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Abstract
Asthma remains an important cause of morbidity and mortality with an incidence that continues to
rise. Despite the importance of this disease, the mechanisms by which the host develops allergic
airways disease remain poorly understood. The development of allergic airways disease appears to
be contingent on activation of both the innate and adaptive immune system, but little is known
about the cross-talk between these two systems. The extracellular matrix protein mindin (Spondin
2) has been previously demonstrated to have functional roles in both the innate and adaptive
immunological responses. Previous work supports that pulmonary challenge with fungal-
associated allergenic proteinase (FAP) induces an innate allergic response. We hypothesized that
mindin would modify the biological response to FAP. Saline or FAP was administered by
oropharyngeal aspiration to C57BL/6 wild type or mindin-null mice every 4 days for a total of five
exposures. FAP exposed C57BL/6 mice developed enhanced airway hyperresponsiveness (AHR)
to methacholine challenge and increased neutrophils and eosinophils in the bronchoalveolar lavage
as compared to saline exposed controls. These responses were significantly reduced in mindin-null
mice exposed to FAP. FAP challenge was associated with a broad induction of cytokines (IL-1β,
TNFα, Th1, Th2, and IL-17), chemokines, and growth factors, which were reduced in mindin-null
mice exposed to FAP. RNA expression in lung monocytes for representative M1 and M2
activation markers were increased by FAP, but were independent of mindin. Our observations
support that challenge with FAP results in activation of both innate and adaptive immune
signaling pathways in a manner partially dependent on mindin. These findings suggest a potential
role for the extracellular matrix protein mindin in cross-talk between the innate and adaptive
immune systems.
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Introduction
Asthma remains a significant cause of morbidity and a frequent presenting complaint for
acute/emergency care and hospitalizations. It is a particular burden in industrialized nations
for reasons which remain unclear. Asthma prevalence continues to increase in the United
States with the most recent CDC analysis revealing a rise in the incidence from 7.3% to
8.2% from 2001 to 2009 [1]. Asthma is a chronic respiratory syndrome characterized by
inflammation, mucus production, airflow limitation, and AHR. Understanding the
mechanisms that contribute to the development, progression, and exacerbation of allergic
asthma remain an area of high clinical interest.

Previous studies clearly identify a complex interaction between the innate immune system
and the adaptive immune system in the development of allergic airways disease. The most
common animal model system of allergic airways disease utilizes ovalbumin (OVA) as an
allergen, which requires the use of a strong adjuvant such as alum for sensitization. In the
absence of a robust adjuvant, low level exposure to the inert antigen OVA induces
immunological tolerance [2,3]. We now recognize that the adjuvant alum activates innate
immunity through uric acid-dependent activation of the inflammasome [4-6]. Alternatively,
airway sensitization to OVA can be facilitated through activation of toll-like receptors with
ligands such as LPS [7]. Therefore, the OVA model of allergic airways disease appears to
require activation of innate immunity to achieve sensitization. It is additionally recognized
that after established antigen sensitization activation of innate immune pathways can either
enhance allergic inflammation or exacerbate airways disease through neutrophil-
predominant inflammation [7].

Despite the utility of the OVA model system for understanding the mechanisms of allergic
inflammation, the OVA model will not necessarily elucidate the mechanisms required for
response to some clinically relevant and commonly encountered allergens. In contrast to the
OVA model, pollen and fungal-derived allergens, such as those derived from Aspergillus,
can initiate allergic inflammation on direct airway challenge without need for additional
adjuvants [8-10]. Previous work supports that these allergens are an abundant source of
exogenous proteinases; and protease activity is required for development of allergic airways
disease [11-13]. Studies utilizing protease-dependent allergens will provide novel insight
into the pathogenesis of allergic airways disease in a manner independent of a requirement
for use of robust adjuvant to achieve sensitization.

Fungal antigens appear to induce innate allergic inflammation. A single airway challenge to
FAP is sufficient to induce both eosinophilic airway inflammation and lung IL-4 production
[14]. Interestingly, the response to FAP is independent of both classical cells of the adaptive
immune system and genes of innate immunity including: TLR4, MyD88, and STAT6.
However, the innate allergic response to FAP was dependent on intact proteinase activity.
These observations suggest that FAP induces allergic inflammation through a unique and
potentially unrecognized innate immune signaling mechanism.

Mindin is a member of the mindin/F-spondin family of secreted extracellular matrix (ECM)
proteins. Mindin has two structural domains including an F-spondin (FS) domain and a
thrombospondin type 1 repeat (TSR). FS1 and FS2 are the only conserved sequence motifs
of the f-spondin domain in mindin, when compared to F-spondin. It is now recognized that
the mindin FS domain function as an integrin ligand and that mindin recognizes LPS
through the TSR domain [15,16]. Mindin was original discovered in zebrafish where it was
found in the basal lamina [17]. Previous work identified this ECM protein as a pattern-
recognition molecule, which directly binds to bacteria and functions as an opsonin to direct
macrophage phagocytosis [18]. This work highlighted the critical role of mindin to the
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innate immune response to bacterial pathogens. More recently mindin was demonstrated to
be important in the intranasal clearance of viruses suggesting that its functions are not
limited to bacterial pathogens [19]. In addition to the role in innate immunity, mindin has a
role in the development of adaptive immune responses as it is important for both efficient
dendritic cell priming of T cells and eosinophil trafficking into the airspace [20,21].
Interestingly, mindin contributes to the airway response following inhalation exposure to
endotoxin and ambient ozone [22]. The host response to ozone is believed to be dependent
on genes of innate immunity [23-25]. Together these findings support that mindin has
critical roles in both innate and adaptive immune system activation. However, the role of
mindin in fungal antigen challenge has remained unexplored. Therefore, we hypothesized
that the extracellular matrix mindin would be critical to the development of fungal allergen-
induced allergic airways disease.

In the present study, we evaluated the role of mindin on the development of allergic airways
disease after FAP exposure. We identified that mindin is required for the development of
AHR and recruitment of granulocytes into the airspace after FAP exposure. We further
identified that mindin deficiency result in broad reduction of pro-inflammatory secreted
factors. These data highlight a role of mindin in the development of airways disease in
context of fungal allergen challenge.

Methods
Animals

C57BL/6 mice were purchased from Jackson Laboratory. Mindin−/− mice were generated
by Y-W He as previously reported and backcrossed onto C57BL/6 [18]. Experimental
groups consisted of 6-8 week old female mice for all experiments. Animal experiments were
conducted in accordance with National Institute of Health guidelines and protocols approved
by the Animal Care and Use Committee at Duke University.

Exposure protocol
Following administration of isofluorane for anesthesia, C57BL/6 and Mindin −/− mice were
administered either saline or FAP by oropharyngeal aspiration. FAP was composed of
Aspergillus oryzae proteinase (1 mg/ml; Sigma, St. Louis, MO, USA) and ovalbumin (0.5
mg/ml; Sigma, St. Louis, MO, USA) in a volume of 50 μL. This dosing was repeated every
four days for a total of five challenges per a previously published protocol [11,26]. The mice
were characterized for physiologic measurement and BAL cytokine and cell count analysis
24-hours after the last saline/FAP challenge.

Airway physiology
Direct measurements of respiratory mechanics in response to methacholine were made using
the flexiVent system (SCIREQ, Montreal, Canada) and reported as total resistance (RT)
cmH2O/mL/s. Anesthesia was achieved with 60 mg/kg pentobarbital sodium injected i.p.
Mice were then given a neuromuscular blockade (0.8 mg/kg pancuronium bromide). Mice
were ventilated with a computer-controlled ventilator (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 methacholine (0 mg/mL, 10 mg/mL, 25 mg/mL, and 100 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 measurements back to baseline. The
resistance measurements were then averaged at each dose and graphed (RT cmH2O/mL/s)
along with the initial baseline measurement.
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Bronchoalveolar lavage fluid (BALF)
Immediately after pulmonary function measurements, mice were euthanized by Nembutal
(100mg/kg) overdose. The chest was opened, the trachea was exposed, and bronchoalveolar
lavage (BAL) was performed by inserting a catheter into the mouse trachea with PE-90
tubing and instilling saline until the lung reached total lung capacity. This was repeated three
times. The total volume returned was the lavage return volume. Cells from the BALF were
isolated using centrifugation (1500 rpm, 15 min) and the supernatant was stored at −80°C
for assessment of cytokines.

Cytokine measurements
Cytokines and chemokines were analyzed using a MILLIPLEX™ MAP Mouse Cytokine/
Chemokine 22 Plex assay kit (Millipore, Billerica, MA, USA) per the manufacturer’s
protocol. This is a bead-based suspension array using the Luminex technology (Bio-Rad,
Hercules, CA, USA) in which fluorescent-coded beads, known as microspheres, have
cytokine capture antibodies on the bead surface to bind the proteins. Serum total IgE levels
were determined by ELISA (Biolegend, San Diego, CA, USA).

Lung digestion and mononuclear cell enrichment
After airway physiology measurements and BAL the lungs were removed from the mouse
and placed in a tissue culture dish. They were minced and digested for 40 minutes at 37°C in
HBSS with 1 mg/mL collagenase A (Roche, Indianapolis, IN, USA) and 0.2 mg/mL of
DNase1 (Sigma, St. Louis, MO, USA). The digestion solution was passed through a 70-μm
mesh strainer and centrifuged at 535 × g at room temperature over an 18% nycodenz
(Accurate Chemical Co, Westbury, NY, USA) cushion. Low density cells were collected,
underwent red blood cell lysis and then washed × 2. The cell pellet was then processed for
RNA analysis.

Real time PCR
Total RNA was extracted using the RNeasy mini kit (Qiagen Inc., Valencia, CA, USA),
according to the manufacturer’s protocol. Samples are treated with DNase treatment and
removal reagents to remove DNA contamination (Catalogue #AM1906, Ambion Inc.,
Austin, TX, USA). RNA samples were then reverse-transcribed into cDNA using Super-
Script II RT (Invitrogen Corp., Carlsbad, CA, USA) following the manufacturer’s
instruction. All real-time quantitative PCRs were performed using ABI SDS 7500 and
SYBR Green reagent (Applied Biosystems, Foster City, CA, USA). Primers were designed
using ABI software and were produced by IDT, Inc. (Coralville, IA, USA). The sequences
are as follows: STAT1 forward, GACCACGCCTTTGGGAAGTA; STAT1 reverse,
TCGCTTAGGGTCGTCAAGCT; STAT6 forward, GGTGGTCATCGTGCATGGTA;
STAT6 reverse, GGCATTGTCCCATAGGATGGT; Arginase-1 forward,
CATGGGCAACCTGTGTCCTT; Arginase-1 reverse,
TCCTGGTACATCTGGGAACTTTC; NOS-2 forward, GGCAGCCTGTGAGACCTTTG;
NOS-2 reverse, TGAAGCGTTTCGGGATCTG; Mannose Receptor C1 forward,
CCCAAGGGCTCTTCTAAAGCA; Mannose Receptor C1 reverse,
CGCCGGCACCTATCACA. PCR amplification was performed by the following program:
50°C, 2 min; 95°C, 10 min; 95°C 15s, 60°C 1 min, for 40 cycles. Gene expression values
were normalized to the housekeeping gene 18s. The data were presented as a fold change
compared to 18s.
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Statistics
Data are expressed as mean ± standard error. The statistical difference between groups was
assessed by Student’s t test. A two-tailed p value of < 0.05 was considered statistically
significant.

Results
Sub-acute exposure to FAP enhanced AHR to methacholine challenge and was dependent
on mindin

We were interested to understand the role that mindin would have on the development of
allergic airways disease after exposure to FAP. To do this we utilized an established model
of repeated exposure to saline control or FAP that was initiated on day 1, and repeated every
4th day for a total of five exposures as previously described [11]. The mice received the final
dose of either saline or FAP and then were phenotyped 24-hours after the last challenge.
Mice underwent assessment of AHR by flexiVent after increasing doses of methacholine.
Basal measurement of C57BL/6 and mindin−/− mice exposed to saline demonstrated no
difference between the groups in terms of AHR (Figure 1). C57BL/6 mice exposed to FAP
had a significant increase in AHR at the 25 and 100mg/mL dose of methacholine as
compared to saline exposed C57BL/6 mice (Figure 1, C57BL/6 saline shaded box, C57BL/6
FAP closed box). This response was almost completely abrogated in the mindin−/− mice
(Figure 1 open box). These data strongly support that AHR develops in response to repeated
allergic challenge of the lower respiratory tract with FAP, a result that is dependent on the
extracellular matrix protein mindin.

FAP exposure enhances total cell counts, neutrophils and eosinophils in the airspace
which was partially dependent on mindin

To expand upon the interaction between exposure to FAP and mindin in the development of
allergic airways disease, we collected and analyzed BAL fluid for cell counts and
differentials from C57BL/6 and mindin−/− mice after exposure to saline and FAP. There
was no difference in the total cell counts of C57BL/6 and mindin−/− exposed to saline
(Figure 2A). FAP exposed C57BL/6 mice had a significant increase in total cells as
compared to saline exposed C57BL/6 mice (Figure 2A). Interestingly, on cell differential
analysis there was an increase in both neutrophils (Figure 2B) and eosinophils in the FAP
exposed C57BL/6 mice (Figure 2C). FAP exposed Mindin−/− mice also had an increase in
total cells, neutrophils and eosinophils as compared to mindin−/− saline exposed mice
(Figure 2A-C). However these were all significantly reduced as compared to FAP exposed
C57BL/6 mice. We did not observe mindin-dependent differences in the absolute number of
macrophages. The results highlight that FAP results in both neutrophil and eosinophil influx
onto airway and alveolar surfaces and that this response is partially dependent on mindin.

FAP enhances levels of innate and adaptive pro-inflammatory factors in a manner partially
dependent on mindin

To help elucidate factors influential to the cellular influx, we analyzed a variety of cytokines
in the bronchoalveolar lavage fluid from WT and mindin−/− exposed to saline or FAP. WT
and mindin−/− saline exposed mice expressed low levels of cytokines and there were no
differences in the activity levels of cytokines between the two groups. FAP exposure
resulted in enhanced expression of inflammatory cytokines IL-1β and TNF-α (Figure 3A,
closed box), Th1 cytokines IL-12p70 and IFN-γ (Figure 3B), Th2 cytokines IL-13 and IL-4
(Figure 3C), the Th17 cytokine IL-17 (Figure 3D), a variety of chemokines including CCL2,
CCL4, CXCL1 and CXCL10 (Figure 3E), eotaxin (Figure 3F) and the growth factors GM-
CSF and G-CSF (data not shown). In FAP exposed mindin−/− mice these cytokine
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elevations were all reduced (Figure 3A-E, open box). We analyzed serum levels of total IgE
in order to determine whether there was evidence of altered allergic sensitization in a
manner dependent on mindin. While FAP did cause increased total serum IgE, there was no
difference in the level of total serum IgE between WT and mindin −/−. This suggested that
allergic sensitization to FAP appeared independent of mindin (Supplemental Figure 1).
Based on the observation of differences in both Th1 and Th2 cytokine production, we were
interested to determine if the effect of FAP and mindin was related to polarization of
macrophages into either M1 or M2 phenotypes. We analyzed the mRNA expression from
whole lung digests which were enriched for mononuclear cells. FAP exposure caused
increased expression of both traditional M1 (STAT1; Supplemental Figure 2A) and M2
(Arginase-1, Mannose Receptor, and STAT6; Supplemental Figure 2B) markers. There also
was a trend to increase mRNA expression of NOS-2 (Supplemental Figure 2A) which did
not reach statistical significance. Though we identified a broad increase in macrophage
expression in response to FAP, we did not identify differences in the mRNA expression
between WT and mindin −/− mice (Supplemental Figure 2A, B). This supports that the
effect of FAP on macrophage mRNA expression of these M1 and M2 markers appeared to
be independent of mindin. These data highlight that FAP causes a broad array of Th1, Th2,
Th17, and cytokine/chemokine stimulation, which is associated with enhanced expression of
markers of both M1 and M2 activation. While the profound effects of mindin do not appear
associated with classic markers of M1/M2 activation, our observations do support a broad
impact of mindin on the production of pro-inflammatory factors associated with activation
of both the innate and adaptive immunological response.

Discussion
Our results demonstrate that mindin, a component of the extracellular matrix, modifies the
severity of allergic airways disease after sub-acute exposure to FAP. Mindin contributes to
several cardinal features of allergic airways disease including; the development of AHR,
eosinophil recruitment into the airways, and the production of pro-inflammatory Th2
cytokines. We did not observe mindin-dependent differences in sensitization to antigen as
supported by similar levels of serum total IgE, though this observation was limited by a
small sample size. Interestingly, FAP additionally enhanced neutrophil recruitment into the
airspaces and induced a broad array of inflammatory, Th1, and Th17 cytokines. The
cytokine expression and neutrophil recruitment was partially dependent on the presence of
mindin. These data suggest that blockade of mindin could impact both innate and adaptive
immunological response and may represent a novel therapeutic approach for allergic airways
disease in context of fungal antigen exposures.

Direct airway challenge to fungal allergens represents a clinically relevant environmental
exposure that can result in allergic airway disease. Aspergillus fungal allergens have been
recognized to cause an innate-allergic inflammatory response in the lungs [27,28]. They
appear to cause broad induction of cytokines as demonstrated by the ability of Aspergillus
fumigatus exposure to activate T cells and produce Th1, Th2 and Th17 responses [29]. The
allergic response of fungal allergens appears to be dependent on proteinase activity, which
has lead to interest in understanding the mechanisms of fungal-derived proteinase allergic
inflammation. Murine exposure to FAP has many features similar to human asthma resulting
in allergic airways disease and induced a strong Th2 response [11]. The response to FAP is
dependent on proteinase activity and does not require use of a secondary adjuvant for
sensitization [30,31]. FAP causes neutrophil and eosinophil influx and broad stimulation of
cytokines, chemokines and growth factors traditionally associated with both the innate and
adaptive immune systems. This suggests that FAP may activate both innate and adaptive
immune system pathways. This does not occur in a manner typical of other allergic
responses as the allergic response to FAP can occur in a manner independent of T cells, B-
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cells, and STAT6. These cells and pathways are traditionally believed required for the
development of allergic airways disease and for activation of the adaptive immune system
[14,32]. Instead, Kiss et al. proposed that FAP acted via an innate immune mechanism [14],
which appear independent of the potential low level endotoxin contamination of reagents.
While work identifies that toll-like receptor 4 contributes to surface recognition of
Aspergillus [33-35], the innate-allergic response to FAP appears independent of either toll-
like receptor 4 or the down-stream adaptor protein MyD88 [14]. These data suggest that
FAP function through a previously unrecognized innate immune pathway for fungal
recognition.

We therefore considered the possible role of extracellular matrix, mindin, in the response to
FAP. Mindin has previously been recognized to modify both innate and adaptive
immunological responses. Prior work supports that mindin is required for the development
of both allergic [20,21] and non-allergic airways disease [22] and is required for the innate
immune response to live pathogens [18,19]. We now identify after challenge to FAP that
mindin is partially required for the influx of both neutrophils and eosinophils into the air
space. Mindin has previously been recognized to contribute to both neutrophil [36] and
eosinophil chemotaxis [21] in a manner dependent on integrin binding. However, we
additionally identify that the broad induction of pro-inflammatory cytokines/chemokines by
FAP is partially dependent on mindin. The specific mechanism by which mindin contributes
to the global defect in Th1, Th2 and Th17 cytokines remains unknown. However, the
mindin-dependent defect in response to FAP further supports a central role of this
extracellular matrix protein in both innate and adaptive immunity.

Based on published results and our new observations, we suggest that mindin may function
in a role bridging innate and adaptive immune responses. There is evidence that both
neutrophils and (recently reviewed in [37,38]). The role of mindin may be related to known
defects in the trafficking of these innate and cells [21,36]. Another possibility for the
cytokine and inflammatory cell defects could be as a consequence of defective lymphocyte
function resulting in reduced Th1, Th2 and Th17 cytokine production. Mindin is known to
be required to direct DC priming of T lymphocytes [20]. Mindin−/− mice have defective
CD4+ T cell priming and humoral response to antigens as a consequence of inefficient
engagement with T cells. While this remains a possibility, the response to FAP is
independent of T cells as demonstrated by the finding effects were present in RAG−/− mice
[14]. Previous work supports that mindin contributes to macrophage-derived cytokines [18].
We consider that mindin could regulate sub-populations of lung macrophages response to
FAP. Interestingly, FAP challenge induced markers of both M1 and M2 macrophage
polarization. However, the changes to be independent of mindin. A limitation of these
experiments is small sample size of the RNA analysis. It remains unclear from work whether
mindin has other effects on macrophages subpopulations or non-traditional polarization.
This pattern of reduced allergic airway disease with normal macrophage differentiation and
normal responses has previously been observed in several animal For example, both the
LFA-1 (CD18/CD11a) deficient and the arrestin2 deficient mice maintain Th2
differentiation, but have a defect in Th2 homing [39,40]. While we do not know the specific
mechanism, by which, mindin regulates the response to fungal antigen, our support a central
role of the extracellular matrix in this mouse of innate allergic airways disease.

In summary, our observations demonstrate that mindin the response to airway exposure to
the FAP including; AHR, influx both neutrophils and eosinophils into the airspace, and
production cytokines/chemokines/growth factors. Mindin-dependent in allergic airways
response to FAP appear independent of defects antigen sensitization. Because challenge to
FAP results in an innate-allergic response, our observations suggest that mindin may
contribute to the bridge between the innate and adaptive arms of the system. Together,
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current evidence supports that the extracellular matrix protein mindin contributes to both
innate and immunologic responses. Therefore, blockade of mindin could an important novel
therapeutic target in airways disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Airway physiology measurements in C57BL/6 and Mindin −/− mice after saline or FAP
C57BL/6 and Mindin−/− mice were exposed to saline or FAP every 4 days for a total of five
exposures. The mice were then assessed for airway hyperresponsiveness to escalating doses
of methacholine. Saline exposed C57BL/6 (dotted box) and Mindin−/− (shaded box) mice
demonstrated no difference in response to methacholine. C57BL/6 mice exposed to FAP
(closed box) had a significant increase in AHR as compared to saline controls. This effect
was reduced in the Mindin −/− mice exposed to FAP (open box). (*P<0.05 between C57BL/
6 saline and FAP exposed and C57BL/6 and Mindin−/− FAP exposed mice, N=6,
representative of two experiments).

Tighe et al. Page 11

J Allergy Ther. Author manuscript; available in PMC 2013 April 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Cell counts and differentials in C57BL/6 and Mindin −/− mice after saline or FAP
After physiologic measurements, bronchoalveolar lavage was performed for total cell count
and differentials for C57BL/6 wild type (closed box) and Mindin −/− (open box) after either
saline or FAP. (A) Total cell count, (B) neutrophils, and (C) eosinophils are all elevated in
wild type mice after FAP exposure when compared to saline or mindin−/− mice exposed to
FAP. (*P<0.05 between C57BL/6 saline and FAP, Mindin−/− saline and FAP and C57BL/6
and Mindin−/− FAP exposed mice, N=6, representative of two experiments).
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Figure 3. BAL cytokine analysis in C57BL/6 and Mindin −/− mice
Using the cell-free supernatants from the BAL in the C57BL/6 saline (shaded box), Mindin
−/− saline (checkered box), C57BL/6 FAP (closed box) and Mindin−/− FAP (open box) a
multiplex was performed to assess protein levels reflecting activation of either innate or
adaptive immunity including: (A) IL-1β and TNF-α; (B) Th1 cytokines IL-12p70 and IFN-
γ; (C) Th2 cytokines IL-13 and IL-4; (D) Th17 cytokine IL-17; (E) chemokines CCL2,
CCL4, CXCL1 and CXCL10; and (F) eotaxin. (*P<0.05 between C57BL/6 saline and FAP
exposure and C57BL/6 and Mindin−/− FAP exposure, N=6).
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