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Abstract

Background—Recent genome-wide association studies have identified single nucleotide
polymorphisms in the protein aT-catenin (aT-cat; CTNNAJ) that correlate with both steroid-
resistant atopic asthma and asthmatic exacerbations. a-catenins are important mediators of cell-
cell adhesion and aT-cat is predominantly expressed in cardiomyocytes. In the lung, aT-cat
appears exclusively expressed in the cardiomyocytes surrounding pulmonary veins, but its
contribution to atopic asthma remains unknown.

Objective—To understand the role of aT-cat in the pathogenesis of asthma.

Methods—We utilized o T-cat knockout mice and a house dust-mite extract (HDM) model of
atopic asthma, with assessment by forced oscillation, bronchoalveolar lavage, and histologic
analysis.

Results—We found that the genetic loss of aT-cat in mice largely attenuated HDM-induced
airway inflammation and airway hyperresponsiveness to methacholine. Mice lacking a T-cat
exposed to HDM extract showed reduced pulmonary vein inflammation, specifically near the large
veins surrounded by cardiac cells. The proximity of airways to pulmonary veins correlated with
the severity of airway goblet cell metaplasia, suggesting that pulmonary veins may influence the
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inflammatory milieu of adjacent airways. Loss of aT-cat led to the compensatory upregulation of
aE-cat, which itself has a defined anti-inflammatory function.

Conclusion—These data mechanistically support previous clinical and genetic associations
between aT-cat and the development of atopic asthma, and suggest that pulmonary veins may have
an under-appreciated role in allergic airway inflammation.
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INTRODUCTION

About 9% of children in the US suffers from asthma(1), making it the most common chronic
illness of childhood. Additionally, 5-10% of these asthmatics have a more severe form of the
disease that is resistant to steroid treatment, and although comprising the minority of asthma
patients, they account for about 50% of all asthma-related healthcare costs(2). How this
disease differs from steroid-responsive asthma, and how new treatments may be tailored for
steroid-resistant asthma, are largely unknown. Recently, a genome-wide association (GWA)
study found that polymorphisms in alpha-T-catenin (aT-cat; CTNNAS3) were associated with
steroid-resistance in asthma, where children with asthma carrying the minor haplotype failed
to benefit from inhaled corticosteroids(3). Additionally, an independent GWA study found
that aT-cat polymorphisms were also associated with the rate of asthmatic exacerbations(4).

a~catenins are essential F-actin-binding proteins of the cadherin/catenin adhesion complex,
the major cell-cell adhesion system in tissues throughout the body(5). Epithelial (E), neural
(N), and testis/heart (T) forms of this family have been described(6). aT-cat appears to be
the most dispensable member of the family, as aT-cat knockout (KO) mice are viable and
fertile(7). However, with age, these mice develop cardiomyopathy with decreased ejection
fraction(7), consistent with the abundant expression of aT-cat in heart, and its recent link to
familial arrythmogenic right ventricular cardiomyopathy(8). Our group has previously
shown that aT-cat is present in the lungs, but in contrast to the more ubiquitously expressed
aE-cat (found in lung epithelial, smooth muscle and endothelial cell types), aT-cat is
restricted to the cardiomyocyte cell layer that surrounds pulmonary veins(9). Pulmonary
veins have long been observed to become inflamed in murine models of asthma(10), but
their role in regulating airway inflammation is largely not known, perhaps because the
pulmonary veins develop separately from the sheath containing the arteries and airways of
the lung(11). Despite their developmental independence, we have shown that subsets of
airways can be found adjacent to the pulmonary veins in the mouse lung(9).

In addition to the recent links to atopic asthma outcomes, aT-cat polymorphisms have also
been recently associated in humans with variability in forced vital capacity (a measure of
lung function)(12) and with the incidence and severity of diisocyanate-induced occupational
asthma in two independent and ethnically distinct population cohorts(13, 14). Indeed, our
group previously found that aT-cat KO mice show altered lung mechanics, specifically in
the generation of an enlarged pressure volume curve, and were more susceptible to
diisocyanate asthma(9). The study that follows continues our experimental interrogation of
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the numerous genetic associations between aT-cat and asthma(3, 4) by determining the
contribution of this cardiac junction protein to the pathogenesis of atopic asthma, which may
be particularly relevant to forms of asthma resistant to steroid therapy.

METHODS

Histology

Mice were euthanized using 60mg/kg sodium pentobarbital and tracheostomized with an
angiocatheter. Mouse heart and lungs were removed together, perfused with saline, inflated
through the catheter with 10% neutral buffered formalin, fixed in 10% neutral buffered
formalin, and embedded in paraffin blocks(15). For immunofluorescence, tissue sections
were deparaffinized and antigens were retrieved by boiling in citrate buffer for 30 minutes.
Endogenous mouse 1gG was blocked with goat-anti mouse Fab fragment (Jackson
ImmunoResearch, 115-007-003). Fluorescent images were captured using a Zeiss Axioplan
epifluorescence microscope. Primary antibodies used were: BD Biosciences mouse anti-aE-
cat (#610193), Sigma mouse anti-desmin (D1033), and rabbit anti-aT-cat (polyclonal #952,
kindly provided by Frans van Roy, Ghent University, Belgium). For quantification, the
intensity of each cardiomyocyte junction was measured using ImageJ from exposure-
matched images. H&E staining was performed by the Northwestern University Mouse
Pathology Core Facility.

Mice
All experiments using animals were approved by the Northwestern University IACUC. aT-
cat KO C57BL/6 mice (obtained from Dr. Glenn Radice, Thomas Jefferson University,
Philadelphia, PA) were bred with C57BL/6 WT to create heterozygote, C57BL/6 breeders.
WT and aT-cat KO mice used for experimentation were littermates or descendants from
littermates, and were genotyped similarly as shown previously(16). aT-cat-KO specific
primers, which generate separate bands in KO and WT mice, were used to genotype using
PCR: F: 5’-TCTATTTTTGAGGCTGTCG-3’; R: 5’-CAAACTTATGCGTGGTG-3’. aT-cat
KO was confirmed by PCR, distinguishing from heterozygotes, showing absence of band
generated by WT-specific primers: F: 5’-CCACCCCTGATATGACCTGTAG-3’; R: 5’-
TCCCCAGGAATCAAGTCGTT-3’

HDM-model of asthma

House Dust Mite Extract, whole body Dermatophagoides Pteronyssinus (XPB70D3A25, Lot
Number 254527; 2588.75 mcg allergen, 66.7mg protein, and 7775 EU LPS), was provided
by Greer Labs (Lenoir, NC). Female C57BL/6 mice at least 6-weeks-old underwent
intranasal injections of 20uL of 50ug of HDM extract in phosphate buffered saline while
under isoflurane anesthesia(17). Intranasal injections occurred about every other day for
three weeks (Fig. 1A). The day after the final challenge, mice underwent forced oscillation,
bronchoalveolar lavage, and/or tissue fixation.

Forced Oscillation

To measure airway hyperresonsiveness, mice were sedated using 60mg/kg sodium
pentobarbital and tracheostomized with a catheter. After successful anesthesia, mechanical
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ventilation was started using the Flexivent system, per manufacturers instructions (Emka
Technologies, Falls Church, VA). Next, the mice were paralyzed with an I.P. injection of
50uL of 10mg/mL rocuronium. After no independent breaths were recorded, the forced
oscillation protocol was begun, with nebulized exposure to doses of methacholine from
0-200mg/mL in phosphate buffered saline. Airway resistance values shown are the
maximum resistance of the repeated measurements during each exposed dose.

Bronchoalveolar Lavage

Mice were lavaged through the tracheal catheter with 0.8mL of saline fluid and aspirated.
Cell counts were measured using Trypan-Blue exclusion and the automated Countess system
(ThermoFisher Scientific, Grand Island, NY). To measure the cell differential, 200uL of
BAL fluid was placed in Cytospin funnels (Block Scientific, Inc., Bellport, NY), centrifuged
at 2000rpm for 5 minutes onto a glass slide. Cells were stained by Wright-Giemsa and
manually counted and identified.

Periodic Acid-Schiff staining and quantification

PAS staining kit was obtained from Sigma (395B-1KT) (St. Louis, MO). Per manufacturer’s
instructions, tissue sections were deparaffinized and stained with both periodic acid solution
and Schiff’s reagent. For quantification, the area of PAS-positive staining was measured and
compared to the total airway epithelium area using ImageJ. For Figure 1, the highest PAS-
positive airways from WT and KO mice were used for quantification. For Figure 5, all
available PAS-positive airways were quantified.

Airway and Pulmonary Vein Inflammation Quantification

Statistics

For the pulmonary vein inflammation quantification, the inflammatory cuff area, pulmonary
vein muscle layer (for large veins), and lumen size (for small veins) was quantified using
ImageJ. Only veins with intact inflammatory cuffs, not interrupted by proximity to airways,
such as the vein/airway seen in Figure 5A, were measured. For Figure 4, the largest
inflammatory cuff of all measured was utilized for quantification. For the airway goblet cell
metaplasia comparison to vein proximity measured in Figure 5, all available PAS-positive
airways from all WT mice shown in Figure 1 were quantified as described above. The
distance to the nearest pulmonary vein was quantified using ImageJ.

Statistical analysis was performed using Student’s t-test, two-tailed and unpaired, and
standard linear regression, with a p-value of less than 0.05 considered significant.
Calculations were performed using GraphPad Prism software (Graph Pad Software Inc., La
Jolla, CA).

RESULTS

aT-cat is necessary for HDM-induced atopic asthma

Since a majority of atopic asthmatics show hypersensitivity to house dust mite (HDM) (18),
we modeled atopic asthma using a murine model driven by exposure to HDM modified from
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Clarke et al (19). Briefly, wild-type (WT) and aT-cat knockout (KO) mice were exposed to
50ug HDM extract intranasally over 3 weeks (Fig. 1A). To determine changes in airway
hyperresponsiveness (AHR), mouse airway resistance was measured in response to
nebulized methacholine using the Flexivent mechanical ventilation system. While there was
no significant difference in the baseline AHR between saline-treated WT and aT-cat KO
mice, WT mice exposed to HDM showed a significantly greater AHR than aT-cat KO mice
(Fig. 1B). Consistent with this observation, WT mice exposed to HDM displayed
significantly greater neutrophil and eosinophil infiltration than aT-cat KO mice (Fig. 1C),
along with characteristic asthmatic airway changes in mucous cell metaplasia assessed using
Periodic Acid-Schiff (PAS) staining of lung tissue (Fig. LD&E). Thus, the loss of aT-cat
appears to be protective in the HDM model of atopic asthma.

aT-cat is found in the cardiomyocytes of large, but not small, pulmonary veins

H&E staining reveals that regions of the large pulmonary veins are ensheathed by
morphologically distinct cardiomyocytes, whereas small veins only contain endothelial cells
(Fig. 2A). Evidence that these muscle cells are truly cardiomyocytes, rather than smooth
muscle, is supported by immunostaining for the muscle-specific intermediate filament
protein, desmin, which shows characteristic striated organization stereotypic to cardiac cells
(Fig. 2B, left panel).. As these veins transition to smaller vessels, the cardiomyocytes are
lost (Fig. 2B, right panels). In large veins, aT-cat can be detected in cardiomyocyte cell-cell
junctions, but is absent from small veins (Fig. 3A, arrows). In contrast, aE-cat is expressed
in both endothelial cells and cardiac cells distal to the large vessel lumen, and is the only a-
cat present in small pulmonary veins (Fig. 3B, arrowheads). Consistent with the
cardiomyocyte-restricted expression of aT-cat in the lung, there are no obvious perturbations
in epithelial cell-cell junctions in the lungs of aT-cat KO mice, which show similar
abundance and localization of both B-cat (Supplemental Fig. 1) and aE-cat (Supplemental
Fig. 2) compared to WT mice.

aT-cat is necessary for pulmonary vein inflammation

Since aT-cat expression in the lung is only detected in cardiomyocytes lining the pulmonary
veins (PV)(9), we examined changes to the pulmonary venous system in response to HDM
exposure. In WT mice, robust inflammatory cuffs formed around PV sheathed in
cardiomyocytes after exposure to HDM, whereas aT-cat KO mice showed only sparse
inflammation around these veins (Fig. 4A&B). To assess whether this inflammatory
difference was specific to the presence of these cardiac cells, we examined the small PV
where these cells are absent. Interestingly, we found that inflammatory cuffs around these
small PV did not differ between the WT and aT-cat KO mice exposed to HDM (Fig.
4C&D). Thus together, these data indicate that the loss of aT-cat may lead to a cardiac cell-
specific inhibition of inflammation around the PV. These findings also imply that these
vessels may significantly contribute to airway inflammation (Fig. 1C).

Pulmonary veins may be important mediators of airway inflammation

If aT-cat is necessary for PV inflammation, how PV inflammation could potentially drive
airway inflammation and AHR (Fig 1) is less clear. We previously reported that some PV
run adjacent to airways(9), which could, in principle, connect PV inflammation and
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asthmatic airway disease. Indeed, among the WT mice, airway inflammation was noticeably
more severe when directly adjacent to a PV (Fig. 5A). We quantified goblet cell metaplasia,
a correlate of airway inflammation, as a function of its distance to the nearest PV. From this
analysis, airways closest to PV showed significantly more severe airway goblet cell
metaplasia than airways furthest from PV (Fig. 5B). When these data were analyzed by
scatter-plot, regression analysis showed a significant relationship between the severity of
airway inflammation and its proximity to a PV. These associative data suggest the possibility
that aT-cat expression in cardiomyocytes along PV may contribute in an important way to
allergic airway inflammation and disease.

The mechanism by which aT-cat loss protects veins from inflammation may relate to its
compensation by the related molecule, aE-cat, as a previous study showed that aT-cat KO
induced a compensatory increase in the expression aE-cat in the heart(7). Similar to this
study, we observed a compensatory increase in the expression of aE-cat in PV
cardiomyocytes of aT-cat KO mice when compared to WT (Fig. 5C). Since aE-cat is known
to play an anti-inflammatory role in other tissues through an ability to attenuate NF-kB
signaling(20, 21), we speculate that the reduction in inflammation around aT-cat KO PV
may be due the compensatory up-regulation and anti-inflammatory activity of oE-cat.

DISCUSSION

A role for cardiomyocyte-containing pulmonary veins in asthma

We show that the cardiac junction protein aT-cat is necessary for the development of several
classic manifestations of asthma, including airway inflammation, goblet cell metaplasia and
increased resistance to methacholine challenge, in a commonly used murine model of
allergic asthma. Our findings mechanistically support several human GWA studies linking
aT-cat (CTNNAJ) to steroid-resistant asthma in children(3) asthmatic exacerbations in
children(4), and occupational asthma in adults (13, 14). Importantly, we found that loss of
aT-cat is associated with a dramatic reduction in PV inflammation in the HDM murine
model of atopic asthma, suggesting that cardiomyocytes within PV may contribute to the
inflammatory milieu of adjacent airways. Although aT-cat is also expressed in
cardiomyocytes of the heart(7), it is difficult to rationalize how its loss in the heart could to
lead to reduced inflammation along brochovascular bundles in HDM-challenged lungs.
Indeed, while aT-cat KO mice demonstrate an age-dependent cardiac enlargement and
reduction in ejection fraction(7), these effects would be expected to enhance rather than
reduce airway hyperresponsiveness. Thus, we reason that the contribution of aT-cat to
asthma relates to its expression within PV that co-mingle with airways in the
bronchovascular bundles. Ultimately distinguishing a PV-specific role for aT-cat will require
that we uncover molecular differences between cardiomyocytes of the PV and heart to
enable its selective deletion from each compartment. We and others have been unable to
demonstrate expression of aT-cat in the smooth muscle or inflammatory cells in the lung(6,
9). Additionally, the low dose of HDM injected into the mice likely preferentially affected
the large airways(22), but inflammatory cells tend to penetrate the lung through small
peripheral capillaries(23). Therefore, the origin of the inflammatory cells surrounding the
PV, particularly the large PV, and how aT-cat may affect their trafficking, remains unknown.
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The protective effect on airway hyperresponsiveness seen in aT-cat KO mice contrasts with
that observed previously in a mouse model of occupational asthma(9). When aT-cat KO
mice were exposed to the chemical toluene diisocyanate, they developed increased AHR as
quantified by plethysmography(9). However, this chemical model was limited in only
inducing minimal inflammation(9), as opposed to the robust airway inflammation
demonstrated by HDM models of atopic asthma. Therefore, differences between these
murine models may account for the differential contribution of aT-cat to asthma phenotypes.

Remarkably, the most recent human genomic data identifying polymorphisms associated
with asthma exacerbations in children(4) further support the notion of a cardiac cell/PV
contribution to asthma, with aT-cat (CTNNASJ) as the top-hit and two other associated genes
with direct and established cardiac cell/PV functions(4). These included the sarcomere
structural protein, titin, which is important for the contraction of cardiac tissues(24) and the
secreted vascular guidance protein, semaphorin 3d, whose primary role is in patterning and
development of the PV(25). Thus, our evidence that the cardiomyocyte cell adhesion
protein, aT-cat, is necessary for the pathogenesis of asthma in the HDM murine model,
together with the unexpected observation that titin and Semaphorin 3d are also associated
with asthmatic exacerbations(4), suggest that PV structures or their cardiomyocyte
constituents may be an important contributor to allergic airway disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY MESSAGES

. Mutations in aT-catenin have been shown to confer an increased risk of
steroid resistant asthma in children.

. In the lung, the expression of aT-catenin is restricted to cardiac cells
adjacent to the pulmonary vein.

. Genetic loss of aT-catenin reduces pulmonary vein and airway
inflammation and attenuates the increase in airway hyperresponsiveness in
an established murine model of allergic asthma.

. aT-catenin-expressing cardiac cells adjacent to the pulmonary veins may
play an unappreciated role in the pathogenesis of allergic asthma.
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CAPSULE SUMMARY

Polymorphisms in the cardiac protein aT-catenin (CTNNAS3) have been associated with
steroid-resistance and exacerbations in asthmatics. Using a murine model, we
demonstrate that aT-catenin is permissive for the development of asthma, potentially
through its regulation of pulmonary vein inflammation.
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Figure 1. aT-cat is necessary for the development of HDM-induced murine model of atopic

asthma

(A) HDM-asthma model, with female mice at least 6 weeks old, with (B) Airway resistance
measurements by forced oscillation, (C) airway inflammation measured by BAL, and (D)
goblet cell metaplasia measured by PAS-staining (purple). Airways with the greatest goblet

cell metaplasia from each mouse were quantified in (E) to avoid bias in choosing a
“representative airway” (WT, n = 5; KO, n = 6). M@=macrophage, LY=lymphocyte,

NE=neutrophil, EO=eosinophil. *p<0.05, **p<0.01, Student’s t-test. Error bars=S.E.M.
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Figure 2. Only the large pulmonary veins contain cardiomyocytes
(A) H&E-stained large and small pulmonary veins. Large vein inset shows region containing

morphologically characteristic cardiac cells. Small vein inset shows absence of this layer.
(B) Immunofluorescence image of large and small pulmonary veins stained with the
intermediate filament protein desmin (green), marking cardiomyocyte striations (inset,
double-arrow) and demonstrating the loss of cardiac cells in small veins. Nuclei are stained
blue with Hoechst dye.
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A Large Vein

aTcat

Figure 3. aT-cat is expressed only in the large, cardiomyocyte-containing pulmonary veins
Immunofluorescence of large (A) and small (B) pulmonary veins double-labeled for both

aT-cat (red) and the more ubiquitously expressed aE-cat (green). Note aE-cat was detected
in endothelial junctions (arrowheads) of both large and small veins, as well as the
cardiomyocyte junctions (arrows) of large veins. aT-cat was found only in cardiomyocyte
junctions of the large veins (arrows). White line defines outer cardiomyocyte boundary of
the large pulmonary vein. Boxed insets (right) are vertically arranged as progressive
increases in magnification to show cardiac junction staining. Nuclei are stained blue with
Hoechst dye.
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Figure 4. aT-cat loss decreases large, but not small pulmonary vein inflammation
H&E-stained large (A) and small (C) PVs of both WT and aT-cat KO mice exposed to

HDM. (B & D) Inflammatory cuff size was measured by dividing the area by the thickness
of the muscle (large vein) or lumen size (small vein). AW=airway, PA=Pulmonary artery,
PV=Pulmonary vein. *p<0.05, Student’s t-test, n=5. Error bars=S.E.M.
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Figure 5. The pulmonary veins are an important mediator of airway inflammation
(A) H&E-stained airways of both WT and aT-cat KO mice exposed to HDM, showing

inflammation from the PV in WT mice. (B) Percent PAS-positive staining as a function of
distance to the nearest PV. Each of the 21 data points in the regression analysis represents a
single PAS-positive airway from HDM-treated WT mice, one tissue section each, from
Figure 1 (n=5 mice). (C) Measurement of raw intensity of aE-cat in PV junctions of WT
(n=50) and KO (n=98) mice exposed to HDM, normalized to WT. AW=airway,
PA=Pulmonary artery, PV=Pulmonary vein. *p<0.05, Student’s t-test. Error bars=S.E.M.
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