and other immunogenic factors in the living environ-
ment. To more accurately simulate exposure to the living
environment, we treated mice with sterile HDE, which contains
environmentally relevant quantities of indoor allergens and
microbial products. In this airway sensitization model, mice are
exposed to roughly 5 ng of dust mite allergen, which is
consistent with the estimated amount of dust mite allergen that
humans inhale during a night of sleep (13). In contrast, studies
employing purified dust mite extracts have involved airway
delivery of several orders of magnitude higher amounts of
allergen (up to 100 pg) (17). Using our environmentally
relevant model, we demonstrate that HDE conditions lung
c¢DCs to prime Th2 responses against an innocuous inhaled
antigen. In contrast to studies using high doses of purified dust
mite allergen, DC conditioning by HDE was independent of
TLR4 activity. Similar to models using high-dose allergen
challenge, HDE stimulated airway-lining cells to release solu-
ble factors that instructed DCs to promote Th2 responses.
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However, HDE-mediated conditioning of DCs was indepen-
dent of the canonical proallergic cytokines IL-25, IL-33, and
TSLP, suggesting that other soluble factors are responsible for
programming DCs to induce Th2 responses.

Following airway exposure to HDE, we found that lung DCs
(but not moDCs) stimulate naive T cells and instruct them to
differentiate into Th2 cells. This observation extends our pre-
vious studies demonstrating that CD103™ ¢DCs stimulate Th2
responses to OVA, dust mite, and cockroach allergens. When
resolved from moDCs using differential display of CDS8S,
CD11b* ¢DCs also induce Th2 differentiation, in agreement
with other reports that CD11b™ ¢DCs can prime Th2 responses
(39, 60). Whether CD103™ ¢DCs can generally induce Th2
responses is unclear, as some studies reported that CD103™
c¢DCs are not potent in this regard. Differences in lung DC
isolation techniques or antigen dose might account for this
apparent discrepancy. It is noteworthy, however, that human
lung CD141" DCs, which are considered the correlate of
murine lung CD103™ ¢DCs, preferentially induce Th2 re-
sponses (59). Ultimately, the development of models that allow
more specific deletion of lung CD103" and CD11b* c¢DCs
without causing inflammation will be necessary to fully delin-
eate the roles of these DC subsets in allergic airway inflam-
mation.

In the present study, we found that CD88" and Ly6CM
moDCs were unable to prime naive T cells despite readily
acquiring antigen from the airways. Additionally, we previ-
ously reported that lung moDCs lack Ccr7 expression and thus
do not migrate to lymph nodes (30, 31), which is the primary
site for antigen presentation to naive T cells. Taken together,
these findings indicate that lung moDCs are unlikely to be
involved with the initiation of allergen-specific Th2 responses.

This is consistent with a recent report that moDCs are not
required for allergic airway inflammation to dust mite (60).
However, other studies have shown moDCs to be necessary for
inducing Th2 responses following inhalational exposure to
diesel particles or high levels of dust mite allergen (18, 40).
The reason for these discordant findings is unclear but may be
related to incomplete separation of moDCs and cDCs or
model-specific mechanistic differences. By secreting proin-
flammatory cytokines and presenting antigen to effector T
cells, it is possible that moDCs are involved with perpetuating
rather than initiating Th2 responses within the lungs. Our
findings also bear on the broader question of whether CD88"
and Ly6C" moDCs are DCs. These cells express CD11c¢ and
MHC-II molecules, which are traditionally considered markers
for DCs (29), but can also be displayed by macrophages (2).
The ability to transport antigen to lymph nodes and efficiently
stimulate naive T cells is also considered a key functional
attribute of DCs (3). Given that lung moDCs lack these
functional characteristics, it may be more appropriate to refer
to them as monocyte-derived cells rather than DCs. This would
be in line with a recent proposal of classifying mononuclear
phagocytes based on their ontogeny (15). Adopting a standard-
ized nomenclature for the different antigen-presenting cell
populations in the lungs will be important for accurately
communicating research findings.

How DCs are instructed to promote Th2 responses following
allergen exposure remains largely unknown. DCs express sev-
eral innate immune receptors that have been implicated in
allergen recognition, including TLR, Nod-like receptors, and
C-type lectin receptors (21). However, innate immune recep-
tors are also expressed by other cells along the respiratory tract,
including airway epithelial cells and alveolar macrophages (17,
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Fig. 6. Activation of ¢cDCs with BALF-HDE results in upregulation of CD80 but low expression of CD40, CD86, and IL-12p40. A—C: FL-cDCs were treated
for 24 h with either media, HDE (1% vol/vol), BALF-PBS, or BALF-HDE. A: representative histograms of I-A® (MHC II) and costimulatory molecule display
on FL-cDCs following the indicated treatments. B: MFI of I-A® or costimulatory molecule expression as determined by flow cytometry. Bars represent the
means = SD of triplicate samples. Data are from 1 experiment, representative of 3 experiments. C: I/12b mRNA expression in treated FL-cDCs was measured
by qPCR and normalized to Gapdh expression. Bars represent the means = SD of duplicate samples. Data are from 1 experiment, representative of 2 experiments.

#p < 0.01, #*P < 0.001. AU, arbitrary units.

53). There is mounting evidence that cross talk between DCs
and airway-lining cells is required for priming Th2 responses
against allergens (24). Consistent with this model, we found
that HDE indirectly conditioned DCs to induce Th2 responses.
Although DCs directly exposed to HDE underwent maturation,
they were poor inducers of Th2 responses. Conversely, DCs
treated with BALF from HDE-exposed mice were programmed
to efficiently prime Th2 cell differentiation. Treatment of DCs
with BALF-HDE resulted in significant upregulation of CD80
but not CD40, CD86, or IL-12p40, which likely favors induc-
tion of Th2 cells. DCs expressing high levels of CD80, but not
CD86, have previously been shown to promote Th2 differen-
tiation (7). Furthermore, low IL-12 production by DCs is
associated with Th2 induction (42). Taken together, these
findings strongly suggest that HDE triggers airway-lining cells
to release soluble factors, which in turn induce a DC activation
state that promotes Th2 differentiation.

Identifying the molecules that program DCs to induce Th2
responses is critical to understand allergic sensitization through

the airway and is the focus of considerable investigation.
Previous studies have shown that airway instillation of dust
mite allergen triggers airway epithelial cells to release the
proallergic cytokines IL-25, IL-33, and TSLP, which have
been implicated in conditioning DCs to induce Th2 responses
(24). For example, TSLP-treated human and murine DCs prime
naive T cells to differentiate into Th2 cells (5, 48). IL-33-
activated DCs have also been reported to prime Th2 responses
in vitro and to exacerbate allergic lung inflammation in vivo
following adoptive transfer (6). IL-25 has been shown to
enhance Th2 priming by TSLP-activated DCs, but whether
IL-25 is directly responsible for conditioning DCs is unclear
(54). Our finding that IL-25, IL-33, and TSLP are dispensable
for HDE-mediated conditioning of DCs to prime Th2 cells
suggests that low levels of allergen and microbial products
present in HDE might induce allergic sensitization through
mechanisms distinct from those described in high-dose aller-
gen sensitization models. Our findings also imply that thera-
peutic targeting of IL-25, IL-33, or TSLP individually may not
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be sufficient to prevent sensitization to aeroallergens under
normal environmental exposure conditions. It is possible that
HDE-mediated conditioning of lung DCs is dependent on other
known inflammatory cytokines, such as granulocyte macro-
phage colony-stimulating factor (56), or on a previously un-
identified secreted protein. Alternatively, HDE may trigger
airway epithelial cells to release endogenous damage-associ-
ated molecules, such as uric acid or ATP, which have been
shown to promote Th2 induction by DCs (24). A comprehen-
sive analysis of the molecules that differ between BALF-PBS
and BALF-HDE will be informative, and this is the focus of
ongoing research.

In conclusion, our findings demonstrate that inhalational
exposure to environmental adjuvants present in house dust can
program pulmonary cDCs to preferentially promote Th2 re-
sponses against innocuous antigens. Our results support a
model in which immunogenic factors in the living environment
trigger airway cells to release soluble mediators, which in turn
condition cDCs to prime Th2 differentiation. Identifying the
factors responsible for DC conditioning may lead to novel
therapeutic targets for asthma and other allergic diseases of the
respiratory tract.
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