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SUMMARY

Airway epithelium is the first body surface to contact inhaled irritants and report danger. Here, we 

report how epithelial cells recognize and respond to aeroallergen alkaline protease 1 (Alp1) of 

Aspergillus sp., because proteases are critical components of many allergens that provoke asthma. 

In a murine model, Alp1 elicits helper T (Th) cell-dependent lung eosinophilia that is initiated by 

the rapid response of bronchiolar club cells to Alp1. Alp1 damages bronchiolar cell junctions, 

which triggers a calcium flux signaled through calcineurin within club cells of the bronchioles, 

inciting inflammation. In two human cohorts, we link fungal sensitization and/or asthma with 

SNP/protein expression of the mechanosensitive calcium channel, TRPV4. TRPV4 is also 

necessary and sufficient for club cells to sensitize mice to Alp1. Thus, club cells detect junction 

damage as mechanical stress, which signals danger via TRPV4, calcium, and calcineurin to initiate 

allergic sensitization.

In Brief

Wiesner et al. show a secreted fungal protease allergen of humans induces inflammation in mice 

with hallmarks of allergic asthma. The protease damages junctions of bronchiolar epithelial club 

cells, which the mechanosensor and gated calcium channel TRPV4 detects. Calcineurin mediates 

the calcium signaling and cellular alarms initiating lung allergic inflammation.

Graphical Abstract
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INTRODUCTION

Asthma is often triggered by inhalation of environmental allergens, many produced by 

household molds (Denning et al., 2006; Knutsen et al., 2012). Aspergillus is a major source 

of allergens (Simon-Nobbe et al., 2008), and alkaline protease 1 (Alp1) is the most abundant 

secreted protein by this mold (Sriranganadane et al., 2010; Wartenberg et al., 2011). Alp1 is 

a clinically important human allergen (Asp f 13), and the presence of Alp1 in the lungs is 

associated with severe asthma (Basu et al., 2018). Alp1 reportedly interrupts the interactions 

between smooth muscle cells and matrix components in the lung. Although these events 

impact airway hyperreactivity, the effect of Alp1 inhalation on allergic sensitization at the 

lung mucosa is poorly understood.

The immune consequences of allergen exposure are well known. Briefly, type-2 helper T 

(Th2) cells drive IgE antibody class-switching by B cells (Lambrecht and Hammad, 2015). 

Th2 cells, in collaboration with innate lymphoid cells (ILCs), also produce cytokines that 

propel granulocyte recruitment, mucous production, and bronchiolar constriction 

(McKenzie, 2014). In contrast, the earliest events that prime this allergic cascade are just 

beginning to be appreciated (von Moltke and Pepper, 2018). The lung epithelium interfaces 

with the host and allergen and functions as both a mechanical barrier and dynamic responder 

(Wiesner and Klein, 2017). Upon allergen exposure, lung epithelial cells rapidly release 

signals that lead to type-2 leukocyte accumulation in the lungs (Roy et al., 2012; Van Dyken 

et al., 2014). However, the lung epithelium is not a uniform tissue, and a lack of appreciation 
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for the heterogeneity in the epithelium has impeded our understanding of how epithelial 

cells recognize and respond to allergens (Wiesner and Klein, 2017).

Type-2 immune responses, besides promoting allergies, have a beneficial role in wound 

repair (Gause et al., 2013). Many allergens are proteases, which suggests that allergic 

diseases may arise when proteolytic damage to the airway is followed by dysregulated 

wound healing (Holgate, 2007). In fact, airway injury and loss of barrier function are 

correlates of allergic disease in humans (Bousquet et al., 2000). However, the mechanisms 

by which epithelial cell barrier damage leads to Th cell sensitization represents a gap in our 

knowledge. Airway integrity is maintained by junction proteins that mechanically link 

adjoining epithelial cells, and intercellular tension is balanced by intracellular forces exerted 

through the cytoskeleton (Ng et al., 2014). These forces are tightly regulated, and 

mechanosensing at the junction governs epithelial morphogenesis and cytokinesis (Pinheiro 

and Bellaϊche, 2018). We explored the possibility that protease damage to the junction 

causes the epithelium to experience a mechanical recoil force that initiates proinflammatory 

signaling.

Transient receptor potential (TRP) channels are a family of proteins that sense varied 

stimuli, including chemicals, cold, pain, light, and pressure (Venkatachalam and Montell, 

2007). To understand how the epithelium may sense mechanical strain, we investigated a 

particular TRP channel (i.e., TRPV4) that has osmosensory (Liedtke et al., 2000; Strotmann 

et al., 2000) and mechanosensory functions in various tissues (Lyons et al., 2017; Mendoza 

et al., 2010; O’Conor et al., 2014; Suzuki et al., 2003; Yin and Kuebler, 2010). TRPV4 is a 

gated calcium channel, and calcium ion currents are rapid signaling events that can occur 

when a cell is perturbed (Shannon et al., 2017; Zhao et al., 2006). This signaling pathway is 

best studied in leukocytes where calcineurin functions as a calcium-responsive phosphatase 

that regulates the activity of nuclear factor of activated T cells (Crabtree and Olson, 2002), 

which in turn transcribes various proinflammatory genes.

Here, we exploited Alp1 to test the hypothesis that allergen protease is initially sensed as 

damage and this signal is translated as mechanical recoil detected via TRPV4 in epithelial 

cells. We report an epithelial cell subset in the bronchioles—club cells—that responds to 

junction damage and elicits calcineurin-dependent inflammation. We show that TRPV4 is 

linked to fungal sensitization and asthma in humans and is highly expressed in the 

bronchioles of human asthmatic patients. Finally, we establish a causal relationship between 

club cell TRPV4 and allergic inflammation in our fungal asthma murine model. Collectively, 

our data indicate that mechanical stress due to protease erosion of the epithelial cell junction 

creates a danger signal sensed by TRPV4 on bronchiolar club cells, which initiates a rapid 

calcium flux that evokes calcineurin-driven allergic sensitization.

RESULTS

Inhalation of Aspergillus Alkaline Protease 1 Induces Helper T Cell-Dependent 
Eosinophilia

Aspergillus fumigatus is a ubiquitous household mold that abundantly secretes a human 

aeroallergen, Alp1 (Asp f13) (Namvar et al., 2015). We used Pichia pastoris to express 
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recombinant Alp1. A ~32-kDa protein corresponding to the size of mature Alp1 was present 

in the culture supernate of the Alp1-expressing strain of Pichia and not in the untransformed 

control (Figure S1A). Strong proteolytic activity was detected in supernate collected from 

the recombinant strain and absent when the sample was heat inactivated or in the supernate 

of the untransformed control (Figure S1B).

We established a murine model to investigate the immunologic events that follow inhalation 

of Alp1 (Figure 1A). In contrast to heat-inactive Alp1, repeated instillation of enzymatically 

active protease caused allergic pathology in the bronchiolar region of the lung by day 15, 

including leukocyte infiltration (H&E) and goblet cell metaplasia and hyperplasia (PAS) 

(Figure 1B). We quantified the lung cellular immune response to protease by flow 

cytometry, excluding cells in the blood vasculature from analysis (Anderson et al., 2014). 

Cell suspensions from lung digests were stained with myeloid and lymphoid antibody panels 

with overlapping fluorophores, which allowed simultaneous quantification of 15 leukocyte 

and functional subsets that accounted for >90% of the total CD45+ hematopoietic cells in 

the lungs (Figures S2A–S2C). Eosinophils increased ~500-fold (relative to heat-inactivated 

protease) and represented the dominant leukocyte subset by 15 days post-inoculation (dpi) 

(Figure 1C; Figure S2C).

Eosinophil differentiation is regulated by Interleukin (IL)-5, which is produced mainly by 

lymphocytes in non-lymphoid tissues and transcriptionally regulated by GATA3 (Lambrecht 

and Hammad, 2015; Van Dyken et al., 2016). We analyzed the kinetics of GATA3 and IL-5 

expression in CD4+ Th cells and ILCs in the lungs of protease-challenged mice to determine 

which of these lymphocytes is involved in the eosinophilia. Alp1 exposure resulted in 

expansion of GATA3+ Th cells and ILCs in the lungs (Figure 1D). Pulmonary leukocytes 

from unchallenged and challenged mice were stimulated ex vivo with titrations of heat-

inactive protease to assess the capacity of Th cells and ILCs to produce IL-5. Th cells from 

challenged mice produced IL-5 in an antigen dose-dependent manner, whereas ILCs were 

less responsive to Alp1 (Figure 1E). IL-5 neutralization abrogated the eosinophilic response 

to protease, indicating IL-5 is a requirement for eosinophilia (Figure 1F). Complete 

lymphocyte deficiency in IL-2Rg/Rag1−/− mice resulted in a failure to produce IL-5 or 

recruit eosinophils (Figures 1G and 1H). Elimination of Th cells (with CD4 antibody or Rag 

deficiency) reduced both IL-5 and eosinophil accumulation to naive levels (Figures 1G and 

1H).

We also adoptively transferred CD90.1+ ovalbumin-specific T (OTII) cells into mice to track 

the anatomical location of antigen-specific cells in the lungs. A higher proportion of OTII 

cells expressed GATA3 compared to the endogenous Th cell population (Figure 1I), 

indicating OTII cells differentiate into Th2 cells. OTII cells also accumulated in the 

bronchiolar region of the lung when both ovalbumin and protease were present in the 

inoculum (Figures 1J and 1K). Thus, in this model, allergen-specific, GATA3+ Th cells that 

accumulate around the bronchioles produce IL-5 to drive a hallmark feature of allergic 

asthma, eosinophilia, and this allergic response requires enzymatically active Alp1.

We related the protease used in our studies to that used in similar, well-established fungal 

proteinase-driven allergic inflammation models (Drouin et al., 2002; Millien et al., 2013). 
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We compared the amount and enzymatic activity of proteinase acquired from Sigma-Aldrich 

(product of Aspergillus melleus used in the previous studies) to our recombinant Alp1 

(Figures S1C and S1D). A band of similar size to Alp1 is apparent in the Sigma-Aldrich 

proteinase, suggesting that Alp1 could be present in that proteinase. Sigma-Aldrich 

proteinase and recombinant Alp1 elicited similar magnitudes of allergic response when the 

two protease concentrations were adjusted to have equal enzymatic activity (Figure S1E). 

Thus, our model is comparable to established fungal proteinase-based allergic inflammation 

models. We also inoculated mice with culture filtrates collected from two strains of 

Aspergillus fumigatus (Af293 or CEA10) grown in glucose minimal media or DMEM+10% 

fetal bovine serum (FBS). Each Aspergillus culture filtrate elicited allergic responses in mice 

(Figure S1F). Thus, secreted products, which include Alp1, from several Aspergillus strains 

and growth conditions cause allergic inflammation similar to purified Alp1.

Bronchiolar Club Cells Recruit Monocyte-Derived Dendritic Cells to the Lungs and 
Sensitize Allergic Response to Alp1

We sought to identify an antigen-presenting cell population in the lungs that directs Th cell 

responses to Alp1. MHCII+ CD11c+CD11b+ CD64+ monocyte-derived dendritic cells (Mo-

DCs) rapidly accumulated in the lungs within 3 dpi (Figure 2A). Using pulmonary 

instillation of an epitope-tagged fluorescent protein (EαRFP) as a surrogate for Alp1, we 

noted that more than a third of the Mo-DCs captured Ea-RFP and presented Ea peptide on 

MHCII at 3 dpi (Figure 2B). C-C chemokine receptor 2 (CCR2) is critical for monocyte 

recruitment from the bone marrow and Mo-DC formation in the lung (León et al., 2005). To 

test the requirement of Mo-DCs for Th cell responses to Alp1, we transferred OTII cells into 

wild-type and CCR2−/− mice and treated the mice with ovalbumin alone or together with 

protease. ~20to 50-fold more OTII cells accumulated in the lungs of wild-type mice 

inoculated with protease and ovalbumin than wild-type mice treated with ovalbumin alone or 

CCR2−/− mice treated with protease and ovalbumin (Figure 2C). Thus, Mo-DCs arrive in the 

lung early in response to protease, capturing and presenting antigen leading to pulmonary 

accumulation of Th cells.

Alarimins are signals rapidly released upon tissue injury. Thymic stromal lymphopoietin 

(TSLP), IL-25, IL-33, and CCL2 are recognized as important allarmin signals during 

allergic lung inflammation (Lambrecht and Hammad, 2014). We analyzed these factors in 

lung lysates at 0, 8, and 24 h after Alp1 exposure. TLSP did not increase from baseline, 

whereas IL-25 and IL-33 rose significantly at 24 h post-inoculation (Figure 3A). CCL2 rose 

significantly within 8 h and remained elevated 24 h after Alp1 inhalation (Figure 3A). 

Because we were interested in early recognition events of protease, we pursued a mechanism 

involving CCL2 that underpins allergic responses to Alp1.

C-C chemokine ligand (CCL) 2 is one ligand for CCR2 (Deshmane et al., 2009). CCL2-

deficiency had a modest effect on Mo-DC recruitment, Th2 cell accumulation, and 

eosinophilia after Alp1 exposure than did CCR2-deficiency (Figures S3A and S3B), but 

these responses were still significantly reduced in CCL2−/− mice versus wild-type controls 

(Figure S3B). Because CCL2 significantly affects Mo-DC accumulation in the lungs, we 

investigated the initial source of CCL2 in the lungs of Alp1-inoculated mice. Three types of 
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cells could produce CCL2 in response to the protease: resident phagocytes, resident 

lymphocytes, and stromal tissues. To see which population is required, we ablated 

phagocytes with clodrosomes (Figure S3C), genetically eliminated lymphocytes 

(IL-2Rg/Rag/), or did both. Within 8 h of Alp1 inhalation, CCL2 levels were several fold 

higher in wild-type mice than naive controls (Figure 3B). The CCL2 response to protease 

remained at or above wild-type mouse levels even in the absence of phagocytes and/or 

lymphocytes, indicating that stromal tissues are an important early source of CCL2 in this 

model (Figure 3B).

Epithelial cells release CCL2 in response to sterile lung injury and inhaled chitin (Mercer et 

al., 2009; Roy et al., 2012). However, the lung epithelium is not a homogeneous tissue and is 

comprised of at least seven distinct subsets with varying functions (Wiesner and Klein, 

2017). We used confocal microscopy to identify if/which epithelial cell subset produces 

CCL2. Within 8 h of Alp1 exposure, CCL2 expression was confined to secretoglobin 

(Scgb1a1)+ club cells in the bronchiolar regions (Figure 3C; Figure S3D). In mice with 

Scgb1a1-estrogen receptor cre and cre-inducible Diptheria toxin, tamoxifen administration 

eliminated club cells, which were replaced by Forkhead box J1 (Foxj1)+ ciliated epithelial 

cells (Figure 3D). This system allowed us to test the requirement of club cells in response to 

protease. In club-cell-depleted mice, the numbers of Mo-DCs and OTII cells in the lung 

returned toward baseline, and eosinophil recruitment fell sharply by 15 dpi (Figure 3E). 

Thus, an individual epithelial cell subset (i.e., club cells) drives allergic inflammation. 

Interestingly, club cells are a major constituent of the bronchiolar epithelium, which 

coincides with the focal areas of inflammation in Figures 1B and 1K.

Proposed Models that Fail to Explain Alp1-Instigated Allergic Inflammation

To understand how protease is recognized by the epithelium, we tested several models. 

Investigators have proposed that fungal proteases cleave host proteins, coopting physiologic 

pathways to cause atopic disease (Cayrol et al., 2018; Drouin et al., 2002; Kauffman et al., 

2000; Millien et al., 2013). We tested the roles of (1) protease-activated receptors (PARs) 1 

or 2, (2) complement C3, (3) fibrinogen, and (4) IL-33 as sensors of Alp1. First, Alp1 failed 

to cleave at the precise site of PAR1 or PAR2 required for tetheredligand signaling (Figures 

S4A and S4B). The allergic response to Alp1 in whole genome PAR1-or PAR2-knockout 

mice also was not different from wild-type animals (Figures S4C and S4D). Second, we 

asked if Alp1 cleaves complement C3 to generate C3a anaphylatoxin, which could bind C3a 

receptors on club cells (Drouin et al., 2002). We found that club cells display C3a receptors, 

and that Alp1 excises a fragment from C3 similar in size to C3a (Figures S5A S5B). 

However, MALDITOF analysis revealed that the resultant fragment was not identical in 

sequence to C3a, and the allergic response to Alp1 was also unaffected in C3/ mice (Figures 

S5C and S5D).

We next tested whether Alp1 releases fibrinopeptides from fibrinogen to signal 

inflammation. We found that the largest amount of inhaled thrombin—the natural enzyme 

for fibrinogen—that mice could survive (2,000 units) had only a subtle effect on 

inflammation and was not additive or synergistic with Alp1 (Figure S6A). Likewise, hirudin, 

a thrombin inhibitor, failed to suppress inflammation 3 dpi when administered together with 
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Alp1 (Figure S6B). Alp1 neither induced clot formation when incubated with human 

fibrinogen, nor released fibrinopeptides A or B into the reaction mixture (Figures S6C and 

S6D). Furthermore, the reaction mixture was only able to induce inflammation if the sample 

was not heat inactivated to remove protease activity (Figure S6E). Lastly, we found that the 

presumptive receptor for fibrinogen cleavage products, toll-like receptors (Millien et al., 

2013), were dispensable for the allergic response to Alp1 (Figure S6F). MyD88, the 

downstream signaling intermediate for toll-like receptors and the IL-33 receptor, also was 

not required in this model of allergic inflammation (Figure S6F). Of note, ILC2 numbers 

were reduced to naive levels in protease-treated MyD88−/− mice, suggesting that the 

inflammatory effects of IL-33 involve ILC2 cells more than Th2 cells.

Alp1 Uniquely Interacts with Club Cells to Incite Allergic Inflammation

We evaluated if club cells sense and respond to a variety of proteases or if this behavior is 

unique to Alp1. We normalized concentrations of the protease allergens produced by plants 

(papain) and bacteria (subtilase) to that of Alp1 based on enzymatic activity and 

administered the proteases to mice. All three proteases elicited qualitatively (Mo-DCs, 

GATA3+ Th2 cells, and eosinophils) and quantitatively similar responses (Figure S6G). 

However, allergic responses to papain and subtilase were unaffected by club depletion in 

Scgb1a1-creERT2 × LSLDTA mice (Figures S6H and S6I). Thus, Alp1 uniquely interacts 

with club cells to instigate allergic inflammation.

Protease Damage to Epithelial Junctions in the Bronchioles Instigates Inflammation

Alp1 lacks an exosite that would render it specific for other mammalian proteins beyond 

those mentioned in the preceding paragraphs. Therefore, we modified our hypothesis and 

tested if Alp1 broadly disrupts the epithelial barrier. Inhalation of biotin in the presence or 

absence of Alp1, followed 1 h later by lung processing for microscopy, revealed that the 

protease caused biotin to leak from the bronchiolar regions of the lung, indicating loss of 

airway integrity (Figure 4A).

The mechanical barrier of the airway is maintained by solute impermeable tight junctions 

(TJs) at the apical reach of the epithelia, whereas adherens junctions (AJs) are situated just 

beneath the TJ. Whereas TJ proteins are heterogeneous in identity and expression, the AJ is 

formed through highly conserved, homotypic interactions of E-cadherin between adjacent 

epithelial cells (Hartsock and Nelson, 2008; Perez-Moreno and Fuchs, 2006). We posited 

that measuring the effect of Alp1 on E-cadherin is a direct way to test whether protease 

disrupts the epithelial junction. Commercial antibody to mouse E-cadherin (clone 

DECMA-1) recognizes the cytosolic portion of E-cadherin, which appeared unaffected by 

Alp1 in the bronchioles of mice despite the hyperplastic appearance of the airway cells 

(Figure 4B).

Some additional monoclonal antibodies recognize individual extracellular (EC) domains of 

human E-cadherin (Shiraishi et al., 2005). To test if Alp1 degrades E-cadherin in the absence 

of confounding host enzymes (Zemans et al., 2011), we incubated recombinant E-cadherin 

with titrations of Alp1 for 1 h. Western blots showed that even low concentrations of Alp1 

destroyed the epitopes of E-cadherin recognized by antibodies against EC1 and EC2 (Figure 
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4C). Next, we grew human bronchiolar epithelial cells at an air-liquid interface and tested 

whether Alp1 penetrates the TJ and damages E-cadherin in situ. After 1 h, Alp1 

compromised barrier integrity (Figure 4D), as measured by fluorescein isothiocyanate 

(FITC) leakage and reduced transepithelial electrical resistance (TEER), and also degraded 

the EC1 domain of E-cadherin (Figure 4E).

Cationic polypeptides such as poly-L arginine interrupt epithelial junctions (Shahana et al., 

2002). When this compound was administered into the lungs of mice, direct junction 

damage (without the intrinsic ability to cleave host proteins) was sufficient to drive Mo-DC 

accumulation 3 dpi (Figure 4F). Collectively, these data establish that Alp1 disrupts 

epithelial junctions and that damage to junctions between conducting airway cells signals 

inflammation.

Allergic Response to Alp1 Requires Calcineurin Signaling in Club Cells

We investigated the signaling events in club cells that initiate inflammation upon protease 

injury to the epithelial junction. The AJ is at the center of a critical signaling pathway 

involved in spatial patterning during lung development, cancer metastasis, and epithelial 

wound healing (Perez-Moreno and Fuchs, 2006). Many of these processes feed into the Wnt 

pathway, where β-catenin dissociates from E-cadherin at the AJ and migrates to the nucleus 

(Komiya and Habas, 2008). Although active β-catenin was expressed at the lateral 

membrane of club cells, active β-catenin did not concentrate in the nucleus of club cells in 

protease-damaged regions of the bronchioles (Figure 5A). Nuclear factor κ light chain of B 

cells (NF-κB) is another major signaling pathway implicated in epithelial cell responses to 

allergen (Lambrecht and Hammad, 2014; Whitsett and Alenghat, 2015). However, protease-

challenged mice with pan-lung epithelial cell deficiency in the positive regulator of NF-κB, 

inhibitor of nuclear factor kappa-B kinase subunit beta (IKK2) (PerezNazario et al., 2013), 

did not elicit GATA3+ Th cell response differently from wild-type littermates (Figure 5B). 

Thus, unexpectedly, neither Wnt nor NF-κB signaling is responsible for club-cell-dependent 

inflammation.

The findings above suggested that an atypical pathway in club cells drives inflammation to 

inhaled protease. Calcium signaling is another canonical inflammatory pathway in 

leukocytes, and so we investigated calcium signaling in club cells based on what is known in 

leukocytes. In transgenic mice that express a calcium indicator protein, GCamp6s, 

specifically in club cells, these cells fluxed calcium within 15 min of exposure to inhaled 

protease (Figure 5C). To assess the downstream consequences of calcium signaling, we used 

transgenic mice with tamoxifeninducible calcineurin-or IKK2-deficient club cells. Mice with 

IKK2-deficient club cells maintained unaffected allergic responses to protease (Figure 5D), 

consistent with Figure 5B. Conversely, mice with calcineurin-deficient club cells 

demonstrated blunted allergic responses of Mo-DCs, GATA3+ Th cells, eosinophils, and 

CCL2 levels in responses to protease (Figures 5D–5F). We also investigated mice lacking 

calcineurin or IKK2 in other epithelial cell subsets—Sftpc+ Type-2 alveolar cells, Foxj1+ 

ciliated cells, or Ascl1+ pulmonary neuroendocrine cells—and found no effect of these 

pathways on inflammation (Figure S7A and S7B).
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We used Poly L-arginine to disrupt lung epithelial cell junctions, as we did in Figure 4F, to 

determine if junction damage alone is sufficient to drive T cell sensitization and if T cell 

priming is dependent on calcineurin in club cells. Here, we adoptively transferred OTII T 

cells into the mice, included ovalbumin in the inoculum, and harvested the lungs at 15 dpi. 

Targeting the junction directly with Poly L-arginie caused a large expansion of OTII cells in 

wild-type mice, and this response was reduced to control levels with an induced deletion of 

calcineurin in club cells (Figure 5G). Thus, junction damage alone can sensitize T cells, and 

similar to protease, this response signals via calcineurin in club cells.

Finally, we asked if calcium signaling in club cells is sufficient to instigate rapid 

inflammation. Scgb1a1-creERT2 mice were crossed with hM3Dq (i.e., DREADD) mice and 

treated with clozapine n-oxide (CNO) to induce G-protein-mediated calcium flux in club 

cells. Mice receiving both CNO and tamoxifen recruited a larger population of Mo-DCs to 

the lungs compared to mice treated only with CNO (Figure 5H). In sum, protease damage to 

the epithelial junction elicits a calcium flux in club cells that signals through calcineurin to 

mediate allergic inflammation.

Apical Bronchiolar Epithelium Expression of TRPV4 Is Associated with Fungal Asthma

We searched for a receptor/channel that could connect protease injury at the bronchiolar 

junction with calcium entry into club cells. We posited that TRPV4 could exert this function, 

because it acts as a mechanosensative gated-calcium channel. Genetic variation at the 

TRPV4 locus has been associated with lung pathology in prior studies in humans. In 

particular, the G allele or AG+GG genotypes at rs6606743 were associated with osmotic 

airway hyperresponsiveness (Naumov et al., 2016) and increased risk of chronic obstructive 

pulmonary disease (Zhu et al., 2009). We therefore tested for the association of genotype at 

rs6606743 with fungal sensitization and asthma in 211 participants in the Childhood Origins 

of Asthma (COAST) study. We identified significant associations with both phenotypes 

(Figures 6A and 6B). This SNP resides 496 kb upstream of the transcription start site of the 

TRPV4 gene, within an intron of a long non-coding RNA (lncRNA), XR_945333.1. This 

variant is also in linkage disequilibrium (r2 > 0.8 in Northern Europeans from Utah, i.e. 

CEU) with three SNPs spanning about 2.5 kbp, located within the lncRNA gene and 

overlapping an enhancer site annotated in multiple cell types, including keratinocytes 

(NHEK) and lung epithelial cells (A549) in the Roadmap Epigenomics project (Roadmap 

Epigenomics Consortium, 2015). To directly examine whether rs6606743, or SNPs in 

linkage disequilibrium with it, are associated with expression of the TRPV4 gene, we used 

expression quantitative locus (eQTL) data from epithelial tissues, esophagus and skin, 

available in the GTEx database (GTEx Consortium et al., 2017). Indeed, the G allele at 

rs6606743 is associated with increased expression of TRPV4 in the epithelium of esophagus 

(p = 4.5e-5) and skin (p = 2.4e-7). Collectively, these data suggest that increased expression 

of TRVP4 is associated with a risk of sensitization to fungal allergen and asthma.

In a separate group of individuals, we analyzed the location and level of TRPV4 expression 

in human bronchiolar cells and biopsies. Cell lysates of club/goblet cells differentiated from 

primary human lung basal cells (Feldman et al., 2019) were enriched for membrane proteins 

(Sokabe et al., 2010). The membrane proteins were immunoprecipitated with anti-β-catenin 
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antibody to determine if TRPV4 physically interacts with β-catenin at the AJ, as reported 

with keratinocytes (Sokabe et al., 2010). TRPV4 was more abundant in the unbound fraction 

than the lysate, indicating TRPV4 concentrates in the cell membrane (Figure 6C). However, 

TRPV4 was absent in the bound fraction, indicating TRPV4 does not form an avid 

interaction with β-catenin at the AJ in human club/goblet cells.

We alsoimmunologically stained bronchialbiopsiesforTRPV4in five healthy donors and 

three patients with asthma. TRPV4 was most apparent in the apical tip of the bronchiolar 

epithelium (Figures 6D and 6G). TRPV4 expression was scored by a sampleblinded 

pathologist, and, when compared with healthy individuals, TRPV4 expression trended 

higher in asthmatics (Figure 6E). Five mild-asthmatic patients were subjected to segmental 

challenge with ragweed, as previously described (Kelly et al., 2017). TRPV4 expression 

scores did not significantly increase with allergen challenge (Figure 6F), suggesting that 

baseline differences in TRPV4 expression between asthmatics and healthy donors is not due 

to recent antigen encounter. Taken together, TRPV4 is highly expressed in the 

apicalmembrane of bronchiolar cells of asthma patients.

Club Cell TRPV4 Signals Allergic Inflammation

To determine if a directional relationship exists between TRPV4, club cells, and Th cell 

sensitization, we exploited our murine model. First, we used a functional assay to assess 

TRPV4 expression by club cells. Cell suspensions from club-cell-reporter mice were loaded 

with a ratiometric calcium indicator dye and analyzed by flow cytometry. Club cells rapidly 

shifted fluorescence in response to a TRPV4 agonist (GSK1016790A), indicating the cells 

express a functional TRPV4 calcium channel (Figure 7A). Second, we tested the 

requirement of club cell TRPV4 in protease-driven allergic inflammation by using Scgb1a1-

creERT2 mice with a floxed TRPV4 allele. Tamoxifen administration to delete TRPV4 in 

club cells resulted in significantly decreased CCL2 production within 8 h of protease 

inhalation and reductions in OTII cell, GATA3+ Th cell, Mo-DCs, and eosinophil 

accumulation 15 dpi (Figures 7B–7D). Lastly, we modeled the human condition of enhanced 

TRPV4 expression by overexpressing TRPV4 in vivo with adeno-associated virus (AAV) 6. 

We found that AAV6 expressed mCherry efficiently in club cells (Figure 7E). We thus 

infected Scgb1a1-creERT2 mice with an AAV6-doublefloxed inverse orf-TRPV4 virus that 

overexpresses TRPV4 in cells with a functional cre recombinase (Wheeler et al., 2016). 

When viral gene expression was activated by tamoxifen, Scgb1a1-creERT2 mice inoculated 

with protease accumulated significantly more OTII cells, Mo-DCs, and eosinophils than 

wild phenotype mice not receiving tamoxifen (Figure 7F). Remarkably, the enhanced OTII 

cell response due to TRPV4 overexpression was absent in mice with club cell calcineurin 

deficiency, indicating that TRPV4 and calcinueurin are in epistasis (Figure 7G). In sum, club 

cell TRPV4 is required for CD4+ T cell sensitization to Alp1 and that recapitulating the 

features of human asthma by overexpressing TRPV4 enhances sensitivity to Alp1.

DISCUSSION

Aeroallergens, including proteases, are irritants (Holgate, 2007), and the airway epithelium 

is the first tissue assaulted by inhaled substances. We investigated how the lung epithelium 
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alerts immune cells to protease allergen exposure thereby sensitizing CD4+ T cells. We 

report an advance in understanding the pathogenesis of asthma, revealing that the 

mechanical force exerted on epithelial cells that suffer junction damage is a danger signal 

detected by TRPV4. We define a linear pathway connecting epithelial junction damage with 

calcium flux via TRPV4, calcineurin signaling, and Th cell sensitization.

Patients with asthma are often allergic to environmental molds. Many fungi, including 

Aspergillus, are saprophytes, and secreted proteases facilitate nutrient acquisition in the 

environment (St Leger et al., 1997). However, these proteases are not virulence factors 

(Bergmann et al., 2009) and have not undergone host selection to evolve exosites that 

mammalian elastases, convertases, or thrombin require for specific interaction with their 

substrate (Overall and Blobel, 2007). Organisms spanning every reach of the biologic 

kingdom produce proteases that elicit allergic responses in humans (Reed and Kita, 2004). 

The mammalian host has evolved multiple layers to detect potentially injurious proteases, 

including PARs, sensor cytokines (e.g., IL-25 and IL-33), and junction damage (Cayrol et 

al., 2018; Florsheim et al., 2015; Goswami et al., 2009). How the host responds to a protease 

is likely dependent on enzyme substrate specificity and host redundancy for those targets. 

For example, papain and subtilase are reported to cleave PAR2, which could explain why 

neither of these proteases required club cells to mount an allergic response. Conversely, 

Alp1 does not require PAR2 or MyD88 (i.e., IL-33), yet club cells are instrumental in 

priming an allergic response.

We tested several models of protease-induced allergic inflammation. The most striking 

finding upon protease inhalation was damage to the bronchiolar epithelial junction. We 

propose a model of asthma pathogenesis in which protease injury to epithelial cell junctions 

elicits an unconventional “damage response” sensed as recoil by a mechanoreceptor TRPV4. 

This mechanism of sensing damage runs counter to classic damage receptorligand 

interactions. The most widely recognized mechanism by which cells report injury is via 

damage-associated molecular patterns (DAMPs). In general, DAMPs are proteins (e.g., 

IL-33, highmobility group box 1, F-actin), nucleic acids, or metabolites (e.g., ATP) that are 

sequestered within cells during steady state. These molecules spill from cells when they 

rupture during necrosis (Kaczmarek et al., 2013). DAMPs thereby alert a healing response in 

neighboring cells bearing DAMP receptors. Although protease injury induced hyperplasia of 

the bronchiolar epithelium, we found little necrosis in the affected regions (data not shown). 

These observations indicate that junction disruption, independent of cell lysis/death, likely 

signals damage. We posit that mechanical perturbations exerted on club cells as they detach 

from one another are sensed by TRPV4, prompting cellular calcium flux and calcineurin-

dependant inflammatory signaling.

TRP proteins perform various sensory functions, and several TRP channels have been 

implicated in asthma. TRPV4 expressed by smooth muscle cells responds to osmotic stimuli 

and contributes to hypotonic airway contractility (Jia et al., 2004). SNP rs6606743 of 

TRPV4 has been associated with osmotic hyperresponsiveness in patients with bronchial 

asthma (Naumov et al., 2016). Mice with a whole genome deletion of TRPV4 are also 

protected from airway remodeling after exposure to house dust mite antigens (Gombedza et 

al., 2017). Our work extends previous studies of airway hyperreactivity and fibrosis by 
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defining a role for epithelial cell TRPV4 in sensing damage and driving allergic 

inflammation. The pain-sensing channel, TRPV1, and cold sensing channel, TRPM8, also 

expressed by lung epithelia, promote inflammatory responses when stimulated and have 

been associated with asthma (Cantero-Recasens et al., 2010; Choi et al., 2018; McGarvey et 

al., 2014; Sabnis et al., 2008). TRPV1 and TRPM8 are calcium channels, and their 

involvement in epithelial responses and asthma also could be mediated by calcium signaling 

through calcineurin, as we found with TRPV4. Thus, calcium signaling and calcineurin 

might be a central pathway in the pathogenesis of allergic asthma, perhaps amenable to 

therapeutic targeting.

In contrast to the widely held belief that NF-κB is the master regulator of inflammatory 

signaling within the epithelium (Janssen-Heininger et al., 2009), we found that NF-κB was 

not required for the epithelial response to protease. Our model is distinct in two ways that 

could potentially explain this discrepancy. First, we avoided lipopolysaccharide (LPS) 

contamination in our allergen preparations by producing Alp1 with a yeast expression 

system. Many experimental allergens, like those from dust mites, are crude extracts 

containing unknown quantities of LPS and other undefined contaminants (Cates et al., 

2004). The presence of toll-like receptor ligands in these allergens could prompt NF-κB-

dependent inflammation in epithelial cells. Second, mice only received allergen intranasally 

in our model, whereas other approaches, including ovalbumin/alum, require systemic 

sensitization followed by intranasal challenge. With intranasal sensitization, the epithelium 

is intimately involved in the early innate cell activation and T cell priming events, whereas 

challenge after systemic sensitization prompts epithelial cells to recruit activated T cells 

from the periphery to lung. These disparate situations may rely on a different set of signals 

in the epithelium.

The bronchiolar epithelium is a central feature in our model of protease-driven allergic 

inflammation: (1) protease damage was concentrated in the bronchioles, (2) bronchiolar club 

cells had a requisite role in driving a large part of the response to protease, (3) the 

inflammation was confined to bronchiolar regions of the lung, and (4) TRPV4 was highly 

expressed in the bronchiolar epithelium of humans. Mice and humans have similar epithelial 

cell subsets, and these cells retain comparable functions across species. However, the 

proportions of epithelial cell subsets that comprise the conducting airways (i.e., bronchioles) 

differ between mice and humans (Iwasaki et al., 2017). Although the bronchioles are densely 

populated by club cells with a few intermittent ciliated cells in mice, club cells and ciliated 

cells are present in more balanced proportions in similar regions of human lungs. In our 

murine model, club cells had a potent effect, and our manipulations of the epithelium were 

targeted to club cells. When we depleted club cells, Foxj1+ ciliated cells repopulated the 

bronchioles, and the inflammatory response to protease was reduced. Knockout of IKK or 

calcineurin in Foxj1+ cells did not reveal a strong phenotype in our model, as well. 

Collectively, these observations suggest that ciliated cells are not sufficient or required for 

the response to protease. However, Foxj1+ cells expressed high levels of Ki67 after club-cell 

depletion (data not shown), and the proliferative state of these cells could prevent them from 

producing proinflammatory cytokines. Also, the bronchiolar epithelium remains broadly 

intact when genes are disrupted in ciliated cells in mice, and club cells could perform 

redundant functions masking any effect that ciliated cells have in the response. Thus, the 
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mechanisms we detailed in mouse club cells may not be restricted to only club cells in 

humans and could involve ciliated cells as well.

Immune responses function like electronic circuits. Cells in a network cooperate with one 

another to amplify a small signal into a highly ordered response. Evolution has built 

complexity and redundancy into the circuit, making identification of causal relationships 

difficult. Vaccinologists define correlates of immunity to elucidate complex biology (Plotkin, 

2010). We propose that CCL2, Mo-DCs, and eosinophils are correlates of immunity and not 

an epistatic pathway feeding into and out of Th cell sensitization. We do not claim there is a 

stoichiometric relationship between these allergic parameters. For example, we showed that 

neutralizing CCL2 only modestly affected allergic inflammation, even under idealized 

conditions. Likewise, elimination of Mo-DCs did not abrogate Th cell sensitization. Other 

lung resident DC populations could have redundant functions, as seen in house dust mite 

allergy models in which CD11b+ DCs overlap with Mo-DCs depending on allergen dose 

(Plantinga et al., 2013). It is also likely that many signals emanate from the epithelium and 

instruct Mo-DCs (e.g., CCL7, CCL8, CCL12, CCL13) or CD11b+ DCs (e.g., colony 

stimulating factor-1) (Moon et al., 2018). Finally, whether Mo-DCs, CD11b+ DCs, or 

another DC subset traffics from the lung to the draining lymph to initiate T cell priming 

remains unresolved. Based on our in vivo EαRFP assays, we do know that Mo-DCs are 

capable of capturing and presenting antigen. We also know from our ex vivo restimulation 

experiments that a lung antigen-presenting cell is involved in regulating IL-5 production by 

Alp1-specific Th cells, because MHCII-restricted Th cells produce IL-5 when Alp1 antigen 

is added to the ex vivo culture. In summary, our goal was to understand how the epithelium 

recognizes and responds to protease allergen to drive Th cell sensitization. Th cell 

accumulation in the lungs was the primary read out in all experiments in which it was 

technically and biologically feasible. This criterion let us uncover a linear pathway within 

club cells, linking epithelial junction damage, calcium flux through TRPV4, calcineurin 

signaling, and Th cell sensitization.

Most cases of asthma begin in early childhood, and allergic sensitization in the first 2–3 

years of life is a major risk factor for persistent childhood asthma. In our model, calcium 

signaling in club cells is an important mediator of Th cell priming, and elevated TRPV4 

expression exacerbated the inflammatory response to protease. We also show that children 

with an SNP in TRPV4 are a risk group for fungal sensitization and asthma. Genotyping at 

the TRPV4 locus could identify children at increased risk for sensitization to protease-

containing allergens such as fungi. Our findings also suggest that targeting bronchiolar 

epithelial cells directly with calcineurin inhibitors, perhaps through the inhaled route to 

minimize systemic effects, could inhibit the onset of allergic sensitization.

STAR★METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and 

fulfilled by the lead contact, Bruce S. Klein (bsklein@wisc.edu). This study did not generate 

new unique reagents.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All mice were C56BL/6 genetic background and were used for experimentation 

between the ages of 8 and 16 weeks. Males and females were used throughout the study. Sex 

and age had no obvious confounding effect in this model, but animals were age and sex 

matched for scientific rigor, nonetheless. Mice were bred in house and maintained in specific 

pathogen free conditions. All procedures were approved by the Institutional Care and Use 

Committee. See Key Resources Table for an inventory of the transgenic and knockout 

animals used in this study (Kerschen et al., 2007; Moore et al., 2013; Pasparakis et al., 2002; 

Perez-Nazario et al., 2013; Tabeta et al., 2006).

Human Subjects: Paraffin-embedded bronchial biopsies were obtained by bronchoscopy 

from subjects with asthma and from normal subjects as previously described (Nakamura et 

al., 2004). The study was approved by the University of Wisconsin-Madison Human 

Subjects Committee. Human lung epithelial cells were obtained from the tracheas of donor 

lungs and were differentiated at an air liquid interface (ALI) as described (Ashraf et al., 

2015). Human adult airway basal stem cells were also recovered from discarded lung tissue 

obtained from the New England Organ Bank from donors under IRB approved protocols. 

These cells were isolated and differentiated into club and goblet cells as described (Feldman 

et al., 2019; Mou et al., 2016)

Participants of the COAST birth cohort study (N = 289) were recruited in Madison, 

Wisconsin and surrounding areas from November 1998 to May 2000 (Lemanske, 2002). The 

study was approved by the University of Wisconsin-Madison Human Subjects Committee, 

and all families provided informed consent before enrollment. When the children reached 7 

years of age, they themselves provided assent. Asthma was defined by parental report of 

physician diagnosis and/or use of asthma medications as previously described (Jackson et 

al., 2008). All COAST children were genotyped with the Illumina Infinium Exome Core 

array, and untyped SNPs (including rs6606743) were imputed using 1000Genome reference 

panel (CEU) as the reference.

METHOD DETAILS

Allergic Inflammation Model—Mice were sedated with isoflurane. 25 μg of Aspergillus 
rAlp1 or heat-inactivated (95°C, 10 min) control protease in 25 μL of PBS was placed into 

the mouse pharynx. 6.25 μg of Sigma-Aldrich fungal proteinase, 12.5 μg of subtilase, 50 μg 

of papain, or 25 μL of Aspergillus culture filtrate were also used in some of these studies, 

where indicated. The tongue of the mouse was retracted with a forceps until the solution was 

completely aspirated into the lungs. This procedure was repeated on days 1, 2, 7, and 14 

post-initiation. Lungs were harvested 24 h after the last dose and processed for histology or 

flow cytometry. The protocol was also modified to track antigen-specific T cells. 106 

splenocytes from CD90.1+ OTII mice were injected into the tail vein 24 h prior to the initial 

protease treatment. 25 μg of ovalbumin was added to the protease inoculum, and all other 

aspects of the treatment remained unchanged.

Histology—Animals were euthanized by CO2 asphyxiation. The lungs were inflated with 

10% paraformaldehyde via the trachea, the trachea was sutured shut, and the lungs were 
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removed and placed in 10% paraformaldehyde for 1 h. For histological dyes, the fixed lungs 

were rinsed with PBS, embedded in paraffin, cut into 10 μm thick sections, and stained with 

periodic acid-Schiff or hematoxylin and eosin dyes. For immunofluorescence, the lungs 

were transferred to cryoprotectant (30% sucrose) and kept at 4°C for ~4 days or until the 

lungs fell to the bottom of tube (i.e., fully saturated). The preserved lungs were washed with 

PBS, embedded in optimal cutting temperature (OCT) compound, cut into 8 μm sections, 

and stored at −80°C. The slides were retrieved from −80°C storage, warmed to room 

temperature, soaked in PBS to remove OCT, and air-dried for 15 min. Slides were incubated 

with Animal-free Block and Diluent with anti-mouse Fab fragment antibodies for 1 h at 

room temperature in a humidified chamber. Slides were washed three times with PBS before 

adding primary antibodies at the indicated concentrations (see Key Resources Table). The 

slides were stored overnight at 4°C. The next day, the slides were washed three times with 

PBS, and the respective fluorophore-conjugated secondary antibody was added to the slides 

for 1 h at room temperature in a humidified chamber. The slides were washed once with 

PBS, and 1 μg/mL of DAPI was added to the slide for 10 min at room temperature. The 

slides were washed three times and allowed to air dry before adding hardset antifade reagent 

and coverslips. ~24 h later, a Nikon A1R confocal microscope was used to capture images of 

the slides. Images were processed with Fiji (Schindelin et al., 2012). For 

immunocytochemistry, we followed the manufacturer’s instructions without modification. 

TRPV4 staining intensity in the bronchial biopsies was scored by a blinded, surgical 

pathologist on a scale from 0 (weak) to 3 (strong).

Cellular Analysis—3 μg of anti-CD45 APC-e780 antibodies were injected into the tail 

veins of mice to mark cells circulating in the blood vasculature. After 3 min, mice were 

euthanized by cervical dislocation. The lungs were harvested and minced with a 

gentleMACS (Miltenyi, San Diego, CA, USA) in digest solution, containing: RPMI-1640, 

5% fetal bovine serum, 1500 U/mL type-1 collagenase, 1 mM CaCl2, 1 mM MgCl2. The 

samples were agitated at 37°C for 1 h and further disrupted by gentleMACS. The cell 

solution was passed through a 70 μm filter, pelleted, and resuspended in 40% Percoll-RPMI 

medium. A Percoll density gradient was created (40% top, 67% bottom), and the samples 

were centrifuged for 20 min at 650 x g. The leukocytes at the interface were removed, 

washed twice with PBS + 0.1% bovine serum albumin (i.e., FACS buffer). ~1/4 of each 

sample was placed in a 96 well plate. 1:500 LIVE/DEAD Fixable Dye and Fc block (1:100) 

was added to the samples for 10 min. The sample was washed and incubated for 1 h at 4°C 

with fluorophore-conjugated primary antibodies (see Key Resources Table). The samples 

were washed, resuspended in FACS buffer, and processed by flow cytometry (LSRFortessa, 

BD Bioscience, San Diego, CA, USA). 50,000 count beads were added to the sample 

immediately prior to data collection. The data were analyzed with Flowjo X. See Figure S2 

for gating strategy.

Mouse Treatments—For IL-5 blockade and CD4+ T cell depletions, mice were injected 

into the peritoneal cavity with 1 mg of antibody on days −1, 6, and 13 post-inoculation with 

protease. For phagocyte depletion, mice were given 3 intranasal doses of clodronate 

liposomes, followed by a 24 h rest period before protease inoculation. To induce cre activity 

in Scb1a1-creERT2 mice, mice intraperitoneal injections of 2mg of tamoxifen on days −7 to 
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−4, −1, 6, and 13 days post protease inoculation. For AAV6 in vivo gene expression 

experiments, mice were infected with 1011 AAV6 weekly for 3 consecutive weeks before 

commencing protease treatment. For junction targeting experiments, 25 μg of poly L-

arginine or poly L-glutamic acid were aspirated by mice on the same schedule as protease 

treatments. For thrombin inhibition experiments, mice were given 5U hirudin in the normal 

protease solution.

In Vivo Antigen Capture/Presentation Assay—100 μg of Eα-RFP (McLachlan et al., 

2009) or RFP was instilled into the lungs of sedated mice. 6 h later, the mice were 

euthanized. The lungs were processed for flow cytometry, as explained above.

Calcium Flux Flow Cytometry—After euthanasia, 1ml of dispase was injected into the 

lungs of tamoxifen-treated Scgb1a1-creERT2 × LSL-Cas9 GFP mice. The lungs were 

removed, placed into collagenase solution, minced with a gentleMACS, and incubated with 

agitation for 30 min at 37°C. The lung cell suspensions were loaded with calcium dye (1 μM 

Indo-1, 1mM MgCl2, 0.1% pluronic acid, 4mM probenecid) for 30 min at 37C. The samples 

were washed, stained with fluorescent antibodies, and finally suspended in calcium (1μM 

CaCl2) containing running buffer. 15 s of events were collected on the cytometer before 

retrieving the sample, adding 100 μM final concentration of TRPV4 agonist, and replacing 

the sample in the cytometer for additional data collection.

Cytokine—Lungs from mice 0, 8H, 24H, 3d or 15d post-inoculation with Alp1 were 

excised, snap frozen in liquid nitrogen, and homogenized in 2 mL of Tissue Protein 

Extraction Reagent with Complete Protease Inhibitor Cocktail. The lung homogenate was 

pelleted, and the supernatant was collected and stored at 80°C until analysis. CCL2, IL-5, 

IL-25, IL-33, and TSLP were measured in lung lysates by ELISA.

Co-immunoprecipitation—Club and goblet cells were generated as previously described 

(Feldman et al., 2019). ~2×107 cells collected from 2 T75 flasks were flash frozen in liquid 

nitrogen. Membrane fractions were obtained (Sokabe et al., 2010), and the 

immunopreciptation was performed according to the manufacturer’s instructions.

Ex Vivo Restimulation—Lung leukocyte suspensions were incubated for 2 h with 100 μg 

of heat-inactivated protease in restimulation buffer (RPMI, 10% fetal bovine serum, 1X pen/

strep, 1 μM CaCl2, Beta-mercaptoethanol). 1X Brefeldin A was added to the well for the 

remaining 4 h of incubation. At the conclusion, the cells were washed, stained with live/dead 

dye and surface antibodies, fixed and permeabilized with Foxp3 transcription buffer set, and 

incubated over night with antibodies to intracellular targets (i.e., Foxp3, IL-5, and GATA3).

Epithelium Permeability—125 μg of Sulfo-NHS-Biotin in 25 uL of PBS + 1mM CaCl2 

with protease or heat-inactive protease was aspirated into the lungs of sedated mice. After 1 

h, the lungs were processed for histology, as described above. Barrier integrity of primary 

human epithelial cells grown ex vivo was also evaluated with two methods. 2 mg/mL of 

4kDa FITC-dextran with serial dilution of protease were added to the insert of the ALI 

device and left overnight in a tissue culture incubator. 100 μL of solution from the lower 

chamber of the ALI device was collected and 485/530 nm fluorescence was measured with a 
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fluorimeter. Lastly, transepithelial electrical resistance was measured with a voltohmeter 

after 1 h of incubation with varying concentrations of Alp1.

Enzyme Assays—All enzymatic reactions were performed at room temperature in 25mM 

Tris-base + 15mM NaCl + 10mM CaCl2, pH7.2. To assess cleavage activity, 2-fold serial 

dilutions of protease were incubated with 2.5mg/mL FITC-in an opaque 96-well plate. 

485/530nm fluorescence intensity was detected after 15 min. 100 μg human E-cadherin or 5 

μg C3 was incubated with 500ng of Alp1 for 1 h, and western blots were performed with the 

reactions. 10mM of protease activated receptor peptides or 20mg/mL of human fibrinogen 

was incubated with 1mg/mL Alp1, 500U thrombin, or 10mg/mL trypsin for one h. The 

solutions were analyzed by MALDI-TOF.

Culture Filtrates—100 million spores of Aspergillus fumigatus strains CEA10 and Af293 

were grown in 100mL of DMEM+ 10% FBS for 2 days or glucose minimal medium (GMM) 

for 5 days at 37C with agitation. The culture supernates were sterile filtered and 

concentrated 20-fold with 10kD centrifugal filter.

QUANTIFICATION AND STATISTICAL ANALYSIS

In the COAST patient cohort, associations between genotype and rates of allergic 

sensitization and asthma were assessed with an additive genetic model using the chi-square 

test for trend in proportions. All other statistical tests were Mann-Whitney U test with 

Bonferoni adjustment for multiple comparisons when > 2 groups were compared. p < 0.05 

was deemed statistically significant.

DATA AND CODE AVAILABILITY

This study did not generate/analyze any large-scale datasets or computer code.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AAV Adeno-Associated Virus

ALI Air-Liquid Interface
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Alp1 Alkaline protease 1

Arg Arginine

CCL Chemokine (C-C motif) Ligand

CCR Chemokine (C-C motif) Receptor

Cdh1 E-cadherin

CNB1 Calcineurin

CNO Clozapine N-Oxide

DAMP Damage-Associated Molecular Patterns

dpi days post-inoculation

Dex Dextran

EC Extracellular

Eos Eosinophils

Glu Glutamate

H&E Hematoxylin/Eosin

HBEC Human Bronchiolar Epithelial Cells

IL Interleukin

ILC Innate Lymphoid Cell

IKK Inhibitor of Nuclear Factor kappa-B Kinase Subunit beta

lncRNA long non-coding RNA

LSL-GFP Lox-Stop-Lox Green Fluorescent Protein

MHC Major Histocompatibility Class

MFI Mean Fluorescence Intensity

Mo-DC Monocyte-derived Dendritic Cells

NF-κB Nuclear Factor kappa-light-chain-enhancer of Activated B cells

Ova Ovalbumin

PAS Periodic Acid-Schiff

PAR Protease Activated Receptor

RFP Red Fluorescent Protein

Rag Recombination activating gene
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Scgb1a1 Secretoglobin

TEER Electrical Resistance

THC T helper cell

TSLP Thymic Stromal Lymphopoietin

TRPV4 Transient Receptor Potential cation channel subfamily V member 4

REFERENCES

Anderson KG, Mayer-Barber K, Sung H, Beura L, James BR, Taylor JJ, Qunaj L, Griffith TS, Vezys V, 
Barber DL, and Masopust D. (2014). Intravascular staining for discrimination of vascular and tissue 
leukocytes. Nat. Protoc 9, 209–222. [PubMed: 24385150] 

Ashraf S, Brockman-Schneider R, and Gern JE (2015). Propagation of rhinovirus-C strains in human 
airway epithelial cells differentiated at air-liquid interface. Methods Mol. Biol 1221, 63–70. 
[PubMed: 25261307] 

Basu T, Seyedmousavi S, Sugui JA, Balenga N, Zhao M, Kwon Chung KJ, Biardel S, Laviolette M, 
and Druey KM (2018). Aspergillus fumigatus alkaline protease 1 (Alp1/Asp f13) in the airways 
correlates with asthma severity. J. Allergy Clin. Immunol 141, 423–425.e7.

Consortium GTEx (2017). Genetic effects on gene expression across human tissues. Nature 550, 204–
213. [PubMed: 29022597] 

Bergmann A, Hartmann T, Cairns T, Bignell EM, and Krappmann S. (2009). A regulator of 
Aspergillus fumigatus extracellular proteolytic activity is dispensable for virulence. Infect. Immun 
77, 4041–4050. [PubMed: 19564390] 

Bousquet J, Jeffery PK, Busse WW, Johnson M, and Vignola AM (2000). Asthma. From 
bronchoconstriction to airways inflammation and remodeling. Am. J. Respir. Crit. Care Med 161, 
1720–1745. [PubMed: 10806180] 

Cantero-Recasens G, Gonzalez JR, Fandos C, Duran-Tauleria E, Smit LA, Kauffmann F, Anto JM, and 
Valverde MA (2010). Loss of function of transient receptor potential vanilloid 1 (TRPV1) genetic 
variant is associated with lower risk of active childhood asthma. J. Biol. Chem 285, 27532–27535.

Cates EC, Fattouh R, Wattie J, Inman MD, Goncharova S, Coyle AJ, Gutierrez-Ramos JC, and Jordana 
M. (2004). Intranasal exposure of mice to house dust mite elicits allergic airway inflammation via a 
GM-CSF-mediated mechanism. J. Immunol 173, 6384–6392. [PubMed: 15528378] 

Cayrol C, Duval A, Schmitt P, Roga S, Camus M, Stella A, BurletSchiltz O, Gonzalez-de-Peredo A, 
and Girard JP (2018). Environmental allergens induce allergic inflammation through proteolytic 
maturation of IL-33. Nat. Immunol 19, 375–385. [PubMed: 29556000] 

Choi JY, Lee HY, Hur J, Kim KH, Kang JY, Rhee CK, and Lee SY (2018). TRPV1 Blocking 
Alleviates Airway Inflammation and Remodeling in a Chronic Asthma Murine Model. Allergy 
Asthma Immunol. Res 10, 216–224. [PubMed: 29676068] 

Crabtree GR, and Olson EN (2002). NFAT signaling: choreographing the social lives of cells. Cell 109 
(Suppl ), S67–S79. [PubMed: 11983154] 

Denning DW, O’Driscoll BR, Hogaboam CM, Bowyer P, and Niven RM (2006). The link between 
fungi and severe asthma: a summary of the evidence. Eur. Respir. J 27, 615–626. [PubMed: 
16507864] 

Deshmane SL, Kremlev S, Amini S, and Sawaya BE (2009). Monocyte chemoattractant protein-1 
(MCP-1): an overview. J. Interferon Cytokine Res 29, 313–326. [PubMed: 19441883] 

Drouin SM, Corry DB, Hollman TJ, Kildsgaard J, and Wetsel RA (2002). Absence of the complement 
anaphylatoxin C3a receptor suppresses Th2 effector functions in a murine model of pulmonary 
allergy. J. Immunol 169, 5926–5933. [PubMed: 12421977] 

Feldman MB, Wood M, Lapey A, and Mou H. (2019). SMAD Signaling Restricts Mucous Cell 
Differentiation in Human Airway Epithelium. Am. J. Respir. Cell Mol. Biol 61, 322–331. 
[PubMed: 30848657] 

Wiesner et al. Page 20

Cell Host Microbe. Author manuscript; available in PMC 2021 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Florsheim E, Yu S, Bragatto I, Faustino L, Gomes E, Ramos RN, Barbuto JA, Medzhitov R, and Russo 
M. (2015). Integrated innate mechanisms involved in airway allergic inflammation to the serine 
protease subtilisin. J. Immunol 194, 4621–4630. [PubMed: 25876764] 

Gause WC, Wynn TA, and Allen JE (2013). Type 2 immunity and wound healing: evolutionary 
refinement of adaptive immunity by helminths. Nat. Rev. Immunol 13, 607–614. [PubMed: 
23827958] 

Gombedza F, Kondeti V, Al-Azzam N, Koppes S, Duah E, Patil P, Hexter M, Phillips D, Thodeti CK, 
and Paruchuri S. (2017). Mechanosensitive transient receptor potential vanilloid 4 regulates 
Dermatophagoides farinae-induced airway remodeling via 2 distinct pathways modulating matrix 
synthesis and degradation. FASEB J. 31, 1556–1570. [PubMed: 28073835] 

Goswami S, Angkasekwinai P, Shan M, Greenlee KJ, Barranco WT, Polikepahad S, Seryshev A, Song 
LZ, Redding D, Singh B, et al. (2009). Divergent functions for airway epithelial matrix 
metalloproteinase 7 and retinoic acid in experimental asthma. Nat. Immunol 10, 496–503. 
[PubMed: 19329997] 

Hartsock A, and Nelson WJ (2008). Adherens and tight junctions: structure, function and connections 
to the actin cytoskeleton. Biochim. Biophys. Acta 1778, 660–669. [PubMed: 17854762] 

Holgate ST (2007). Epithelium dysfunction in asthma. J. Allergy Clin. Immunol 120, 1233–1244, quiz 
1245–1246. [PubMed: 18073119] 

Iwasaki A, Foxman EF, and Molony RD (2017). Early local immune defences in the respiratory tract. 
Nat. Rev. Immunol 17, 7–20. [PubMed: 27890913] 

Jackson DJ, Gangnon RE, Evans MD, Roberg KA, Anderson EL, Pappas TE, Printz MC, Lee WM, 
Shult PA, Reisdorf E, et al. (2008). Wheezing rhinovirus illnesses in early life predict asthma 
development in high-risk children. Am. J. Respir. Crit. Care Med 178, 667–672. [PubMed: 
18565953] 

Janssen-Heininger YM, Poynter ME, Aesif SW, Pantano C, Ather JL, Reynaert NL, Ckless K, Anathy 
V, van der Velden J, Irvin CG, and van der Vliet A. (2009). Nuclear factor kappaB, airway 
epithelium, and asthma: avenues for redox control. Proc. Am. Thorac. Soc 6, 249–255. [PubMed: 
19387025] 

Jia Y, Wang X, Varty L, Rizzo CA, Yang R, Correll CC, Phelps PT, Egan RW, and Hey JA (2004). 
Functional TRPV4 channels are expressed in human airway smooth muscle cells. Am. J. Physiol. 
Lung Cell. Mol. Physiol 287, L272–L278. [PubMed: 15075247] 

Kaczmarek A, Vandenabeele P, and Krysko DV (2013). Necroptosis: the release of damage-associated 
molecular patterns and its physiological relevance. Immunity 38, 209–223. [PubMed: 23438821] 

Kauffman HF, Tomee JF, van de Riet MA, Timmerman AJ, and Borger P. (2000). Protease-dependent 
activation of epithelial cells by fungal allergens leads to morphologic changes and cytokine 
production. J. Allergy Clin. Immunol 105, 1185–1193. [PubMed: 10856154] 

Kelly EA, Esnault S, Liu LY, Evans MD, Johansson MW, Mathur S, Mosher DF, Denlinger LC, and 
Jarjour NN (2017). Mepolizumab Attenuates Airway Eosinophil Numbers, but Not Their 
Functional Phenotype, in Asthma. Am. J. Respir. Crit. Care Med 196, 1385–1395. [PubMed: 
28862877] 

Kerschen EJ, Fernandez JA, Cooley BC, Yang XV, Sood R, Mosnier LO, Castellino FJ, Mackman N, 
Griffin JH, and Weiler H. (2007). Endotoxemia and sepsis mortality reduction by non-
anticoagulant activated protein C. J. Exp. Med 204, 2439–2448. [PubMed: 17893198] 

Knutsen AP, Bush RK, Demain JG, Denning DW, Dixit A, Fairs A, Greenberger PA, Kariuki B, Kita 
H, Kurup VP, et al. (2012). Fungi and allergic lower respiratory tract diseases. J. Allergy Clin. 
Immunol 129, 280–291, quiz 292–293. [PubMed: 22284927] 

Komiya Y, and Habas R. (2008).Wnt signal transduction pathways.Organogenesis 4, 68–75. [PubMed: 
19279717] 

Roadmap Epigenomics Consortium, Kundaje A, Meuleman W, Ernst J, Bilenky M, Yen A, Heravi-
Moussavi, Kheradpour P, Zhang Z, Wang J, et al. (2015). Integrative analysis of 111 reference 
human epigenomes. Nature 518, 317–330. [PubMed: 25693563] 

Lambrecht BN, and Hammad H. (2014). Allergens and the airway epithelium response: gateway to 
allergic sensitization. J. Allergy Clin. Immunol 134, 499–507. [PubMed: 25171864] 

Wiesner et al. Page 21

Cell Host Microbe. Author manuscript; available in PMC 2021 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lambrecht BN, and Hammad H. (2015). The immunology of asthma. Nat. Immunol 16, 45–56. 
[PubMed: 25521684] 

Lemanske RF Jr. (2002). The childhood origins of asthma (COAST) study. Pediatr. Allergy Immunol 
13 (s15), 38–43. [PubMed: 12688623] 

León n, B, Ló pez-Bravo M, and Ardaví n, C. (2005). Monocyte-derived dendritic cells. Semin. 
Immunol 17, 313–318. [PubMed: 15955712] 

Liedtke W, Choe Y, Martí´-Renom MA, Bell AM, Denis CS, Sali A, Hudspeth AJ, Friedman JM, and 
Heller S. (2000). Vanilloid receptorrelated osmotically activated channel (VR-OAC), a candidate 
vertebrate osmoreceptor. Cell 103, 525–535. [PubMed: 11081638] 

Lyons JS, Joca HC, Law RA, Williams KM, Kerr JP, Shi G, Khairallah RJ, Martin SS, 
Konstantopoulos K, Ward CW, and Stains JP (2017). Microtubules tune mechanotransduction 
through NOX2 and TRPV4 to decrease sclerostin abundance in osteocytes. Sci. Signal 10, 
10.1126/scisignal.aan5748.29162742.

McGarvey LP, Butler CA, Stokesberry S, Polley L, McQuaid S, Abdullah H, Ashraf S, McGahon MK, 
Curtis TM, Arron J, et al. (2014). Increased expression of bronchial epithelial transient receptor 
potential vanilloid 1 channels in patients with severe asthma. J. Allergy Clin. Immunol 133, 704–
712.e4.

McKenzie AN (2014). Type-2 innate lymphoid cells in asthma and allergy. Ann. Am. Thorac. Soc 11 
(Suppl 5), S263–S270. [PubMed: 25525730] 

McLachlan JB, Catron DM, Moon JJ, and Jenkins MK (2009). Dendritic cell antigen presentation 
drives simultaneous cytokine production by effector and regulatory T cells in inflamed skin. 
Immunity 30, 277–288. [PubMed: 19200757] 

Mendoza SA, Fang J, Gutterman DD, Wilcox DA, Bubolz AH, Li R, Suzuki M, and Zhang DX (2010). 
TRPV4-mediated endothelial Ca2+ influx and vasodilation in response to shear stress. Am. J. 
Physiol. Heart Circ. Physiol 298, H466–H476. [PubMed: 19966050] 

Mercer PF, Johns RH, Scotton CJ, Krupiczojc MA, Kö nigshoff M, Howell, McAnulty RJ, Das A, 
Thorley AJ, Tetley TD, et al. (2009). Pulmonary epithelium is a prominent source of proteinase-
activated receptor-1-inducible CCL2 in pulmonary fibrosis. Am. J. Respir. Crit. Care Med 179, 
414–425. [PubMed: 19060230] 

Millien VO, Lu W, Shaw J, Yuan X, Mak G, Roberts L, Song LZ, Knight JM, Creighton CJ, Luong A, 
et al. (2013). Cleavage of fibrinogen by proteinases elicits allergic responses through Toll-like 
receptor 4.Science 341, 792–796. [PubMed: 23950537] 

Moon HG, Kim SJ, Jeong JJ, Han SS, Jarjour NN, Lee H, AbboudWerner SL, Chung S, Choi HS, 
Natarajan V, et al. (2018). Airway Epithelial Cell-Derived Colony Stimulating Factor-1 Promotes 
Allergen Sensitization. Immunity 49, 275–287.e5.

Moore C, Cevikbas F, Pasolli HA, Chen Y, Kong W, Kempkes C, Parekh P, Lee SH, Kontchou NA, 
Yeh I, et al. (2013). UVB radiation generates sunburn pain and affects skin by activating epidermal 
TRPV4 ion channels and triggering endothelin-1 signaling. Proc. Natl. Acad. Sci. USA 110, 
E3225–E3234.

Mou H, Vinarsky V, Tata PR, Brazauskas K, Choi SH, Crooke AK, Zhang B, Solomon GM, Turner B, 
Bihler H, et al. (2016). Dual SMAD Signaling Inhibition Enables Long-Term Expansion of 
Diverse Epithelial Basal Cells. Cell Stem Cell 19, 217–231. [PubMed: 27320041] 

Nakamura Y, Esnault S, Maeda T, Kelly EA, Malter JS, and Jarjour NN (2004). Ets-1 regulates TNF-
alpha-induced matrix metalloproteinase-9 and tenascin expression in primary bronchial fibroblasts. 
J. Immunol 172, 1945–1952. [PubMed: 14734780] 

Namvar S, Warn P, Farnell E, Bromley M, Fraczek M, Bowyer P, and Herrick S. (2015). Aspergillus 
fumigatus proteases, Asp f 5 and Asp f 13, are essential for airway inflammation and remodelling 
in a murine inhalation model. Clin. Exp. Allergy 45, 982–993. [PubMed: 25270353] 

Naumov DE, Kolosov VP, Perelman JM, and Prikhodko AG (2016). Influence of TRPV4 gene 
polymorphisms on the development of osmotic airway hyperresponsiveness in patients with 
bronchial asthma. Dokl.Biochem. Biophys 469, 260–263. [PubMed: 27599507] 

Ng MR, Besser A, Brugge JS, and Danuser G. (2014). Mapping the dynamics of force transduction at 
cell-cell junctions of epithelial clusters. Elife 3, e03282.

Wiesner et al. Page 22

Cell Host Microbe. Author manuscript; available in PMC 2021 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



O’Conor CJ, Leddy HA, Benefield HC, Liedtke WB, and Guilak F. (2014). TRPV4-mediated 
mechanotransduction regulates the metabolic response of chondrocytes to dynamic loading. Proc. 
Natl. Acad. Sci. USA 111, 1316–1321. [PubMed: 24474754] 

Overall CM, and Blobel CP (2007). In search of partners: linking extracellular proteases to substrates. 
Nat. Rev. Mol. Cell Biol 8, 245–257. [PubMed: 17299501] 

Pasparakis M, Courtois G, Hafner M, Schmidt-Supprian M, Nenci A, Toksoy A, Krampert M, 
Goebeler M, Gillitzer R, Israel A, et al. (2002). TNF-mediated inflammatory skin disease in mice 
with epidermis-specific deletion of IKK2. Nature 417, 861–866. [PubMed: 12075355] 

Perez-Moreno M, and Fuchs E. (2006). Catenins: keeping cells from getting their signals crossed. Dev. 
Cell 11, 601–612. [PubMed: 17084354] 

Perez-Nazario N, Rangel-Moreno J, O’Reilly MA, Pasparakis M, Gigliotti F, and Wright TW (2013). 
Selective ablation of lung epithelial IKK2 impairs pulmonary Th17 responses and delays the 
clearance of Pneumocystis. J. Immunol 191, 4720–4730. [PubMed: 24078701] 

Pinheiro D, and Bellaϊche Y. (2018). Mechanical Force-Driven Adherens Junction Remodeling and 
Epithelial Dynamics. Dev. Cell 47, 391. [PubMed: 30399339] 

Plantinga M, Guilliams M, Vanheerswynghels M, Deswarte K, BrancoMadeira F, Toussaint W, 
Vanhoutte L, Neyt K, Killeen N, Malissen B, et al. (2013). Conventional and monocyte-derived 
CD11b(+) dendritic cells initiate and maintain T helper 2 cell-mediated immunity to house dust 
mite allergen. Immunity 38, 322–335. [PubMed: 23352232] 

Plotkin SA (2010). Correlates of protection induced by vaccination. Clin. Vaccine Immunol 17, 1055–
1065. [PubMed: 20463105] 

Reed CE, and Kita H. (2004). The role of protease activation of inflammation in allergic respiratory 
diseases. J. Allergy Clin. Immunol 114, 997–1008, quiz 1009. [PubMed: 15536399] 

Roy RM, thrich M, and Klein BS (2012). Chitin elicits CCL2 from airway epithelial cells and induces 
CCR2-dependent innate allergic inflammation in the lung. J. Immunol 189, 2545–2552. [PubMed: 
22851704] 

Sabnis AS, Shadid M, Yost GS, and Reilly CA (2008). Human lung epithelial cells express a 
functional cold-sensing TRPM8 variant. Am. J. Respir. Cell Mol. Biol 39, 466–474. [PubMed: 
18458237] 

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, 
Saalfeld S, Schmid B, et al. (2012). Fiji: an open-source platform for biological-image analysis. 
Nat. Methods 9, 676–682. [PubMed: 22743772] 

Shahana S, Kampf C, and Roomans GM (2002). Effects of the cationic protein poly-L-arginine on 
airway epithelial cells in vitro. Mediators Inflamm. 11, 141–148. [PubMed: 12137242] 

Shannon EK, Stevens A, Edrington W, Zhao Y, Jayasinghe AK, PageMcCaw A, and Hutson MS 
(2017). Multiple Mechanisms Drive Calcium Signal Dynamics around Laser-Induced Epithelial 
Wounds. Biophys. J 113, 1623–1635. [PubMed: 28978452] 

Shiraishi K, Tsuzaka K, Yoshimoto K, Kumazawa C, Nozaki K, Abe T, Tsubota K, and Takeuchi T. 
(2005). Critical role of the fifth domain of E-cadherin for heterophilic adhesion with alpha E beta 
7, but not for homophilic adhesion. J. Immunol 175, 1014–1021. [PubMed: 16002701] 

Simon-Nobbe B, Denk U, Pö ll V, Rid R, and Breitenbach M. (2008). The spectrum of fungal allergy. 
Int. Arch. Allergy Immunol 145, 58–86. [PubMed: 17709917] 

Sokabe T, Fukumi-Tominaga T, Yonemura S, Mizuno A, and Tominaga M. (2010). The TRPV4 
channel contributes to intercellular junction formation in keratinocytes. J. Biol. Chem 285, 18749–
18758. [PubMed: 20413591] 

Sriranganadane D, Waridel P, Salamin K, Reichard U, Grouzmann E, Neuhaus JM, Quadroni M, and 
Monod M. (2010). Aspergillus protein degradation pathways with different secreted protease sets 
at neutral and acidic pH. J. Proteome Res 9, 3511–3519. [PubMed: 20486678] 

St Leger RJ, Joshi L, and Roberts DW (1997). Adaptation of proteases and carbohydrates of 
saprophytic, phytopathogenic and entomopathogenic fungi to the requirements of their ecological 
niches. Microbiology 143, 1983–1992. [PubMed: 9202474] 

Strotmann R, Harteneck C, Nunnenmacher K, Schultz G, and Plant TD (2000). OTRPC4, a 
nonselective cation channel that confers sensitivity to extracellular osmolarity. Nat. Cell Biol 2, 
695–702. [PubMed: 11025659] 

Wiesner et al. Page 23

Cell Host Microbe. Author manuscript; available in PMC 2021 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Suzuki M, Mizuno A, Kodaira K, and Imai M. (2003). Impaired pressure sensation in mice lacking 
TRPV4. J. Biol. Chem 278, 22664–22668.

Tabeta K, Hoebe K, Janssen EM, Du X, Georgel P, Crozat K, Mudd S, Mann N, Sovath S, Goode J, et 
al. (2006). The Unc93b1 mutation 3d disrupts exogenous antigen presentation and signaling via 
Toll-like receptors 3, 7 and 9. Nat. Immunol 7, 156–164. [PubMed: 16415873] 

Van Dyken SJ, Mohapatra A, Nussbaum JC, Molofsky AB, Thornton EE, Ziegler SF, McKenzie AN, 
Krummel MF, Liang HE, and Locksley RM (2014). Chitin activates parallel immune modules that 
direct distinct inflammatory responses via innate lymphoid type 2 and gd T cells. Immunity 40, 
414–424. [PubMed: 24631157] 

Van Dyken SJ, Nussbaum JC, Lee J, Molofsky AB, Liang HE, Pollack JL, Gate RE, Haliburton GE, 
Ye CJ, Marson A, et al. (2016). A tissue checkpoint regulates type 2 immunity. Nat. Immunol 17, 
1381–1387. [PubMed: 27749840] 

Venkatachalam K, and Montell C. (2007). TRP channels. Annu. Rev. Biochem 76, 387–417. [PubMed: 
17579562] 

von Moltke J, and Pepper M. (2018). Sentinels of the Type 2 Immune Response. Trends Immunol. 39, 
99–111. [PubMed: 29122456] 

Wartenberg D, Lapp K, Jacobsen ID, Dahse HM, Kniemeyer O, Heinekamp T, and Brakhage AA 
(2011). Secretome analysis of Aspergillus fumigatus reveals Asp-hemolysin as a major secreted 
protein. Int. J. Med. Microbiol 301, 602–611. [PubMed: 21658997] 

Wheeler MA, Smith CJ, Ottolini M, Barker BS, Purohit AM, Grippo RM, Gaykema RP, Spano AJ, 
Beenhakker MP, Kucenas S, et al. (2016). Genetically targeted magnetic control of the nervous 
system. Nat. Neurosci 19, 756–761. [PubMed: 26950006] 

Whitsett JA, and Alenghat T. (2015). Respiratory epithelial cells orchestrate pulmonary innate 
immunity. Nat. Immunol 16, 27–35. [PubMed: 25521682] 

Wiesner DL, and Klein BS (2017). Lung epithelium: barrier immunity to inhaled fungi and driver of 
fungal-associated allergic asthma. Curr. Opin. Microbiol 40, 8–13. [PubMed: 29096195] 

Yin J, and Kuebler WM (2010). Mechanotransduction by TRP channels: general concepts and specific 
role in the vasculature. Cell Biochem.Biophys 56, 1–18. [PubMed: 19842065] 

Zemans RL, Briones N, Campbell M, McClendon J, Young SK, Suzuki T, Yang IV, De Langhe S, 
Reynolds SD, Mason RJ, et al. (2011). Neutrophil transmigration triggers repair of the lung 
epithelium via beta-catenin signaling. Proc. Natl. Acad. Sci. USA 108, 15990–15995. [PubMed: 
21880956] 

Zhao M, Song B, Pu J, Wada T, Reid B, Tai G, Wang F, Guo A, Walczysko P, Gu Y, et al. (2006). 
Electrical signals control wound healing through phosphatidylinositol-3-OH kinase-gamma and 
PTEN. Nature 442, 457–460. [PubMed: 16871217] 

Zhu G, Gulsvik A, Bakke P, Ghatta S, Anderson W, Lomas DA, Silverman EK, Pillai SG, and Pillai 
SG; ICGN Investigators (2009). Association of TRPV4 gene polymorphisms with chronic 
obstructive pulmonary disease. Hum. Mol. Genet 18, 2053–2062. [PubMed: 19279160] 

Wiesner et al. Page 24

Cell Host Microbe. Author manuscript; available in PMC 2021 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• An inhaled fungal protease allergen damages the junctions of bronchiolar club 

cells

• The mechanosensor TRPV4 senses the junction injury, triggering allergic 

inflammation

• TRPV4 is sufficient for inflammation in mice and linked with fungal asthma 

in humans

• Calcineurin mediates TRPV4-dependent calcium signalling within 

bronchiolar club cells
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Figure 1. Inhalation of Aspergillus Alkaline Protease 1 Induces Helper T Cell-Dependent 
Eosinophilia
(A) Protease treatment schedule.

(B) Lung sections indicating leukocyte infiltration (H&E) and mucous production (PAS) of 

conducting airways of mice 15 dpi with protease or control (heat-inactiveprotease).

(C) Siglec F+ CD64 eosinophil accumulation in the lungs of protease-treated mice.

(D) ThC (top) and ILC (bottom) expression of GATA3 in response to protease.

(E) IL-5 production by ThC (top) or ILC (bottom) upon ex vivo restimulation with indicated 

quantities of heat-inactivated protease.
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(F) Eosinophils in the lungs of mice 15 dpi (or naive) after treatment with anti-IL-5 antibody 

(or isotype control).

(G and H) (G) IL-5 or (H) eosinophil quantification in lungs of protease-treated (or heat-

inactive control), wild type, and knockout animals at 15 dpi.

(I) Flow plot with GATA3 expression of CD90.1+ OTII cells (left) and CD90.2 CD4+ 

endogenous cells (right).

(J and K) (J) Flow plots or (K) immunofluorescence of CD90.1 OTII T cells (arrow heads) 

in lungs of mice 15 dpi. Scale bars: 100 nm.

Statistics: unpaired, Mann-Whitney U test with Bonferroni correction; *p < 0.05. Error bars 

are standard error of the mean. (B) and (K) are representative images of at least two 

independent experiments. Other panels provide compiled data of two or more independent 

experiments.
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Figure 2. Monocyte-Derived Dendritic Cells Capture and Present Antigen and Promote 
Accumulation of Pulmonary Helper T Cells in Response to Fungal Protease
(A) Kinetic response of CD11c+ MHCII+ CD64+ CD11b+ Mo-DC after protease challenge.

(B) Mo-DC antigen uptake (top) and presentation on MHCII (bottom) 6 h post-inhalation of 

PBS, RFP, or EαRFP.

(C) CD90.2 endogenous and CD90.1 OTII helperT cells from lungs of wild type and 

CCR2−/− mice 15 days post-treatment with indicated antigens.

Statistics: unpaired, Mann-Whitney U test with Bonferroni correction; *p < 0.05. Error bars 

are standard error of the mean. (B) and (J) are representative images of at least two 
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independent experiments. All panels provide compiled data of two or more independent 

experiments.
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Figure 3. Bronchiolar Club Cells Recruit Monocyte-Derived Dendritic Cells to the Lungs and 
Sensitize Allergic Response to Fungal Protease
(A) Alarmins measured in lung lysates 0, 8, and 24 h post inoculation with Alp1.

(B) CCL2 in lung homogenates of protease-and control-treated wild-type or lymphocyte-

deficienct mice. A subgroup of these mice received clodrosomes to deplete phagocytes in the 

lungs.

(C) Immunofluorescence images of club cells (Scgb1a1+) and CCL2 from mice treated with 

protease 6 h prior to harvest.
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(D) Scgb1a1-creERT2 × LSL Diptheria toxin mice ± tamoxifen every day for 4 days. Green 

= Scgb1a1, Red = Foxj1, Blue = DAPI.

(E) Enumeration of Mo-DCs, OTII T cells, and eosinophils from lungs of club-cell-depleted 

mice and phenotypically wild mice. Scale bars: (C) 20 nm, (D) 50 nm.

Statistics: unpaired, Mann-Whitney U test with Bonferroni correction; *p < 0.05. Error bars 

are standard error of the mean. (C) and (D) are representative images of at least two 

independent experiments. Other panels provide compiled data of two or more independent 

experiments.
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Figure 4. Protease Damage to Epithelial Junctions in the Bronchioles Instigates Inflammation
(A) Biotin leakage from the airways with (bottom) or without (top) Alp1 1 h post-treatment.

(B) Immunofluorescence of lungs 3 dpi.

(C) Purified Cdh1 incubated with log-fold dilutions of protease and blots probed with 

monoclonal antibodies targeting Cdh1 extracellular domains.

(D) Primary human lung epithelial cells grown in an air-liquid interface incubated with log 

dilution of protease. Barrier integrity was quantified by FITC-dextran leakage or TEER.

(E) Lysates from (D) were blotted for EC1.

(F) Mice received 25 μg of either Poly-L-Glu, heat-inactive protease, Poly-L-Arg, or 

protease for 3 consecutive days. Lungs were processed for flow cytometry, and the Mo-DC 

response quantified. Scale bars: (A) 100 nm, (B) 20 nm.

Statistics: unpaired, Mann-Whitney U test with Bonferroni correction; *p < 0.05. Error bars 

are standard error of the mean. (A), (B), and (C) are representative images of at least two 

independent experiments. Other panels provide compiled data of two or more independent 

experiments.
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Figure 5. Allergic Response to Alp1 Requires Club Cell Calcineurin
(A) Immunofluorescence images of lungs 3 dpi.

(B) GATA3+ CD4+ T cells from lungs of mice with NF-κB deficiency in entire lung 

epithelium 15 dpi protease exposure.

(C) Scgb1a1-creERT2 × GCamp6S (calcium indicator protein) mice treated with control 

(left) or protease (right). Green = Calcium flux. Blue = Nuclei.

(D) Cellular response to protease 15 dpi in mice with club cell deficiencies in NF-κB 

(IKK2) or nuclear factor of activated T cells (CNB1) pathways.

(E) Immunofluorescence images collected from Scgb1a1-CreERT2 × CNB1-floxed mice 

treated with or without tamoxifen 3 dpi with protease. Green = CCL2, Red = Scgb1a1, Blue 

= DAPI.
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(F) CCL2 quantified from lung lysates of Scgb1a1-CreERT2 × CNB1-floxed mice treated 

with or without tamoxifen, analyzed 3 dpi with protease.

(G) OTII response 15 dpi with Ova, with or without Poly-L-Arg in wild phenotype mice or 

mice with calcineurin-deficiency in club cells.

(H) Mo-DCs from Scgb1a1-CreERT2 × DREADD (hM3Dq) mice 3 dpi treatment with 

agonist (CNO). Scale bars: (A) 20 nm, (C) 100nm, (E) 50 nm.

Statistics: unpaired, Mann-Whitney U test with Bonferroni correction; *p < 0.05. Error bars 

are standard error of the mean. (A), (C), and (E) are representative images of at least two 

independent experiments. Other panels provide compiled data of two or more independent 

experiments.
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Figure 6. Apical Membrane Expression of TRPV4 Is Associated with Fungal Sensitization and 
Asthma in Humans
(A and B) Frequency and Chi-square test of the onset of (A) fungal-specific IgE at 3 years 

and (B) asthma at 6 years associated with SNP at position rs6606743 of TRPV4. N = 211 

children.

(C) Western blots of lysates or membrane-enriched samples from human club and goblet 

cells subjected to immunoprecipitation with anti-β-catenin antibody.

(D–G) (D) Immmunocytochemistry or (G) immunofluorescence of bronchial biopsies from 

healthy donors (N = 5, Age = 23 ± 1.7 years, Sex = 3F, 2M) and patients with asthma (N = 
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3, Age = 25.3 ± 11 years, Sex = 3M). TRPV4 is indicated by red chromogen and red 

fluorescence. TRPV4 expression at (E) baseline or (F) pre-and post-segmental challenge 

with ragweed. Error bars are standard error of the mean.

Scale bars: 10nm. Unpaired, non-parametric t test.

(C) is a representative image of at least two independent experiments.
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Figure 7. Club Cell TRPV4 Signals Allergic Inflammation
(A) Flow plots of lung cells from Scgb1a1-GFP mice loaded with a calcium indicator dye, 

Indo-1, and stimulated with a TRPV4 agonist GSK1016790A.

(B–D) (B) CCL2 (8 h), (C) CD90.1+ OTII cell, (D) GATA3+ Th cells, Mo-DCs, and 

eosinophils (15 dpi) response to protease in Scgb1a1-creERT2 × TRPV4-floxed mice.

(E–G) (E) Immunofluorescent images of lung sections from mice intranasally infected with 

AAV6-mCherry 3 weeks prior. CD90.1 OTII T cell, Mo-DC, and eosinophil response to 

protease 15 dpi in (F) Scgb1a1-creERT2 × LSL GFP or (G) OTII cell response in Scgb1a1-

creERT2 × CNB1fl/fl mice. Scale bar: 50 nm.

Statistics: unpaired, Mann-Whitney U test with Bonferroni adjustment for multiple 

comparisons; *p < 0.05. Error bars are standard error of the mean. (A) and (D) are 
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representative data of multiple independent experiments. Other panels provide compiled data 

of two or more independent experiments.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Active B-Catenin EMD Milipore 105–665

Anti-Eα Biotin Thermo 13–5741-82

B-catenin BD 610153

B-catenin Abcam ab16051

B220 AF700 Biolegend 103231

Sav-BUV395 BD 564176

C3aR Hycult Biotech HM1123–20UG

CC10 Seven Hills Bioreagents WRAB-3950

CCL2 Bio X cell BE0185

CCR6 AF647 BD 557976

CD103 eFluor 450 eBioscience 48–1031-82

CD11b BV650 Biolegend 301335

CD11b AF700 Biolegend 301355

CD11c PE-Cy7 Biolegend 117317

CD11c AF700 Biolegend 117319

CD19 PE-Dazzle Biolegend 115553

CD28 Biolegend 102101

CD31 PerCP-Cy5.5 Biolegend 102522

CD326 (EpCAM) BV421 Biolegend 118225

CD4 BUV395 BD 563790

CD4 Bio X cell BP0003–1

CD44 AF488 Biolegend 103015

CD45 PE-Cy7 Biolegend 103113

CD45 BUV395 BD 564279

CD64 PE Biolegend 139303

CD8 BV650 Biolegend 100741

CD90.1 AF488 Biolegend 202505

CD90.2 BV785 Biolegend 105331

E-cadherin Biolegend 147301

E-cadherin Kerafast EG1010

E-cadherin (EC1) Thermo 13–5700

E-cadherin (EC2) Thermo 13–1700

E-cadherin (EC5) Abcam ab40772

Foxj1 ebioscience 14–9965-80

Foxp3 eFluor 450 eBioscience 48–5773-82

GATA3 AF657 BD 560068

GATA3 AF657 Biolegend 653809

GATA3 eFluor 660 eBioscience 50–9966-42

γδ TCR PerCP-Cy5.5 Biolegend 118117
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REAGENT or RESOURCE SOURCE IDENTIFIER

Goat Ig Cy3 Jackson ImmunoRes 705–165-147

Goat Ig AF488 Jackson ImmunoRes 705–545-147

Hamster Ig AF488 Jackson ImmunoRes 127–545-099

hC3a CompTech A218

IL-25R PE eBioscience 12–7361-82

IL-33Ra PE Biolegend 146607

IL-5 PE Biolegend 504303

IL-5 Bio X cell BE0198

Ly6C BV510 Biolegend 128033

MHCII AF700 Biolegend 107621

Mouse Ig Cy3 Jackson ImmunoRes 715–165-151

Mouse Ig AF488 Jackson ImmunoRes 715–545-151

NK1.1 AF700 Biolegend 108729

NK1.1 eFluor 450 Biolegend 108731

Non-phospho B-catenin Cell Signaling 8814S

Rabbit Ig Cy3 Jackson ImmunoRes 111–165-144

Rabbit Ig AF488 Jackson ImmunoRes 111–545-144

Rat Ig Cy3 Jackson ImmunoRes 712–165-153

Rat Ig AF488 Jackson ImmunoRes 712–545-153

Siglec F PerCP-Cy5.5 BD 565526

TCRβ PE-Cy7 Biolegend 109221

TER-119 AF700 Biolegend 116220

TRPV4 Alome Labs ACC-034

TruStain Biolegend 101319

TSLPR BV421 Biolegend 151807

Bacterial and Virus Strains

pAAV-CMV-DIO-TRPV4-p2A-ferritin-sNRPpA Addgene 74306

AAV6 mCherry Signagen SL101273

Biological Samples

Pichia pastoris Alp1 This Manuscript N/A

E. coli Eα RFP Marc Jenkins (U of Minnesota) (McLachlan et al., 2009)

E. coli RFP This Manuscript N/A

Chemicals, Peptides, and Recombinant Proteins

4–15% polyacrylamide gel Bio-rad 4561084

Aspergillus melleus proteinase Sigma P4032

Brefeldin A Sigma B6542–5MG

Clodrosome Clodrosome Standard Mac Depletion Kit

Clozapin n-oxide hydrochloride Tocris 6422

cOmplete, Mini Protease Inhibitor Cocktail tablets (25) Sigma 11836153001

Counting Beads Invitrogen C36950

Cell Host Microbe. Author manuscript; available in PMC 2021 April 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wiesner et al. Page 41

REAGENT or RESOURCE SOURCE IDENTIFIER

DAPI Thermo Fisher D1306

Dispase Corning 354235

Fibropeptide A
TDTEDKGEFLSEGGGVR

Genscript N/A

Fibropeptide B p-EGVNDNEEGFFSAR Genscript N/A

FITC-Casein Fisher 23267

FITC-Dextran Sigma 46944–100MG-F

Foxp3 Staining Buffer Set eBioscience 00–5523-00

GSK1016790A Cayman Chemical 17289 – 5mg

HBSS Sigma 55021C-1000ML

Hirudin (Thrombin Inhib) Sigma H7016–100UN

huC3 CompTech A113

huC3a CompTech A118

huE-cadherin (E. coli) Sigma 5085–100UG

Human Fibrinogen Sigma F3879–250MG

Indo-1 eBioscience 65–0857-78

Live Dead (APC-780, Near IR) Invitrogen L-34975 (80 Assays)

Ova Albumin Grade 5 Sigma A5503

Papain Sigma P4762

PAR1 Cleavage Peptide
RTDATVNPRSFFLRNPSENTFELVPLGDEE

Genscript N/A

PAR2 Cleavage Peptide
PGRNNSKGRSLIGRLETQPPITGKGVPVEP

Genscript N/A

Percoll Sigma P1644–1L

Pluronic F-127 (20% in DMSO) Fisher P3000MP

Poly L Arginine Sigma P4663–50MG

Poly L Glutamic Acid Sigma P4636–100MG

Probenecid 25mM (10X) AAT Bioquest 20062

Protease Assay Fisher 23266

RTU Animal-free Blocking Reagent Vector Labs SP5035

Streptavidin-BUV395 BD Bioscience 564176

Stretavidin-AF555 Thermo Fisher S21381

Sulfo-NHS-Biotin Thermo Fisher 21217

Subtilase Sigma P5380

Tamoxifen Sigma T5648–1G

Thrombin Milipore 605195–1000U

Tissue-Protein Extraction Reagent Invitrogen 78510

Type 1 Collagenase Worthington LS004194

Vectashield hardset Vector Labs H-1400

Western ECL substrate Bio-rad 1705060S

Critical Commercial Assays

CCL2 ELISA Thermo Fisher 88–7391-88

IL-5 ELISA Thermo Fisher 88–7054-86
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REAGENT or RESOURCE SOURCE IDENTIFIER

IL-25 ELISA Biolegend 447107

IL-33 ELISA Invitrogen 88–7333-22

TSLP ELISA Biolegend 434107

Co-immunoprecipitation Kit Thermo Fisher 26149

VECTASTAIN Immunocytochemistry Kit Vector Labs D1306

Experimental Models: Organisms/Strains

Mouse: GCamp6SLSL: B6J.Cg-Gt(ROSA)
26Sortm96(CAG-GCaMP6s)Hze/MwarJ

Jackson Labs 028866

Mouse: C3−/−: B6;129S4-C3tm1Crr/J Jackson Labs 003641

Mouse: Cas9-GFPLSL: B6;129-Gt(ROSA)26Sortm1 
(CAG-cas9*,-EGFP)Fezh/J

Jackson Labs 024857

Mouse: CCL2−/−: B6.129S4-Ccl2tm1Rol/J Jackson Labs 004434

Mouse: CCR2−/−: B6.129S4-Ccr2tm1Ifc/J Jackson Labs 004999

Mouse: CD90.1: B6.PL-Thy1a/CyJ Jackson Labs 000406

Mouse: Calcineurinfl/fl: B6;129S-Ppp3r1tm2Grc/J Jackson Labs 017692

Mouse: DTALSL: B6.129P2-
Gt(ROSA)26Sortm1(DTA)Lky/J

Jackson Labs 009669

Mouse: hMR3LSL: B6N;129-Tg(CAG-CHRM3*,-
mCitrine)
1Ute/J

Jackson Labs 026220

Mouse: IKK2fl/fl: B6 Manolis Pasparakis (CECAD) (Pasparakis et al., 2002)

Mouse: IL-2R/Rag2−/−: B10;B6-Rag2tm1Fwa 
Il2rgtm1Wjl

Taconic 4111

Mouse: MyD88−/−: B6.129P2(SJL)-
Myd88tm1.1Defr/J

Jackson Labs 009088

Mouse: OTII: B6.Cg-Tg(TcraTcrb)425Cbn/J Jackson Labs 004194

Mouse: PAR1−/−: B6 Harmut Weiler (Medical 
College of Wisconsin)

(Kerschen et al., 2007)

Mouse: PAR2−/−: B6.Cg-F2rl1tm1Mslb/J Jackson Labs 004993

Mouse: Rag1−/−: B6.129S7-Rag1tm1Mom/J Jackson Labs 002216

Mouse: Scgb1a1creERT2: B6N.129S6(Cg)-
Scgb1a1tm1(cre/ERT)Blh/J

Jackson Labs 016225

Mouse: SPC-cre x IKK2 floxed: B6 Terry Wright (U of Rochester) (Perez-Nazario et al., 2013)

Mouse: TLR23479/: B6 In house (Tabeta et al., 2006)

Mouse: TRPV4fl/fl: B6 Wolfgang von Liedtke (Duke) (Moore et al., 2013)

Software and Algorithms

FlowJo X Treestar FlowJo 10.6.1

Fiji ImageJ https://fiji.sc
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