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Abstract: Asthma remains a major cause of
morbidity and hospitalizations in developed na-
tions. Despite the widespread prevalence of this
disease, the genetic and environmental factors
that mediate development and progression of al-
lergic airways disease remain poorly understood.
Pulmonary recruitment of eosinophils is believed
to contribute to many cardinal features of aller-
gic airways disease. Therefore, it is paramount to
understand host factors that contribute to pul-
monary eosinophil recruitment into the lungs.
Mindin is a component of pulmonary extracellu-
lar matrix, which can regulate inflammatory cell
recruitment. We characterized the role of
mindin in the severity of allergic airways disease
using established murine models. There were no
baseline differences in wild-type and mindin-de-
ficient animals in cell counts or airway physiol-
ogy. Using the OVA murine model of allergic
airways disease, we observed that mindin-defi-
cient animals have less-severe allergic airways
disease with fewer airspace eosinophils and lower
lung-lavage levels of inflammatory Th2 cytokines
such as IL-13 and IL-4. Furthermore, mindin-
deficient animals have reduced airway hyper-re-
sponsiveness after methacholine challenge. To
determine the role of mindin in eosinophil traf-
ficking, independent of antigen immunization or
T lymphocyte activation, we instilled IL-13 di-
rectly into the lungs of mice. In this model,
mindin regulates eosinophil recruitment into the
airspace. In vitro experiments demonstrate that
mindin can enhance eotaxin-mediated eosinophil
adhesion and migration, which are dependent on
the expression of integrins �M�2 and �4�1. In
conclusion, these data suggest that mindin par-
ticipates in integrin-dependent trafficking of eo-
sinophils and can contribute to the severity of
allergic airways disease. J. Leukoc. Biol. 85:
000–000; 2009.
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INTRODUCTION

The prevalence of asthma has doubled over the past 20 years,
and this disease now affects 7–11% of the population of the
United States [1] and Europe [2, 3]. Allergic asthma is char-
acterized by pulmonary eosinophilic inflammation, proinflam-
matory cytokines, and airway hyper-responsiveness (AHR).
Recent evidence supports improved clinical outcomes when
asthma treatment decisions are based on monitoring sputum
eosinophil counts rather than conventional guidelines [4].
Studies in humans and murine models support a role of eosin-
ophils in exacerbation and progression of allergic airways
disease. Absence of eosinophils, through administration of
antibodies [5] or genetic engineering of eosinophil-deficient
mice [6, 7], protects against the development of AHR. Traf-
ficking of eosinophils into the bronchoalveolar (BAL) compart-
ment involves proinflammatory cytokines (IL-4, IL-5, and IL-
13) and chemokines (RANTES and eotaxin). Adhesion of eo-
sinophils is dependent on surface expression of at least seven
integrin heterodimers [8] and binding to diverse ligands, in-
cluding VCAM-1, ICAM-1, fibrinogen, and vitronectin [9].
Identifying novel proteins, which contribute to eosinophil traf-
ficking, will improve our understanding of host factors regulat-
ing the pathogenesis of allergic airways disease.

Mindin (also known as spondin2) is an extracellular matrix
(ECM) protein and a member of the mindin-F-spondin family
[10]. Mindin is a highly evolutionarily conserved ECM protein
with divergent functions in vertebrates. There are three funda-
mental reasons why we considered mindin as a candidate
modifier gene in allergic airways disease. First, mindin is
highly expressed in tissues relevant to allergic asthma includ-
ing spleen and lung [11]. Second, mindin-deficient mice dem-
onstrate impaired biological function of macrophages and mast
cells [11], and each of these cell types is known to regulate the
severity of allergic inflammation. Third, mindin mediates neu-
trophil recruitment into the lung, dependent on integrin bind-
ing [12]. Based on these observations, we hypothesized that
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mindin would modulate the severity of allergic airways disease
through the regulation of eosinophil trafficking into the lung.

To test this hypothesis, we used two different in vivo murine
models of allergic airways inflammation, as well as in vitro
studies of eosinophil migration. In the OVA model, we dem-
onstrated that mindin-deficient animals have attenuated an
antigen-specific response in the lung, including eosinophilic
inflammation, inflammatory cytokines, and AHR. To determine
whether these defects were independent of immunization and T
lymphocyte activation, we challenged mice directly with intra-
tracheal IL-13. We demonstrated that mindin-deficient ani-
mals had reduced recruitment of eosinophils into the airways
after challenge with IL-13. In vitro studies using mindin-
coated Transwell plates demonstrated the role of mindin as a
matrix in eosinophil chemotaxis. Furthermore, eosinophil ad-
hesion and migration on mindin-coated plates are, in part,
dependent on integrin binding. These findings suggest that
mindin can function as an ECM for eosinophil trafficking and
may contribute to the severity of allergic airways disease.

MATERIALS AND METHODS

Mice

Dr. Y-W. He generated and backcrossed mindin-deficient mice for seven
generations onto a C57BL/6J background [11]. Dr. James Lee (Mayo Clinic,
Scottsdale, AZ, USA) generated IL-5 transgenic mice [13]. Age- and gender-
matched C57BL/6J mice were used as control animals. Experimental protocols
were reviewed and approved by the Institutional Animal Care and Use Com-
mittee at Duke University Medical Center (Durham, NC, USA) and were
carried out in accordance with the standards established by the U.S. Animal
Welfare Acts.

OVA sensitization and challenge

Mice were sensitized on Days 0 and 7 by i.p. injections of 10 �g OVA (Sigma
Chemical Co., St. Louis, MO, USA), complexed with aluminum hydroxide
(Pierce, Rockford, IL, USA), as described previously [14]. Beginning on Day
14, mice were exposed daily for 20 min to an aerosol of 1% OVA (Sigma
Chemical Co.), generated using an Ultra-Neb99 (DeVilbiss Healthcare, Som-
erset, PA, USA). Mice received a daily antigen exposure for 2 or 7 days.
Animals were phenotyped 24 h after the last aerosol challenge.

AHR

Direct measurements of respiratory mechanics in response to methacholine
were made using the flexivent system (Scireq, Montreal, Canada) and reported
as RT cmH2O/ml/s. Anesthesia was achieved with 60 mg/kg pentobarbital
sodium injected i.p. and then given a neuromuscular blockade (0.8 mg/kg
pancuronium bromide). Mice were ventilated with a computer-controlled ven-
tilator (flexiVent, Scireq) with a tidal volume of 7.5 ml/kg and a positive
end-expiratory pressure of 3 cmH2O. Measurements of respiratory mechanics
were made by the forced oscillation technique. Response to aerosolized metha-
choline (0 mg/ml, 10 mg/ml, 25 mg/ml, and 50 mg/ml) was determined by
resistance measurements every 30 s for 5 min, ensuring the parameters
calculated had peaked. Total lung capacity breaths were administered after
each dose of methacholine to maintain patent airways and return the measure-
ments back to baseline. The resistance measurements were then averaged at
each dose and graphed (RT cmH2O/ml/s) along with the initial baseline
measurement.

Analysis of airway inflammation, whole blood,
and serum total IgE

Whole lung lavage cell differentials were determined as described previously
[14]. Whole lung was fixed in formaldehyde at 25 cmH2O pressure and

paraffin-embedded. Tissue was sectioned and stained with H&E. Interstitial
inflammation was quantified in five to eight images of small airways from each
fixed lung. A luminex instrument (BioRad, Hercules, CA, USA) was used to
evaluate protein concentrations of IL-4, IL-5, RANTES, eotaxin, and kerati-
nocyte-derived chemokine (KC; BioRad). An ELISA kit was used to evaluate
IL-13 (R&D Systems, Minneapolis, MN, USA). The lower limit of detection for
this assay by cytokine is IL-4 (3 pg/ml), IL-5 (2 pg/ml), RANTES (5 pg/ml),
eotaxin (148 pg/ml), KC (3 pg/ml), and IL-13 (9 pg/ml). Serum total IgE levels
were detected by ELISA (PharMingen, San Diego, CA, USA). Complete blood
counts were performed with an Abbott Cell-Dyn 3700 hematology analyzer,
previously optimized for the C57BL/6 strain of mice by the Duke Veterinary
Diagnostic Laboratory. Automated differentials were confirmed by manual
differential.

Semiquantitative real-time PCR

Total RNA was extracted from whole lung homogenates using the RNeasy mini
kit (Qiagen Inc., Valencia, CA, USA), according to the manufacturer’s protocol.
RNA samples were then reverse-transcribed into cDNA using SuperScript II
RT (Invitrogen Corp., Carlsbad, CA, USA), following the manufacturer’s in-
struction. All real-time quantitative PCRs were performed using ABI SDS
7500 and SYBR Green reagent (Applied Biosystems, Foster City, CA, USA).
Primers were produced by IDT, Inc. (Coralville, IA, USA), and sequences
include eotaxin-2 forward, 5�-GGTTCAGAGGCACATACAAAAAC-3�,
eotaxin-2 reverse, 5�-AAACCTCGGTGCTATTGCCAC-3�; GAPDH forward,
5�-ATCATCTCCGCCCCTTCTG-3�, GAPDH reverse, 5�-GGTCATGAGCCCT-
TCCACAAT-3� [15]. cDNA sample was amplified under the following condi-
tions: 2 min, 50°C; 10 min, 95°C; 15 s, 95°C; and 1 min, 60°C, for 40 cycles.
Gene expression values were normalized by the housekeeping gene GAPDH.

IL-13 challenge

Mice were given mouse recombinant IL-13 (Invitrogen-Biosource Interna-
tional, Carlsbad, CA, USA) in PBS intratracheal (3.9 �g) on Days 1, 3, and 6.
On Day 7, all animals were phenotyped for cellular inflammation in whole lung
lavage. Cytokine levels in lavage were determined by luminex (BioRad).

In vitro eosinophil migration assay

Eosinophils were isolated by using the MACS cell separation system (Miltenyi
Biotec, Auburn, CA, USA) from blood of IL-5 transgenic mice, generated by
Dr. James Lee. Briefly, 500 ul blood in 2% heparin was pre-separated by 60%
Percoll (Sigma Chemical Co.) gradient in HBSS, 15 mM HEPES (pH 7.4).
Isolated cells were mixed with anti-Ter-119-PE antibody, anti-CD90-PE an-
tibody, and anti-CD45R-PE antibody and then labeled with anti-PE Mi-
croBeads. Cells were applied to a LD column, and negative cells were
collected. Purified cells were 95% eosinophils by cytospin and H&E. Trypan
blue staining showed 98% cell viability.

The eosinophil migration assay was performed in a 24-well Transwell plate
with a pore size of 5.0 �m. Uncoated plates were used to evaluate eosinophil
migration in response to soluble mindin or lavage supernatant (200 ul/well). In
other experiments, each well was precoated with 5 �g mindin protein (recom-
binant protein generated as described previously [11]), fibronectin (Sigma
Chemical Co.), or BSA (Sigma Chemical Co.) overnight at 4°C. Wells without
coating were used as negative control. Eosinophils (1�106) in 100 �l RPMI
1640 were loaded to the upper well. RPMI 1640 (600 �l), with or without 30
nM mouse recombinant eotaxin (R&D Systems), was added into the lower
chambers. Plates were incubated at 37°C, 5% CO2, for 90 min and 4 h.
Migrated cells in the lower chamber were collected and counted. For integrin-
blocking assay, eosinophils were incubated with blocking antibodies (20
�g/ml; Biolegend, San Diego, CA, USA) for 20 min at 37°C, 5% CO2, prior to
being added to the upper well. Similarly, after 90 min and 4 h, cells that
migrated toward eotaxin in the lower chamber were collected and counted.

Eosinophil adhesion assay

The eosinophil adhesion assay was performed using a precoated, 96-well,
noncell culture plate as described previously [9, 12] with slight modifications.
Briefly, the plate was precoated with 20 �g/ml mindin or fibronectin in 0.1 M
sodium carbonate buffer (pH 9.6) overnight. After washing with PBS three
times, the plate was blocked with 200 �l heat-inactivated FBS for 30 min at
37°C. Purified normal eosinophils (100 �l) from IL-5 mice (2�105/well) in
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RPMI 1640/10% FBS were preincubated with 30 nM eotaxin and 10 �g/ml
integrin block antibodies for 30 min at 37°C before being added to each well.
The plate with cells was incubated for 1 h at 37°C and then washed. To
quantify adherent eosinophils, the plate was washed, and the supernatant was
removed. The plate was centrifuged for 10 min, and then, 100 �l peroxidase
substrate 3,3�,5,5�-tetramethylbenzidine reagents (BD Biosciences, San Jose,
CA, USA) with 0.2% Triton X-100 were added to each well, and the color was
allowed to develop for 30 min at room temperature. H2SO4 (50 �l 4 M) was
added to stop the reaction. The plate was read at 450 nm in a microplate reader
(EL 808 Ultra microplate reader, Bio-Tek Instruments, Winooski, VT, USA).
The number of adherent cells was calculated according to a standard curve
made by measuring serial-diluted eosinophils in noncoated wells.

Statistics

Data are expressed as mean � SEM. Significant differences between groups
were identified by two-tailed ANOVA for multiple comparisons. Primary
comparisons were made between mindin�/� and mindin�/� animals for each
experimental condition using the two-tailed Student’s t-test. A P value of less
than 0.05 was considered statistically significant. Software used was SPSS
(Chicago, IL, USA) and GraphPad (San Diego, CA, USA).

RESULTS

Mindin-dependent, antigen-specific allergic
inflammation

Composition of the ECM can impact lung structure, which can
alter physiologic function in the lung. For this reason, it was
important to determine if baseline physiologic function was
maintained in mindin-deficient animals. We demonstrate that
mindin-deficient animals have preserved populations of air-
space cells when compared with wild-type (Fig. 1A). Further-
more, we demonstrate that airway response to methacholine
(Fig. 1B) and the compliance of the lung (Fig. 1C) are unaltered
in naı̈ve, mindin-deficient mice.

To determine the role of mindin in an antigen-specific re-
sponse, we immunized and challenged mice to OVA. We dem-
onstrate that after immunization with alum and aerosol antigen
challenge for 2 or 7 days, mindin-deficient animals were protected
from the development of allergic airways disease. Mindin-depen-
dent differences were robust after 7 days of exposure to OVA.
Mindin-deficient animals had reduced eosinophil recruitment into
the airspace when compared with wild-type (Fig. 1A). No signif-
icant differences were observed in macrophages or lymphocytes in
the lavage fluid. Mindin-deficient animals were also protected
from AHR to methacholine (Fig. 1B) and from the reduction in
lung compliance after antigen challenge (Fig. 1D). In addition to
cellular inflammation and AHR, B lymphocyte class-switching is
a classic manifestation of atopy and allergic inflammation.
Mindin-deficient animals had a trend toward lower levels of serum
IgE (C57BL/6, 4556�664 pg/ml vs. mindin�/�, 2857�593 pg/
ml; n�10; P�0.057). Furthermore, reduced cellular airway in-
flammation was associated with a significant reduction in Th2

proinflammatory cytokines (Fig. 2, A–C). The level of RANTES
and eotaxin in the lavage was below the sensitivity of the protein
assay. No mindin-dependent differences in whole lung mRNA of
eotaxin2 or protein level of leukotriene B4 (LTB4) in the lavage
was observed (data not shown). However, we additionally observed
reduced levels of the chemokine KC in the lavage fluid from
OVA-exposed, mindin-deficient mice (Fig. 2D). We did not ob-
serve significant mindin-dependent differences in the number of

circulating eosinophils in the blood (Fig. 3, A and B) or infil-
trating inflammatory cells around the airways by histology (Fig.
3C). To determine whether this phenotype was specific to pro-
longed exposure to antigen, animals were exposed to OVA for only
2 days. Similarly, exposure to OVA for only 2 days resulted in
mindin-dependent alterations in the severity of allergic airways
disease. Mindin-deficient animals demonstrate a trend toward

Fig. 1. Mindin-deficient mice are protected against allergic airways disease
after OVA immunization and 7-day OVA challenge. (A) Total cells and
absolute cell differentials in BAL fluids (BALF) of nonexposed and OVA-
challenged, mindin-deficient (open bars) and wild-type mice (closed bars;
n�9–10/group; mindin�/� vs. mindin�/�; *, P�0.05). Mac, Macrophage;
Eos, eosinophil; Lymph, lymphocyte. (B) Forced oscillometry was used to
determine baseline AHR to aerosolized methacholine (n�4–6/group;
mindin�/� vs. mindin�/�; *, P�0.05). Lung compliance was measured in
mice by direct measurements in unexposed (C) and OVA-exposed (D) animals
(n�4–6/group). Vpl, ; Ppl, .
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reduced absolute number of eosinophils (Fig. 4A), reduced per-
centage of eosinophils (Fig. 4B), and less-robust AHR after ex-
posure to 50 mg/ml methacholine (Fig. 4C). The level of IL-4
[C57BL/6, 9.6 (�4.49), vs. mindin�/�, 3.0 (�0.98); P�0.15] and
IL-13 [C57BL/6, 148.89 (�15.87), vs. mindin�/�, 118.10
(�14.80); P�0.17] in the lavage was independent of mindin.
However, we observed lower levels of IL-5 lavage fluid [C57BL/6,
100.0 (�21), vs. mindin�/�, 47.24 (�6.34); n�7; P�0.02] after
2 days of OVA challenge. These data support that mindin con-
tributes to an antigen-specific allergic response including eosin-
ophil airspace recruitment, AHR, and secretion of some proin-
flammatory cytokines.

Mindin-dependent, antigen-independent airway
inflammation

Administration of IL-13 to airways of mice generates many of
the cardinal features of allergic asthma including eosinophil

infiltration and Th2 cytokine production [16, 17]. Although
IL-13 is released primarily by T lymphocytes, the biological
response to direct IL-13 challenge is largely independent of B
lymphocytes or T lymphocytes [18]. Additionally, this model
does not require sensitization to antigen, which minimizes the
influence of dendritic cell (DC) and T lymphocyte interactions
on the phenotype. Therefore, to specifically determine the role
of mindin in eosinophil recruitment into the airways, indepen-
dent of lymphocytes or sensitization, animals were challenged
directly with recombinant murine IL-13. Similar to the OVA
model, mindin-deficient animals demonstrate significantly im-
paired recruitment of eosinophils into the airspace after IL-13
challenge (Fig. 5A). No significant differences were observed
in macrophages or lymphocytes in the lavage fluid. This finding
supports a primary, mindin-dependent defect in eosinophil
recruitment into the airspace. Interestingly, IL-13-treated,
mindin-deficient animals also demonstrated a significant re-

Fig. 2. Mindin-deficient mice have lower levels of proinflammatory factors in BALF after OVA
challenge. Levels of IL-4 (A), IL-13 (B), IL-5 (C), and KC (D) were measured in BALF from OVA-exposed
mice (n�9–10/group; mindin�/� vs. mindin�/�; *, P�0.05).

Fig. 3. Level of circulating eosinophils and interstitial eosinophils appear independent of mindin. Animals immunized and challenged to OVA for 7 days were
evaluated for blood eosinophils and airway interstitial inflammation. Levels of circulating eosinophils were quantified in the whole blood and presented as absolute
number (Abs) of eosinophils (A) or percent eosinophils (B; n�7/group; mindin�/� vs. mindin�/�; *, P�0.05). Histology samples were evaluated semiquantitatively
for interstitial inflammation around small airways (C; n�3/group).
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duction in the level of proinflammatory Th2 cytokines (Fig. 5,
B and C). We additionally observed reduced levels of other
proinflammatory factors in the lavage fluid obtained from
mindin-deficient mice including IL-12p70 [C57BL/6, 11.6
(�1.8), vs. mindin�/�, 5.1 (�1.2); n�7; P�0.05] and KC
(Fig. 5D). These results support the role of mindin in eosino-
phil activation and trafficking into the airspace in a manner
independent of antigen-specific immunization.

In vitro eosinophil migration and adhesion are
enhanced by mindin-integrin interactions

To specifically determine the role of mindin in eosinophil migra-
tion, we performed ex vivo eosinophil migration assays. Initially,
we tested whether soluble mindin would act as a chemoattractant
for eosinophil Transwell migration. Unlike eotaxin, addition of

soluble mindin to the lower well did not significantly impact
eosinophil migration on uncoated plates (data not shown). This
finding suggests that mindin does not function directly as a
chemoattractant for eosinophils. To address specifically whether
soluble factors contribute to altered eosinophil migration, eosino-
phil chemotaxis to lavage supernatant obtained from saline or
OVA-challenged mice (wild-type or mindin-deficient) on un-
coated plates (Fig. 6A) was measured. Although eosinophils did
migrate toward supernatant obtained from OVA-challenged mice
(when compared with saline), there were no differences in ob-
served migration dependent on mindin. These observations sug-
gest that alterations in soluble factors within the alveolar compart-
ment do not contribute significantly to mindin-dependent alter-
ations in cellular recruitment and suggest a direct effect of mindin
on eosinophil trafficking.

Fig. 4. Mindin-deficient mice are protected against allergic airways disease after OVA immunization and 2-day OVA challenge. (A) Total cells and absolute cell
differentials in BALF of OVA-challenged, mindin-deficient (open bars) and wild-type mice (closed bars; n�7/group; mindin�/� vs. mindin�/�; *, P�0.05). (B)
Forced oscillometry was used to determine baseline AHR to aerosolized methacholine (n�4/group; mindin�/� vs. mindin�/�; *, P�0.0002).

Fig. 5. Mindin-deficient mice have diminished response to IL-13 challenge. (A) Total cells and absolute cell
differentials in BALF of nonexposed and IL-13-challenged, mindin-deficient mice and wild-type mice (n�3
for saline, and n�7 for IL-13; mindin�/� vs. mindin�/�; *, P�0.05). Levels of IL-4 (B), IL-5 (C), and KC
(D) were measured in BALF obtained from saline or IL-13-challenged mice (n�3 for saline, and n�7 for
IL-13; mindin�/� vs. mindin�/�; *, P�0.05).
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Recent observations support that mindin can serve as an
integrin ligand, facilitating neutrophil and macrophage mi-
gration from the bloodstream to lung tissue [12]. Therefore,
we considered whether mindin would also interact with
integrins expressed on eosinophils and contribute to eosin-
ophil trafficking. To determine specifically whether reduced
eosinophil recruitment in the animal models was a result of
impaired cell migration dependent on mindin, Transwell
plates were precoated with fibronectin (as a positive control)
or mindin. Eosinophils were then exposed to an eotaxin
chemokine gradient. We observed that mindin and fibronec-
tin enhance eosinophil chemotaxis to eotaxin at 90 min (Fig.
6B) and 4 h (Fig. 6C). Mindin-coated wells demonstrated
higher numbers of eosinophils than fibronectin-coated wells
at 90 min. However, there were no mindin-dependent dif-
ferences observed at 4 h when compared with fibronectin. To
determine whether integrin interaction with mindin medi-
ates eosinophil migration, integrin-blocking mAb were ap-
plied to the chemotaxis assay. Mindin-dependent eosinophil
migration was blocked by anti-integrin 	4 (CD49D), 	M

(CD11b), 
1 (CD29), and 
2 (CD18) mAb at 90 min (Fig.
6B). Anti-integrin 
1 mAb did not block further cell migra-
tion after 4 h incubation (Fig. 6C). We observed different
blocking efficiency among these antibodies. At 90 min in-
cubation, anti-integrin 
1 only blocked mindin-mediated
eosinophil migration to the level mediated by fibronectin,
and other blocking antibodies reduced mindin-promoted
eosinophil migration to the baseline level associated with
negative control (BSA) precoating. At 4 h incubation, anti-
integrin 	M, 
2 mAb, and a four-antibody mixture reduced
mindin-mediated eosinophil migration to the level similar to
BSA precoating, and anti-integrin 	4 only inhibited 30% of
eosinophils migrating through mindin matrix. These studies
suggest that mindin enhances eosinophil migration through
a mechanism dependent on integrins 	M
2 and 	4
1.

To determine whether defects in migration were related to
eosinophil-mindin adhesion, we performed a specific adhesion

assay (Fig. 7). In the absence of eotaxin, minimal numbers of
eosinophils were adherent; however, there were significantly
more adherent eosinophils in the mindin-coated wells com-
pared with all other substrates. In the presence of eotaxin,
there was slightly enhanced eosinophil adhesion on wells
coated with BSA or fibronectin, but mindin-coated wells dem-
onstrated significantly more adherent eosinophils compared
with all other substrates. Enhanced mindin-dependent adhe-
sion was blocked by anti-
1 and anti-	M to the levels observed
with BSA or fibronectin. Together, our in vitro studies support
that mindin can enhance eosinophil migration and adhesion in
a manner dependent on integrins.

Fig. 6. Mindin-integrin interaction facilitates normal eosinophil migration. (A) Uncoated Transwell plates were used to evaluate migration of murine eosinophils
after challenge with cell-free lavage supernatant obtained from saline or OVA-challenged mindin�/� or mindin�/� animals (n�3/group; *, P�0.05). (B) Next,
Transwell plates were precoated with or without mindin protein, BSA, or fibronectin (FN), and chemotaxis of murine eosinophils was measured toward eotaxin
gradient. Anti-integrin CD29 (�1), CD11b (	M), CD49d (	4), and CD18 (�2) mAb were used to block the binding between mindin and eosinophils; the groups
include no coating and no eotaxin control (NO C/E), no coating (NO C), and a mixture of 20 �g/ml of all four antibodies (ALL). Migrated cells in the lower chamber
at 90 min incubation (n�5/group; *, P�0.05, vs. mindin-coated wells; #, P�0.01, vs. BSA; �, P�0.01, vs. fibronectin). (C) Migrated cells in the lower chamber
at 4 h incubation (n�5/group; *, P�0.05, vs. mindin-coated wells; #, P�0.01, vs. BSA).

Fig. 7. Mindin-integrin interaction facilitates eosinophil adhesion. Plates
were precoated with or without mindin protein, FBS, BSA, or fibronectin, and
murine eosinophils were challenged to eotaxin. Anti-integrin CD29 (�1),
CD11b (	M), CD49d (	4), and CD18 (�2) mAb were used to block the binding
between mindin and eotaxin-challenged eosinophils; the groups include no
coating and no eotaxin control, no coating, and a mixture of 20 �g/ml of all four
antibodies (n�3/group; *, P�0.05, vs. mindin-coated wells; #, P�0.01, vs.
BSA; �, P�0.01, vs. fibronectin).
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DISCUSSION

In this report, we demonstrate that mindin is an important
component of the ECM that contributes to eosinophil traffick-
ing into the airspace. We also demonstrate that the severity of
antigen-dependent and antigen-independent allergic airways
disease is regulated by mindin, which contributes significantly
to many cardinal features of allergic airways disease including
eosinophil recruitment, cytokine production, and AHR. In vitro
studies support the critical role of mindin in eosinophil migra-
tion and adhesion, which, in part, is integrin-dependent. Our
data in aggregate suggest that mindin is an ECM protein that
plays a central role in eosinophil trafficking into the airspace of
mice.

Eosinophils are implicated in the pathogenesis of parasitic
helminthes infections and allergic diseases [19]. Previous work
demonstrates that tissue recruitment and activation of eosino-
phils contribute directly to the secretion of many proinflam-
matory cytokines (IL-2, IL-4, IL-5, IL-10, IL-12, IL-13, IL-16,
IL-18, TGF-	/
), chemokines (RANTES, eotaxin), and lipid
mediators (platelet-activating factor and LTC4) [20]. Further-
more, eosinophils can contribute to innate and adaptive im-
mune responses. Specifically, eosinophils contribute to T lym-
phocyte proliferation and function, thus facilitating response to
bacterial pathogens [21] or the development of allergic inflam-
mation [22]. Our data, using two separate murine models of
allergic inflammation, support that mindin contributes to the
severity of airways disease through the combination of im-
paired recruitment of eosinophils and defects in the level of
soluble, proinflammatory cytokines.

Mindin was found recently to be necessary for efficient DC
priming of T cells [23]. Therefore, some of the observed dif-
ferences in cytokine and eosinophil levels in our OVA model
could be explained by mindin-dependent defects in DC-T cell
priming. However, we also observed inhibition of cytokine
production in the IL-13 model, which is believed to be inde-
pendent of DC-T cell interaction. We believe that mindin
influences the response to allergic airways disease on many
levels, dependent and independent of T lymphocyte activation.
In vivo studies have demonstrated mindin-dependent differ-
ences in proinflammatory cytokine production by different cell
types. For example, mindin can amplify macrophage and mast
cell production of the proinflammatory cytokines IL-6 and
TNF-	 and can promote tissue recruitment of neutrophils and
macrophages [11]. Indeed, we demonstrated decreased expres-
sion of cytokines such as KC and IL-12p70 in mindin-deficient
mice in the antigen-dependent OVA model and in the antigen-
independent IL-13 model. Epithelial cells are a known source
of KC. This suggests that mindin interaction with cell types
other than eosinophils or lymphocytes could influence the
severity of allergic airways disease. Furthermore, previous
work demonstrates that the response to direct IL-13 airway
challenge is independent of lymphocytes [18]. IL-13 challenge
not only facilitates eosinophil recruitment but can also directly
stimulate cytokine production by airway epithelial cells, mac-
rophages, and airway smooth muscle cells [24–27]. The re-
sponse of cells to IL-13 can be regulated by the extracellular
microenvironment. For example, isolated airway smooth mus-
cle cells from asthmatic subjects exhibit amplified secretory

responses to IL-13 as a result of an interaction between inte-
grins and ECM proteins surrounding those cells [28]. There-
fore, we speculate that mindin, as an ECM protein, could
participate in the activation of IL-13-induced intracellular
signaling. The cell type and mechanism of mindin-mediated
cytokine secretion remain unknown and will be the topic of
future investigations. Although we cannot exclude the possi-
bility that reduced proinflammatory cytokines/chemokines con-
tribute to fewer recruited eosinophils in the airspace, we also
show that mindin has a direct effect on eosinophil migration
and adhesion in vitro. Therefore, it is plausible that a decrease
in recruited eosinophils contributes to lower levels of cytokines
in the lavage fluid, observed in mindin-deficient mice.

Our results demonstrate that mindin enhances eosinophil ad-
hesion and migration in response to eotaxin. Mindin-dependent
eosinophil migration can be blocked effectively with anti-integrin
	4, 	M, and 
2 antibodies, suggesting that mindin could function
as a ligand to specific integrins during eosinophil binding. Murine
eosinophils primarily express integrins 	4
1, 	M
2, and 	4
7.

Integrin 	4
7 is thought to be important in eosinophil migration in
the intestine but not in lung tissue [29]. Eosinophil recruitment
from the bloodstream to the lung depends primarily on the ex-
pression and activation of integrin 	4
1 and 	M
2 [30–32]. Each
of these integrins has differential functions in the regulation of
eosinophil chemotaxis. Integrin 	4
1 mediates rolling and adhe-
sion of eosinophils to VCAM-1, which is expressed on the endo-
thelia in response to Th2 cytokines [33, 34]. Integrin 	M
2 pri-
marily facilitates transendothelial and interstitial migration [35,
36], promotes eosinophil migration [37], and is up-regulated in
asthmatic human lung eosinophils [9, 38]. We demonstrate that
mindin facilitates eotaxin-induced eosinophil adhesion and mi-
gration in a manner partially dependent on 	4
1 and 	M
2. The
primary defect in the mice is airspace recruitment of eosinophils.
There were not significant differences between the level of inter-
stitial or blood eosinophils. Therefore, these observations suggest
that mindin could contribute to eosinophil migration across the
airway epithelium. Although the specific site of action is not yet
realized, our findings suggest that impaired eosinophil trafficking
in mindin-deficient mice is the result of defective interaction
between mindin and eosinophil-expressed integrins.

Taken together, this study demonstrates that the ECM pro-
tein, mindin, contributes to many cardinal features of allergic
asthma, including eosinophil recruitment, cytokine secretion,
and AHR. Our study provides evidence supporting a novel role
of mindin to normal eosinophil trafficking into the airspace.
Our observations suggest that mindin can contribute to the
pathogenesis of allergic airways disease, in part, through reg-
ulation of eosinophil trafficking into the airspace.
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