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advanced glycation end-products on structural cells in allergic airway
inflammation vs. airway hyperresponsiveness. Am J Physiol Lung Cell
Mol Physiol 309: L789-1.800, 2015. First published August 21, 2015;
doi:10.1152/ajplung.00087.2015.—The receptor for advanced glyca-
tion end-products (RAGE) is a multiligand receptor that belongs to the
immunoglobulin superfamily. RAGE is reported to be involved in
various inflammatory disorders; however, studies that address the role
of RAGE in allergic airway disease are inconclusive. RAGE-sufficient
(RAGE+/+) and RAGE-deficient (RAGE—/—) mice were sensitized
to ovalbumin, and airway responses were monitored after ovalbumin
challenge. RAGE—/— mice showed reduced eosinophilic inflamma-
tion and goblet cell metaplasia, lower T helper type 2 (Th2) cytokine
production from spleen and peribronchial lymph node mononuclear
cells, and lower numbers of group 2 innate lymphoid cells in the lung
compared with RAGE+/+ mice following sensitization and chal-
lenge. Experiments using irradiated, chimeric mice showed that the
mice expressing RAGE on radio-resistant structural cells but not
hematopoietic cells developed allergic airway inflammation; however,
the mice expressing RAGE on hematopoietic cells but not structural
cells showed reduced airway inflammation. In contrast, absence of
RAGE expression on structural cells enhanced innate airway hyper-
responsiveness (AHR). In the absence of RAGE, increased interleukin
(IL)-33 levels in the lung were detected, and blockade of IL-33
receptor ST2 suppressed innate AHR in RAGE—/— mice. These data
identify the importance of RAGE expressed on lung structural cells in
the development of allergic airway inflammation, T helper type 2 cell
activation, and group 2 innate lymphoid cell accumulation in the
airways. RAGE on lung structural cells also regulated innate AHR,
likely through the IL-33-ST2 pathway. Thus manipulating RAGE
represents a novel therapeutic target in controlling allergic airway
responses.
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ALLERGIC ASTHMA IS CHARACTERIZED by inflammatory airway
obstruction and airway hyperresponsiveness (AHR) (4, 7).
Airway inflammation in allergic asthma is associated with
mucous membrane swelling and infiltration of cells, including
eosinophils, T lymphocytes, and mast cells (4, 31). The pro-
gressive inflammation leads to airway fibrosis, hypertrophy of
smooth muscle cells, bronchial wall thickening, increased mu-
cous-producing goblet cells, and obstruction of the airways (3,
12, 23). Allergen-specific memory T helper type 2 (Th2) cells
are thought to play a central role in the development of these
responses (32). Recently, group 2 innate lymphoid cells
(ILC2s), newly identified innate immune cells with the ability
to release Th2 cytokines (formerly termed natural helper cells),
have been reported to induce and enhance Th2 allergic inflam-
mation (8, 13, 32).

The receptor for advanced glycation end-products (RAGE)
is a multiligand receptor that belongs to the immunoglobulin
superfamily and recognizes a variety of ligands, including
high-mobility group box 1 (HMGB-1), S100 family of pro-
teins, advanced glycation end-products (AGE), B-sheet fibrillar
materials, and prions (10, 33, 37). The receptor is expressed as
a single-chain transmembrane receptor on epithelial, neuronal,
vascular, and inflammatory cells, usually at low levels under
homeostatic conditions. In contrast, especially in the lung, high
basal levels of RAGE expression have been identified relative
to expression in other tissues (10, 26, 33, 34, 37).

AGE and RAGE were initially reported to be involved in
microvascular and macrovascular complications of diabetes
mellitus, renal failure, and peritoneal injury in long-term peri-
toneal dialysis patients (17, 30, 36). Recently, RAGE was
implicated in the pathogenesis and progression of various
chronic immune/inflammatory disorders (10, 33, 34). The
RAGE/HMGB-1 pathway has also been reported to play an
important role in acute lung injury (45) and fibrosing lung
disease (15). Recently, serum levels of soluble RAGE, soluble
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forms of membrane RAGE, were shown to be decreased in
patients with asthma (38). Using mouse models of allergen-
induced airway disease, Milutinovic et al. (27) demonstrated
that allergen-induced airway inflammation in RAGE—/— mice
was attenuated compared with wild-type mice; however, the
mechanisms defining how RAGE mediated these responses
were not defined.

In the present study, we investigated the role of RAGE in a
model of allergen-induced disease using RAGE-deficient
(RAGE—/—) mice. RAGE —/— mice showed decreased airway
inflammation, reduced Th2 cytokine production, and accumu-
lation of ILC2 compared with RAGE-sufficient (RAGE+/+)
mice. Experiments using chimeric mice revealed a requirement
for RAGE expression on structural cells for development of
allergic airway inflammation. In contrast, absence of RAGE on
structural cells enhanced innate AHR. Thus manipulating
RAGE on structural cells may be beneficial for controlling
asthmatic responses.

MATERIALS AND METHODS

Animals. RAGE—/— mice were generated as described (30).
Briefly, RAGE mutant mice were originally created using E14.1 ES
cells (129 background). After the bone marrow chimeric mice were
generated, they were crossbred with Cre-transgenic mice (CD-1 back-
ground) that transiently express Cre recombinase in eggs. The resul-
tant RAGE—/— mice were then backcrossed to C57BL/6]J (Charles
River, Yokohama, Japan) for nine generations. Ten-week-old female
RAGE—/— mice and their littermates (RAGE+/+ mice) were used in
all experiments. RAGE—/— mice were viable and displayed normal
reproductive fitness without a striking phenotype. When housed under
specific pathogen-free conditions, no spontaneous disease develop-
ment was observed in the RAGE—/— mice for up to 6 mo of age.

All experiments were performed in accordance with the National
Institutes of Health (NIH) guidelines. All procedures were conducted
under a protocol approved by the Institutional Animal Care and Use
Committee of Okayama University (Okayama, Japan).

Experimental protocol (sensitization and airway challenge).
RAGE+/+ and RAGE—/— mice were sensitized with 20 g of
ovalbumin (OVA) (Grade V; Sigma Chemical, St. Louis, MO) emul-
sified in 2.25 mg of alum (ImjectAlum; Pierce, Rockford, IL) by
intraperitoneal injection on days 0 and /4. Mice were subsequently
challenged by inhalation exposure to aerosols with OVA (1% in
saline) via the airways using ultrasonic nebulizer for 20 min on days
28, 29, and 30. Forty-eight hours after the last challenge, AHR was
measured as described below, followed by collection of samples for
further analyses (16).

Determination of airway responsiveness. Airway responsiveness
was assessed by measuring changes in lung resistance in response to
increasing doses of inhaled methacholine (MCh) (41) using a flex-
iVent small-animal ventilator (SCIREQ, Montreal, PQ, Canada).
Before testing, mice were anesthetized by intraperitoneal injection of
pentobarbital (80 mg/kg), tracheostomized, and mechanically venti-
lated. There were no significant differences in baseline values among
the different groups.

Bronchoalveolar lavage. Immediately after assessment of airway
function, lungs were lavaged via the tracheal tube with Hanks’
balanced salt solution (2 X 1 ml, 37°C). The volume of the collected
bronchoalveolar lavage (BAL) fluid was measured in each sample,
and the number of cells in BAL fluid was counted. Cytospin slides
were stained with May-Giemsa and differentiated in a blinded fashion
by counting at least 200 cells under light microscopy.

Lung histology. Lungs were fixed in 10% formalin and cut around
the main bronchus and embedded in paraffin blocks. The slides were
stained with hematoxylin-eosin (HE) and periodic acid Schiff (PAS)
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for identification of mucus-containing cells and were examined under
light microscopy. In HE-stained lung sections, the numbers of inflam-
matory cells per square millimeter in the peribronchial and perivas-
cular tissue were analyzed using the NIH Image Analysis system for
quantitative evaluation. More than 10 bronchioles in a minimum of 10
high-power fields per lung were randomly examined in a blinded
fashion. The numbers of mucus-containing cells (goblet cells) were
counted in more than 8 bronchioles in 10 high-power fields per animal
by measuring the length of epithelium defined along the basement
membrane and luminal area using the NIH Image Analysis system
(11, 20).

Culture of mononuclear cells from spleen and peribronchial lymph
nodes. Spleens of OV A-sensitized and challenged mice were removed
and placed in PBS (11). Cells were dispersed, and mononuclear cells
(MNCs) were separated by a density gradient cell centrifugation using
Histopaque (Sigma-Aldrich, St. Louis, MO). Cells were washed,
counted, and resuspended to a fixed concentration in RPMI-1640
(Wako Pure Chemical Industries, Osaka, Japan) containing heat-
inactivated 10% FCS and penicillin/streptomycin. Peribronchial
lymph nodes (PBLNs) were similarly manipulated. Cells (4 X 10°)
were plated in each well of 96-well round-bottom plates and cultured
at 37°C in a 5% CO, atmosphere in the presence or absence of 10
rg/ml OVA. Forty-eight hours after the last challenge, the superna-
tants were removed, and cytokine levels were analyzed by ELISA as
described below.

Measurement of cytokines and chemokines. Cytokine levels in the
BAL fluid were measured by ELISA. All cytokines and chemokines
ELISAs were performed according to the manufacturer’s direc-
tions. The limits of detection were 1 ng/ml for HMGB-1, 7 pg/ml
for interleukin (IL)-5, 1.5 pg/ml for IL-13, 3 pg/ml for IL-1p3, 2
pg/ml for KC, 1.5 pg/ml for macrophage inflammatory protein-2,
2.8 pg/ml for IL-33, 0.71 pg/ml for thymic stromal lymphopoietin
(TSLP), and 15 pg/ml for IL-25. All kits, except for IL-25
(BioLegend, San Diego, CA) and HMGB-1 (Shino-Test, Sagami-
hara, Japan), were from R&D Systems (Minneapolis, MN). Lung
homogenates were prepared as described (22).

Lung cell isolation. Lungs of OV A-sensitized and challenged mice
were separated from the associated lymph nodes, removed, and placed
in PBS containing heat-inactivated 10% FCS. Lung tissue was minced
and incubated for 1 h at 37°C in 5 ml PBS containing 0.05%
collagenase I (Sigma-Aldrich), and then lung tissue was dispersed by
passing through a 20-G needle several times, and the suspensions
were strained through a cell strainer. The pulmonary MNCs were
isolated by density gradient cell centrifugation over Histopaque (Sig-
ma-Aldrich) (22).

Flow cytometry. Cells were incubated with peridinin chlorophyll
protein or antigen-presenting cell (APC)-conjugated anti-CD3, phy-
coerythrin-conjugated anti-CD8, and FITC-conjugated anti-CD4 an-
tibodies (BD Biosciences, San Diego, CA) and then analyzed by flow
cytometry on MACSQuant Analyzers (Miltenyi Biotec, Bergisch
Gladbach, Germany).

Intracellular cytokine staining. Lung MNCs were stimulated for 5
h with phorbol 12-myristate 13-acetate (10 ng/ml) and ionomycin
(500 pg/ml) in the presence of brefeldin A (10 pwg/ml). After washing,
cells were stained for cell surface markers with monoclonal antibodies
(MAbs) against CD3 (145-2C11, hamster IgG), CD4 (RM4-5, rat
1gG2a), and CD8 (53-6.7, rat [gG2a). All fluorochrome-labeled MAbs
were purchased from BD Biosciences. After fixation and permeabili-
zation, cells were stained with PE- or FITC-conjugated anti-cytokine
antibodies purchased from BD Biosciences. Staining was monitored
by flow cytometry on MACSQuant Analyzers. The number of cyto-
kine-producing CD4 or CD8 T cells per lung was calculated from the
percentage of cytokine-producing cells and the number of CD4 or
CDS8 T cells isolated from the lung.

Analyses of ILC2s. The cells isolated from digested lungs were
stained with biotin-conjugated antibody mixtures for lineage markers
(CD4, CD5, CDS, CDll1c, CD11b, CD19, NKI1.1, Gr-1, TER119,
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FceRI, and B220), Pacific blue-conjugated anti-Sca-1, PECy7-conju-
gated c-Kit (CD117), APC-conjugated anti-IL-7Ra (CD127), FITC-
conjugated anti-T1/ST2, APC-Cy7-conjugated anti-CD25, and PE-
conjugated anti-streptavidin, and analyzed using MACSQuant Ana-
lyzer. Lin Sca*c-Kit"IL-7Ra*CD25 " ST24™ cells were identified as
lung ILC2s (18). The data were analyzed by FlowlJo (TreeStar,
Ashland, OR). APC-Cy7-conjugated anti-CD25; Pacific blue-conju-
gated anti-Sca-1; biotin-conjugated anti-CD4, anti-CDS5, anti-CDS8,
anti-CD11b, anti-NK1.1, anti-Gr-1, anti-TER119, and anti-B220; and
PE-conjugated anti-streptavidin were obtained from BD Biosciences.
FITC-conjugated anti-T1/ST2 was from MD Bioscience (St Paul,
MN). APC-conjugated anti-IL-7Ra and biotin-conjugated anti-FceRI
were from BioLegend (San Diego, CA). PECy7-conjugated c-Kit was
from eBioscience (La Jolla, CA). Biotin-conjugated anti-CD11c and
anti-CD19 were from TONBO Biosciences (San Diego, CA).

Immunohistochemistry. Paraffin sections (5 wm thick) were cut and
mounted on poly-L-lysine-coated glass slides. After the paraffin was
removed, endogenous peroxidases were quenched with 3% H>O in
methanol. After washing, sections were incubated with rat anti-RAGE
or isotype-matched control MAb (R&D Systems) and incubated for
another 20 min with Histofine Simple Stain MAX-PO (Nichirei
Biosciences, Tokyo, Japan). The sections were immersed in diamino-
benzidine as a chromogen for 2 min, counterstained with hematoxylin,
and mounted under coverslips.

Generation of bone marrow chimeras. Femurs and tibias were
obtained from 8- to 12-wk-old RAGE+/+ and RAGE—/— donor
mice, and bone marrow cells were harvested as previously described
(42). Seven- to ten-week-old RAGE+/+ and RAGE—/— recipient
mice, respectively, received 12 Gy total body irradiation on day —56.
After total body irradiation, 8 X 10° bone marrow-derived cells from
donor mice were injected intravenously into recipients on the same
day.

For assessment of bone marrow cell homing and differentiation,
transplantation with the same method using CD45.1" donor mice and
CD45.2* recipient mice was performed. The spleen MNCs, cells of
PBLNs, and alveolar macrophages from BAL fluid were obtained.
The degree of chimerism of B220™ B cells, CD11c™ dendritic cells
(DCs), lung ILC2s, and CD11b™ alveolar macrophages, known to be
slowly repopulated following irradiation, was confirmed by staining
of CD45.1 or CD45.2. Spleen MNCs, PBLN MNC, and alveolar
macrophages from BAL fluid were obtained and stained with APC-
labeled anti-CD11b, anti-CDI11c, anti-B220, FITC-labeled anti-
CD45.1, and PE-labeled anti-CD45.2 antibodies (BD Biosciences)
and analyzed by flow cytometry.

Total RNA isolation and quantitative real-time PCR. The left lung
was homogenized, and total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA) and treated with DNase (Qiagen, Valencia,
CA), according to the manufacturers’ instructions. Reverse transcrip-
tion was performed using oligo(dT) primers and the Invitrogen Su-
perscript II Reverse Transcriptase (Life Technologies, Grand Island,
NY) to obtain ¢cDNA for PCR. Quantitative real-time PCR was
performed in a 25-pl reaction using SYBR Green master mix (Ap-
plied Biosystems, Foster City, LA) and the StepOnePlus Real-Time
PCR system (Applied Biosystems). Primers sequences were as fol-
lows: RAGE, forward, 5-ACTACCGAGTCCGAGTCTACC-3, and
reverse, S-GTAGCTTCCCTCAGACACACA-3; granulocyte-macro-
phage colony-stimulating factor (GM-CSF), forward, 5-GCGCCTT-
GAACATGACAGC-3, and reverse, 5-GGCTGTCTATGAAATC-
CGC-3; GAPDH, forward, 5-TATGTCGTGGAGTCTACTGGT-3,
and reverse, 5-GAGTTGTCATATTTCTCGTGG-3. Relative expres-
sion levels for each target were normalized to GAPDH and calculated
using the AA cycle threshold method. There were no changes in
GAPDH expression among groups.

Generation of bone marrow-derived DCs. Bone marrow cells
obtained from femurs and tibias of RAGE+/+ or RAGE —/— mice
were cultured and pulsed with recombinant bmouse GM-CSF (10
ng/ml; R&D Systems) and recombinant mouse IL-4 (10 ng/ml; R&D
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Systems) on days 1 and 5. On day 8, cells were pulsed with OVA (200
pg/ml, grade V; Sigma-Aldrich) for 24 h and washed three times with
PBS. More than 90% of the cells were determined to be myeloid DCs
(CDl11c™, CD11b™*, Gr-17) (28).

Transfer of bone marrow-derived DCs. Under anesthesia, 1 X 10°
OVA-pulsed bone marrow-derived DCs (BMDCs) in 40 pl of PBS
were instilled into naive RAGE+/+ through the trachea under fiber-
optic illumination (28). Control groups of mice received OVA-
nonpulsed BMDCs. Ten days after BMDC transfer, mice were ex-
posed to aerosolized OVA (1% in saline) for 20 min/day for 3
consecutive days; 48 h after the last challenge, AHR was assessed and
BAL fluid was obtained.

Blockage of IL-33 receptor ST2. Rat anti-mouse ST2/IL-1 R4
(anti-ST2) MAD (40 pg; R&D Systems) or isotype-matched control
antibody (R&D Systems) in 40 nl of PBS was administered intratra-
cheally to RAGE+/+ or RAGE—/— mice under anesthesia, and, 12
h later, AHR was measured.

Statistical analysis. All results were expressed as the means * SE.
ANOVA was used to determine the levels of difference between all
groups. Pairs of groups of samples distributed parametrically were
compared by unpaired two-tailed Student z-test, and those samples
distributed nonparametrically were compared by Mann-Whitney U-
test. Significance was assumed at P values of <0.05.

RESULTS

Allergic inflammation in the airways is decreased in
RAGE—/— mice. Numbers of inflammatory cells in BAL fluid
were assessed 48 h after the last OVA challenge in RAGE+/+
and RAGE—/— mice. In sensitized and challenged (OVA/
OVA) mice, total cells, lymphocytes, and eosinophils were
significantly increased compared with nonsensitized but chal-
lenged (PBS/OVA) mice. However, numbers of eosinophils
were significantly lower in the BAL fluid of RAGE—/— mice
compared with RAGE+/+ mice (Fig. 14).

Inflammatory cell infiltration of the lungs was further inves-
tigated by histological examination. In HE-stained lung sec-
tions from RAGE—/— mice, lower numbers of inflammatory
cells were detected following sensitization and challenge (Fig.
1, B and C). The numbers of PAS-positive goblet cells were
also significantly lower in RAGE—/— mice compared with
RAGE+/+ mice following sensitization and challenge with
OVA (Fig. 1, D and E).

Cytokine levels in the airways. We measured cytokine levels
in the BAL fluid by ELISA. OVA sensitization and challenge
resulted in significant increases in IL-4, IL-5, and IL-13 levels
in RAGE+/+ mice. In contrast, RAGE—/— mice showed
significantly lower levels of IL-4, IL-5, and IL-13 following
sensitization and challenge (Fig. 2A). The levels of KC, mac-
rophage inflammatory protein-2, and IL-13 were also lower in
RAGE—/— mice compared with RAGE+/+ mice (Fig. 2B).

Spleen and PBLN MNCs from RAGE—/— mice release
lower levels of Th2 cytokines. To determine whether the
attenuated Th2 cytokine secretion observed in vivo in
RAGE—/— mice was due to impaired Th2 cytokine produc-
tion, we assessed cytokine production in spleen and PBLN
MNGCs in vitro. The levels of IL-5 and IL-13 from OVA-
restimulated spleen MNCs of RAGE—/— mice were signifi-
cantly lower compared with those of RAGE+/+ mice (Fig.
2C). There were no significant differences in IL-17 and IFN-vy
levels in the two strains of mice (data not shown). IL-5 and
IL-13 levels from the PBLN MNCs were lower in RAGE—/—
mice compared with RAGE+/+ mice (Fig. 2D). These data
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Fig. 1. Receptor for advanced glycation end-products (RAGE)—/— mice develop reduced airway inflammation following sensitization and challenge. A: cellular
composition in bronchoalveolar lavage (BAL) fluid. Values are means = SE (n = 8-9 in each group). Significant differences (*P < 0.05; **P < 0.01) between
RAGE+/+ and RAGE—/— mice. #P < 0.01 compared with challenged-only mice. B: hematoxylin and eosin-stained lung sections. Scale bar: 100 pm. C:
inflammatory cell numbers in the peribronchial and perivascular tissue (n = 4 in each group). Significant differences (*P < 0.05; **P < 0.01) between
RAGE+/+ and RAGE—/— mice. #P < 0.05 and ##P < 0.01 compared with challenged-only mice. D: development of goblet cell metaplasia in the airways
of RAGE+/+ and RAGE—/— mice. Scale bar: 100 pm. E: goblet cell metaplasia was quantified in periodic acid Schiff (PAS)-stained sections, as described
in MATERIALS AND METHODS. Significant differences (**P < 0.01) between RAGE+/+ and RAGE—/— mice. #P < 0.01 compared with challenged-only mice.
OVA, ovalbumin; Mac, macrophage; Lym, lymphocyte; Neu, neutrophil; Eos, eosinophil.
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suggest that RAGE contributes to not only systemic sensitiza-
tion of Th2 cells, but also activation of Th2 cells in the airways.

Numbers of Th2 cells in the lungs. To determine whether the
accumulation of T cells in the airways of sensitized and
challenged mice was affected by expression of RAGE, we
assessed the numbers of T cells and cytokine-producing T cells
in the lungs. There were no differences between the two strains

of mice in numbers of CD3*, CD4*, and CD8™" T cells (data
not shown). The numbers of CD4*IL-13% cells and
CD4"IL-5" cells in the lungs were not lower in RAGE—/—
mice, despite the lower levels of IL-5 and IL-13 in BAL fluid
from sensitized and challenged RAGE—/— mice (Fig. 3A).
There were also no significant differences in IL-17% and
IFN-y™ cells in the two strains of mice (data not shown).
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Fig. 3. Numbers of T cells and group 2 innate lymphoid cells (ILC2s) in the lung following sensitization and challenge. A: numbers of IL-13-and IL-5-producing
CD4* T cells in the lung after sensitization and challenge. Numbers of cells in the lung were determined as described in MATERIALS AND METHODS. There were
no significant differences between RAGE+/+ and RAGE—/— mice. B: numbers of ILC2 in the lungs of RAGE+/+ and RAGE—/— mice following sensitization
and challenge. Values are means = SE (n = 7 in each group). #P < 0.01 compared with challenged-only mice. **P < 0.01.

The numbers of ILC2s in the lungs of RAGE—/— mice were
lower compared with RAGE +/+ mice following sensitization
and challenge. Recently, ILC2s have been reported to contrib-
ute to allergic airway inflammation independent of Th2-cell-
mediated immunity (8, 14, 24). We assessed numbers of ILC2s
in the airways of RAGE+/+ and RAGE—/— mice following
sensitization and challenge with OVA. Interestingly, the num-
bers of ILC2s in the lungs of RAGE—/— mice were signifi-

A
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Coaw “

Fig. 4. RAGE expression in lung tissue. A: RAGE
expression was evaluated by immunohistochemistry 48
h after the last challenge with OVA, as described in
MATERIALS AND METHODS. RAGE+ cells are indicated
by brown staining. RAGE expression was found mainly
on alveolar epithelial cells in both RAGE+/+ mice
without sensitization and RAGE+/+ mice following
sensitization and challenge with OVA. Scale bar: 100
pm. B: mRNA expression levels of RAGE in the lungs
of RAGE+/+ and RAGE—/— mice following sensiti-
zation and challenge. Values are means = SE (n = 4 in
each group).
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cantly lower compared with those of RAGE+/+ mice follow-
ing sensitization and challenge (Fig. 3B). These data suggest
that RAGE contributes to the accumulation of ILC2s in the
airways in this model of OV A-induced allergic airway inflam-
mation.

RAGE expression in lung tissues. The distribution of RAGE
in lung tissue was determined by immunohistochemisty. Many
RAGE+ cells were found in the alveolar wall areas of non-
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sensitized RAGE+/+ mice (Fig. 44). OVA-sensitized and mice were not different from those in nonsensitized
challenged RAGE+/+ mice also showed many RAGE+ cells RAGE+/+ mice (Fig. 4B), suggesting that RAGE is sponta-
in alveolar wall areas, similar to nonsensitized mice. The neously expressed in the lung, and expression levels were not
RAGE mRNA levels in sensitized and challenged RAGE+/+  affected by sensitization and challenge.
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Fig. 5. RAGE expression on radio-resistant structural cells contributes to allergic airway inflammation. A: cellular composition in BAL fluid of chimeric mice. Values
are means * SE (n = 1012 in each group). *P < 0.05. **P < 0.01. B: hematoxylin and eosin-stained lung sections. Scale bar: 100 wm. C: inflammatory cell numbers
in the peribronchial and perivascular tissue (n = 4 in each group). *P < 0.05. **P < 0.01. D: development of goblet cell metaplasia in the airways of chimeric mice.
Scale bar: 100 wm. E: goblet cell metaplasia was quantified in PAS-stained sections, as described in MATERIALS AND METHODS (n = 4—6 in each group). *P < 0.05.
#*P < 0.01. F: IL-13 levels in BAL fluid of chimeric mice measured by ELISA (n = 12-14 in each group). *P < 0.05. G: cellular composition in BAL fluid of recipients
of OVA-pulsed dendritic cells (DCs). 1 X 10° OVA-pulsed bone marrow-derived DCs from RAGE+/+ or RAGE—/— mice (donor) were instilled intratracheally into
naive RAGE+/+ mice (recipient), followed by challenge with OVA, as described in MATERIALS AND METHODS (n = 6 in each group). There were statistically no
differences among the two groups. H: IL-33, thymic stromal lymphopoietin (TSLP), and IL-25 levels in the lung tissues following sensitization and challenge with OVA
compared with challenged-only mice. RAGE+/+ and RAGE—/— mice were sensitized and challenged with OVA, as described in MATERIALS AND METHODS. The levels
of these cytokines were measured by ELISA (PBS/OVA group: n = 3—-4, OVA/OVA group: n = 6-9). Significant differences (*P < 0.01) between RAGE+/+ and
RAGE—/— mice. #P < 0.05 and ##P < 0.01 compared with challenged only mice.
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RAGE expression on radio-resistant structural cells contrib-
utes to allergic airway inflammation. To determine the relative
contribution of RAGE signaling on lung structural cells vs.
hematopoietic cells following allergen sensitization and chal-
lenge, we generated radiation-induced bone marrow chimeric
mice. Eight weeks after reconstitution, chimerism was con-
firmed by flow cytometry in lymph node B lymphocytes, DCs,
lung ILC2s, and alveolar macrophages.

The populations of inflammatory cells in the BAL fluid from
the bone marrow chimeric mice following sensitization and
challenge were evaluated (Fig. 5A). RAGE+/+ — RAGE+/+
mice had significantly increased numbers of eosinophils in the
BAL fluid compared with RAGE—/— — RAGE—/— mice, but
this response was markedly reduced in RAGE+/+ —
RAGE—/— animals. In contrast, RAGE—/— — RAGE+/+

RAGE ON STRUCTURAL CELLS CONTROLS ALLERGIC AIRWAY RESPONSES

mice had increased numbers of eosinophils in BAL fluid,
comparable to RAGE+/+ — RAGE+/+ mice.

In HE-stained lung sections of RAGE—/— — RAGE+/+
mice and RAGE+/+ — RAGE+/+ mice, accumulation of
inflammatory cells following sensitization and challenge was
detected. In contrast, very few cells were detected in
RAGE—/— — RAGE—/— mice and RAGE+/+ —
RAGE—/— mice (Fig. 5, B and C). The numbers of PAS-
positive cells in RAGE—/— — RAGE+/+ mice and
RAGE+/+ — RAGE+/+ mice were also significantly higher
compared with those of RAGE—/— — RAGE—/— mice and
RAGE+/+ — RAGE—/— mice (Fig. 5, D and E). IL-13 levels
in BAL fluid of RAGE+/+ — RAGE—/— mice were signif-
icantly lower compared with those in RAGE+/+ —
RAGE+/+ mice (Fig. 5F). In contrast, RAGE—/— —
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RAGE+/+ mice showed increased IL-13 levels comparable to
those of RAGE+/+ — RAGE+/+ mice. These data sug-
gested that expression of RAGE on structural cells is important
for the full development of allergic airway inflammation and
Th2 cytokine production in the airways following sensitization
and challenge.

In vitro-allergen-pulsed RAGE—/— DCs induce eosino-
philic inflammation. Our results using bone marrow chimeric
mice suggested that RAGE expression on hematopoietic cells
was less important than RAGE expression on radio-resistant
structural cells. The influence of RAGE expression on DC
function has also been reported (9). To directly evaluate the
role of RAGE expression on DCs, we investigated the ability
of antigen-pulsed BMDCs to induce allergic airway responses
after intratracheal instillation. BMDCs from RAGE+/+ or
RAGE —/— mice were pulsed with OVA and instilled intra-
tracheally into RAGE +/+ mice, followed by aerosolized
OVA challenge (11). These experiments showed that OVA-
pulsed RAGE+/+ DCs and RAGE—/— DCs were comparable
in inducing increases in eosinophilic inflammation, confirming
the functional competence of in vitro OVA-pulsed RAGE—/—
DCs in facilitating the development of allergic airway re-
sponses (Fig. 5G).

IL-33, TSLP, and IL-25 levels in the lungs. Cytokines and
chemokines produced by airway epithelial cells (ECs), such as
IL-33, TSLP, and IL-25, play important roles in adaptive Th2
cell-mediated immunity, but also in innate immunity, including
activation of ILC2s for induction of allergic airway responses
(6, 18, 21, 43); therefore, we assessed levels of these cytokines
in lung tissue. However, the levels of I1L-33, TSLP, and IL-25
were not different in the two strains of mice after sensitization
and challenge (Fig. 5H). IL-33 levels in challenged-only
RAGE—/— mice were significantly higher compared with
those in challenged-only RAGE+/+ mice (Fig. 5H).

AHR in RAGE+/+ and RAGE—/— mice after sensitiza-
tion and challenge. We then monitored AHR following
sensitization and challenge with OVA. Intraperitoneal OVA
sensitization and airway challenge led to the development of
increased AHR in RAGE+/+ mice, as shown by significant
increases in lung resistance compared with that in nonsen-
sitized but challenged mice (Fig. 6). Challenged-only
RAGE—/— mice showed significantly higher AHR com-
pared with challenged-only RAGE+/+ mice. AHR in sen-
sitized and challenged RAGE—/— mice was not higher than
that in challenged-only RAGE—/— mice. Thus AHR in
RAGE—/— mice was not further increased after sensitiza-
tion and challenge.

Naive RAGE—/— mice demonstrate increased AHR. We
next assessed AHR to increasing doses of inhaled MCh in
naive RAGE—/— mice and naive RAGE+/+ mice.
RAGE—/— mice showed significantly higher (baseline) MCh-
responsiveness compared with RAGE+/+ mice (Fig. 7A).

Absence of RAGE expression on radio-resistant structural
cells upregulates AHR. To determine whether the expression of
RAGE on radio-resistant structural cells or on hematopoietic cells
contributed to innate AHR, we utilized the irradiated bone marrow
chimeric mice. RAGE—/— — RAGE—/— mice showed signifi-
cantly higher AHR compared with RAGE+/+ — RAGE+/+
mice. RAGE+/+ — RAGE—/— mice also showed significantly
higher AHR compared with RAGE+/+ — RAGE+/+ mice,
whereas RAGE—/— — RAGE+/+ mice showed significantly
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Fig. 6. Airway hyperresponsiveness (AHR) in RAGE+/+ and RAGE—/—
mice after sensitization and challenge with OVA. Forty-eight hours after the
last challenge, lung resistance (RL) was monitored in response to increasing
concentrations of inhaled methacholine, as described in MATERIALS AND METH-
obs. Values are means = SE (n = 9-11 in each group). *P < 0.05.

lower AHR compared with RAGE—/— — RAGE—/— and
RAGE+/4+ — RAGE—/— mice (Fig. 7B). These data suggested
that absence of RAGE expression on radio-resistant structural
cells results in increased AHR.

Blockage of IL-33 receptor ST2 attenuates innate AHR in
RAGE—/— mice. Experiments using chimeric mice showed
that absence of RAGE expression on radio-resistant structural
cells enhanced innate AHR. Because challenged-only
RAGE—/— mice showed higher IL-33 levels in the lung
compared with RAGE+/+ mice (Fig. 5G), we assessed 1L.-33
levels in naive mice and confirmed that IL-33 levels in the
lungs of naive RAGE—/— mice were higher than in naive
RAGE+/+ mice (Fig. 7C). These data suggested that high
levels of IL-33 in the lung might have contributed to innate
AHR in RAGE—/— mice. To verify this hypothesis, we inves-
tigated whether blockade of IL-33 receptor ST2 attenuated
AHR in RAGE—/— mice. RAGE—/— mice treated with anti-
ST2 antibody showed significantly lower AHR compared with
mice that received control antibody, suggesting that IL-33 in
the lung was a key regulator of AHR in naive RAGE—/— mice
(Fig. 7D).

DISCUSSION

In the present study, we demonstrated that RAGE contrib-
utes to both systemic sensitization and local activation of Th2
cells, as well as the accumulation of ILC2s in the airways
following sensitization and challenge with allergen. Spleen
MNCs as well as PBLN MNCs from RAGE—/— mice showed
impaired Th2 cytokine production. Accumulation of ILC2s in
the airway was reduced in the absence of RAGE, although the
numbers of Th2 cells were not different in the two strains of
mice following sensitization and challenge. We demonstrated
for the first time, to the best of our knowledge, that RAGE
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expression on radio-resistant structural cells plays a critical
role in the full development of allergen-induced airway inflam-
mation. Although RAGE is expressed on both hematopoietic
and structural cells, we show in chimeric mice that the mice
expressing RAGE on structural cells but not hematopoietic
cells develop allergic airway inflammation.

Recently, ILC2s, newly identified innate immune cells with
the capacity for Th2 cytokine production in response to airway
EC-derived IL-25, IL-33, and TSLP, have been reported to
induce innate immune responses and enhance Th2 allergic
inflammation (8, 13, 32). Previous studies have focused on the
role of protease-allergens such as papain, house dust mite
(HDM), and cockroach to induce ILC2s. In the present study,
we demonstrated that RAGE might contribute to accumulation
of ILC2s in the lungs of OV A-sensitized and challenged mice.
Halim et al. (14) demonstrated that OVA, together with IL-33,
induces migration of Th2 cells to regional lymph nodes in the
presence of ILC2s. In the present study, numbers of ILC2s in
the Iungs of RAGE—/— mice were significantly lower com-
pared with those in RAGE+/+ mice. Therefore, RAGE may
contribute to accumulation of ILC2s in the airways, and Th2

Methacholine (mg/ml)

cells may collaborate with ILC2s to trigger allergic airway
responses through RAGE signaling.

It has been reported that RAGE is constitutively expressed at
high levels on lung structural cells (33). In contrast, there was
relatively low expression of RAGE on vascular endothelial
cells and inflammatory cells, including neutrophils, mono-
cytes/macrophages, lymphocytes, and DCs (33). Using chime-
ric mice, we demonstrated that the expression of RAGE,
especially on radio-resistant structural cells, was essential to
the development of allergen-induced airway inflammation.
Airway structural cells, including ECs, have been reported to
be essential controllers of inflammatory, immune, and regen-
erative responses to allergens, viruses, and environmental pol-
lutants that contribute to asthma pathogenesis (23). ECs ex-
press many pattern recognition receptors, including RAGE and
Toll-like receptors (TLR) (23, 33, 37). EC triggering of TLR-4
by HDM induced production of TSLP, GM-CSF, IL-25, and
IL-33 (23). These innate cytokines have been implicated in the
development of allergic airway inflammation and played a
critical role in enabling APCs to sensitize Th2 cells (2, 5, 6, 21,
25, 39, 43, 44). In the present study, RAGE—/— mice were less
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responsive to allergen challenge, and, somewhat similar to the
role of TLR4, RAGE on structural cells may contribute to
secretion of 1L-33, IL-25, and TSLP, and increase APC sensi-
tization of Th2 cells. These innate cytokines have also been
implicated in induction of ILC2s (8, 13). In addition to ECs,
alveolar cells were reported to have the capacity to secrete
innate cytokines, such as IL-33 (19). Therefore, RAGE expres-
sion in alveolar cells may also induce activation of Th2 cells
and accumulation of ILC2s in the airways and, as a result,
amplify the full development of allergic airway inflammation.

DCs, representative of lung APCs, are critical to the activa-
tion of lung immune responses (35). Dumitriu et al. (9) re-
ported the importance of RAGE for DC maturation. During the
preparation of this manuscript, Ullah et al. (40) reported that
numbers of DCs in the airway following intranasal instillation
of HDM were lower in RAGE—/— mice compared with
RAGE+/+ mice, suggesting the importance of RAGE expres-
sion on DC for sensitization. However, they did not compare
RAGE—/— DCs with RAGE+/+ DCs for the ability to trigger
airway inflammation. In the present study, using OVA as an
allergen, we demonstrated that RAGE—/— DCs were able to
induce allergic airway inflammation comparable to RAGE+/+
DCs, which is consistent with the previous study showing APC
function of RAGE—/— DCs (29). Although the allergens used
were different, at least in our model, OV A-pulsed DCs did not
require RAGE expression for allergic inflammation, confirm-
ing the importance of RAGE expression on structural cells but
not hematopoietic cells.

Moser et al. (29) have reported that RAGE was required for
in vivo CD4 T cell proliferation using RAGE—/— OT-II cells.
They have also recently shown that RAGE deficiency resulted
in reduction of IL-5 and IFN-y and enhancement of IL-17
production from OT-II cells following OVA challenge, which
was associated with lower accumulation of OT-II cells in the
airway (1). In the present study, we have demonstrated lower
IL-5 and IL-13 production from spleen and PBLN cells of
RAGE—/— mice, suggesting a requirement for RAGE for
systemic Th2 sensitization in vivo. We also saw lower Th2
cytokine levels in BAL fluid, but did not see differences in
numbers of Thl, Th2, and Th17 cells in the airways between
RAGE—/— and RAGE+/+ mice. Direct comparison of their
studies and the present study is difficult because of differences
in experimental protocols. Using chimeric mice, we have
clearly shown the critical role of RAGE expression on radio-
resistant structural cells, but not T cells, for the development of
allergic airway inflammation and Th2 cytokine secretion in the
airway. We have also shown the importance of RAGE expres-
sion on structural cells in elastase-induced airway inflamma-
tion and emphysematous change in mice (42).

RAGE—/— mice, even in a naive state, showed significantly
higher MCh-induced AHR compared with RAGE+/+ mice.
Using a different strain of RAGE—/— mice, Milutinovic and
colleagues (27) reported no significant differences in AHR,
although RAGE—/— mice trended to higher AHR compared
with wild-type mice. We further demonstrated the expression
of RAGE on radio-resistant lung structural cells as perhaps the
major contributor to the increased AHR in naive mice. Inter-
estingly, levels of IL-33 in the lungs of RAGE—/— mice were
significantly higher than in RAGE+/+ mice. We demonstrated
that blockade of ST2 attenuated innate AHR in RAGE—/—
mice. Thus absence of RAGE appears linked to increased
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IL-33 levels in the lung, perhaps from EC, which might, at
least in part, have contributed to the development of increased
AHR in nonsensitized and nonchallenged RAGE—/— mice.
The mechanism(s) whereby the absence of RAGE leads to
increased IL-33 levels in the lungs is not currently defined.
In summary, we demonstrated that RAGE played a critical
role in airway inflammation, activation of Th2 cells, and the
accumulation of ILC2 in the airways. Furthermore, we char-
acterized the importance of RAGE expression on structural
cells in the development of airway inflammation. In contrast,
absence of RAGE on structural cells enhanced innate AHR.
Our data suggest that manipulation of these contrasting roles of
RAGE on structural cells for allergic airway inflammation vs.
AHR may be beneficial for controlling asthmatic responses.
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