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Abstract

Eosinophilic esophagitis (EoE) is a chronic, food antigen–driven, inflammatory disease of the 

esophagus and is associated with impaired barrier function. Evidence is emerging that loss of 

esophageal expression of the serine peptidase inhibitor, kazal type 7 (SPINK7), is an upstream 

event in EoE pathogenesis. Here, we provide evidence that loss of SPINK7 mediates its pro-EoE 

effects via kallikrein 5 (KLK5) and its substrate, protease-activated receptor 2 (PAR2). 

Overexpression of KLK5 in differentiated esophageal epithelial cells recapitulated the effect of 

SPINK7 gene silencing, including barrier impairment and loss of desmoglein-1 expression. 

Conversely, KLK5 deficiency attenuated allergen-induced esophageal protease activity, modified 

commensal microbiome composition, and attenuated eosinophilia in a murine model of EoE. 
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Inhibition of PAR2 blunted the cytokine production associated with loss of SPINK7 in epithelial 

cells and attenuated the allergen-induced esophageal eosinophilia in vivo. Clinical samples 

substantiated dysregulated PAR2 expression in the esophagus of patients with EoE, and delivery of 

the clinically approved drug α1 antitrypsin (A1AT, a protease inhibitor) inhibited experimental 

EoE. These findings demonstrate a role for the balance between KLK5 and protease inhibitors in 

the esophagus and highlight EoE as a protease-mediated disease. We suggest that antagonizing 

KLK5 and/or PAR2 has potential to be therapeutic for EoE.

INTRODUCTION

Eosinophilic esophagitis (EoE) is an emerging, chronic, esophageal disease characterized by 

type 2 (allergic) immunologic responses to food, leading to esophageal-specific eosinophilic 

inflammation associated with a variety of symptoms, including failure to thrive, chest and 

abdominal pain, persistent heartburn, vomiting, dysphagia, and food impactions (1-3). EoE 

is currently treated with food elimination dietary therapy, proton pump inhibitor therapy, and 

topical glucocorticoids, but a substantial subset of patients have EoE that does not respond to 

these treatments, and EoE reoccurs nearly universally after cessation of any therapy (4).

We recently reported that the esophagus is a rich source of proteases and protease inhibitors, 

and we have shown that these molecules are part of a normal homeostatic surveillance 

mechanism (5-7). Furthermore, a local deficiency of the serine peptidase inhibitor, kazal 

type 7 (SPINK7) unleashes uncontrolled proteolytic activity and proinflammatory responses 

in esophageal epithelial cells; these responses are responsible for the propagation of EoE, at 

least in part. Here, we have uncovered that the extracellular serine protease kallikrein 5 

(KLK5) is a direct target of SPINK7. In the skin, KLK5 has several roles, including the 

regulation of skin barrier function by processing mucins, antimicrobial peptides, and barrier 

proteins such as desmoglein-1 (DSG1) (8-10). Decreased expression of DSG1 occurs in EoE 

and is sufficient to induce barrier impairment and expression of proinflammatory genes in 

esophageal epithelial cells. In support of this central mechanism, rare, homozygous 

mutations in DSG1 are sufficient to develop EoE (11, 12).

KLK5 has the potential to serve as not only a degradative enzyme but also a 

proinflammatory signaling molecule by cleaving and activating the protease-activated 

receptor 2 (PAR2) (13, 14), which leads to the production of thymic stromal lymphopoietin 

(TSLP) (13, 15), a key immune checkpoint cytokine involved in stimulating dendritic cells 

to polarize the generation of type 2 T cells (TH2), key cells involved in EoE pathogenesis 

(16). TSLP is overproduced in EoE, and genetic variants in its gene modify EoE risk 

(17-19). In this study, we depleted KLK5 in vivo or inhibited KLK5 activity by delivering a 

protease inhibitor to the esophagus. We also used PAR2 antagonism to determine how these 

factors interact in EoE and how they could potentially be targeted for therapeutic benefit.
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RESULTS

Expression, function, and regulation of KLKs

We recently reported that loss of SPINK7 in esophageal epithelial cells impairs barrier 

function and induces innate immune responses (6). We hypothesized that SPINK7 mediates 

its function, at least in part, by controlling the activity of serine proteases. An esophageal 

epithelial progenitor cell line (EPC2) and primary esophageal cells were stably transduced 

with a vector expressing either SPINK7-targeting short hairpin RNA (shRNA) or 

nonsilencing control shRNA to deplete SPINK7 expression. In addition, SPINK7 was 

depleted by generation of clustered regularly interspaced short palindromic repeats 

(CRISPR)–Cas9 genetic deletion of SPINK7 in EPC2 cells (6). The cells were grown at the 

air-liquid interface (ALI) to allow cellular differentiation (11). The trypsin-like activity of 

differentiated SPINK7-depleted cells was elevated by twofold (P ≤ 0.004; Fig. 1A). As a 

control, loss of SPINK7 did not modify expression of serine proteases like KLKs (fig. S1A), 

consistent with the effect being mediated by SPINK7 inhibition rather than changes in KLK 

expression. Because most of the members of the KLK family have trypsin-like activity and 

given their established role in skin homeostasis, we tested whether this family of proteins 

were SPINK7 targets. We first analyzed KLK expression in the esophagus and revealed that 

eight members of this family were readily detected (fig. S1B). KLK1, which was not 

expressed in non-EoE patients (control patients), was expressed in the esophagus of patients 

with EoE (fig. S1B); however, the overall expression of these eight KLKs was not 

significantly different in patients with EoE compared to control individuals (fig. S1B). We 

then performed a functional screen to reveal whether any of these KLKs were inhibited by 

SPINK7. Recombinant SPINK7 dose dependently inhibited the activity of KLK5 [inhibition 

constant (Ki) =130 nM], as well as KLK12, although less potently (Ki = 1500 nM) (Fig. 1B 

and fig. S1B). SPINK7 was 11.5-fold more potent toward KLK5 than KLK12 (Fig. 1B and 

fig. S1B). In contrast, SPINK7 did not inhibit KLK7, KLK11, or KLK13 (fig. S1, B and C). 

Structural analysis of SPINK7 and KLK5 using ClusPro predicted an interaction between 

the inhibitory loop of SPINK7 and the catalytic triad of KLK5 (Fig. 1C) by using an initial 

rotational screening of SPINK7 (resulting in ~109 conformations); the 1000 highest-scored 

conformations were clustered together (C-alpha root mean square deviation < 9 Å), and Fig. 

1C shows the result of the largest cluster. Further, interaction of KLK5 and SPINK7 was 

analyzed using two other docking algorithms. These three computational applications all 

positioned the inhibitory loop of SPINK7 in close association to the serine residue of KLK5 

in the catalytic triad (about 2.5 Å fig. S1D).

We investigated the effects of KLK5 overexpression in differentiated EPC2 cells. Lentivirus-

mediated overexpression of KLK5 increased KLK5 mRNA expression by 10-fold compared 

to control cells (P = 0.015; Fig. 1D). KLK5 protein was also increased in KLK5-

overexpressing cells compared to control cells (Fig. 1E). In addition, DSG1 protein 

expression was decreased by 33% in the KLK5-overexpressing cells compared to control 

cells (P = 0.01; Fig. 1E). The trypsin-like activity of the KLK5-overexpressing cells 

increased by 20-fold (P = 0.0005) compared to control cells (Fig. 1F). Overexpression of 

KLK5 impaired the barrier function as assessed by transcellular permeability, measured by 

the flux of macromolecules [fluorescein isothiocyanate (FITC)–dextran] and the 

Azouz et al. Page 3

Sci Transl Med. Author manuscript; available in PMC 2020 November 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transepithelial electrical resistance (Fig. 1, G and H). In addition, increased dilated 

intracellular spaces were observed in the differentiated, KLK5-overexpressing cells 

compared to control cells (Fig. 1I).

Impaired esophageal allergic inflammation in Klk5−/− mice

We generated Klk5−/− mice by CRISPR-Cas9–mediated genetic engineering as described in 

fig. S2 (A to C). Quantitative reverse transcription polymerase chain reaction demonstrated 

undetectable expression of Klk5 mRNA in the Klk5−/− esophagus (fig. S2D). The Klk5−/− 

mice were viable and fertile, consistent with previous strains of klk5-deficient mice (20, 21). 

Analysis of KLK5 expression revealed the highest expression of KLK5 was in the skin, 

pancreas, esophagus, tongue, uterus, and, to a lesser extent, in the brain and thymus (fig. 

S2E).

We induced allergic inflammation via a chicken egg albumin (OVA) model, as this is an 

established model and OVA does not contain proteolytic activity that may be inhibited by the 

protease inhibitors being examined. Mice were sensitized by two intraperitoneal injections 

of OVA and the adjuvant aluminum hydroxide. Intranasal allergen increased the expression 

of serum immunoglobulin E (IgE) in the OVA-treated mice compared to control saline-

treated mice in both Klk5+/+ and Klk5−/− genotypes (Fig. 2A). Trypsin-like activity in the 

esophagus of the OVA-treated Klk5+/+ mice was increased by 50% compared to that of 

saline-treated wild-type mice but not OVA-treated Klk5−/− mice (P = 0.025; Fig. 2B), 

indicating a substantial contribution of KLK5 to the allergen-induced esophageal protease 

activity. Quantification of eosinophils, measured by major basic protein (MBP)+ cells 

demonstrated readily detectable eosinophils in the esophagus of the OVA-treated mice 

compared to saline-treated mice (P < 0.0001; Fig. 2, C and D). The number of eosinophils in 

the esophagus was decreased by threefold in OVA-treated Klk5−/− mice compared to OVA-

treated Klk5+/+ mice (P = 0.0003; Fig. 2, C and D). Analysis of the esophageal epithelium 

using a confocal microscopy analysis revealed alterations in epithelial shape in the OVA-

treated Klk5+/+ mice (Fig. 2E). Round (cuboidal) epithelial cells were localized to the basal 

epithelium in saline-treated Klk5+/+ mice but to the basal epithelium and suprabasal 

epithelium in OVA-treated Klk5+/+ mice (Fig. 2E). In addition, the epithelial thickness was 

increased in OVA-treated Klk5+/+ mice compared to control mice (Fig. 2F). In contrast, the 

epithelial thickness of the OVA-treated Klk5−/− mice was comparable to that of the saline-

treated mice Klk5−/− mice and saline-treated Klk5+/+ mice (Fig. 2, E and F). OVA-treated 

Klk5−/− mice had a 40% decrease in the percent of eosinophils in the blood compared to that 

of OVA-treated Klk5+/+ mice (8.4 and 13.8%, respectively; P = 0.0013; Fig. 2G). The 

reduction of blood eosinophils was only seen after OVA challenge (Fig. 2G). In contrast to 

the decreased eosinophil number in the blood of the Klk5−/− mice, blood mast cell protease 

1 (MCPT1, a marker of mast cell load and degranulation) was comparable between Klk5−/− 

and Klk5+/+ mice (Fig. 2H). Collectively, these findings demonstrate that esophageal 

proteolytic activity is induced after allergenic stimuli and that Klk5 depletion decreases the 

esophageal proteolytic activity and eosinophil accumulation in the esophagus and 

circulation.
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Delivery of a protease inhibitor to the esophagus

We have previously shown that α1 antitrypsin (A1AT), which is a broad serine protease 

inhibitor, was able to rescue the effects of SPINK7 deficiency in esophageal epithelial cells 

in vitro (6). Given that A1AT is a clinically approved drug and readily available, we focused 

on this antiprotease as a potential therapeutic. A1AT was able to block KLK5 activity in 

vitro (fig. S3A). We then aimed to establish an experimental framework for delivery of 

A1AT to the esophagus. To efficiently analyze the delivery of A1AT to various tissues 

including the esophagus, we conjugated A1AT with the fluorescent tag HiLyte Fluor 647, 

which produces a bright signal near the infrared spectrum, optimal for in vivo analyses 

because of low autofluorescence from live tissues. The fluorescent bioconjugates produced a 

high-fluorescent signal, and no autofluorescence was detected from unconjugated A1AT 

(Fig. 3A); in addition, the inhibitory activity of the bioconjugates was similar to the 

unconjugated A1AT (Fig. 3B). We then administered two intraperitoneal injections of 1 mg 

each of unlabeled A1AT, HiLyte Fluor 647–conjugated A1AT (A1AT-HF647), or human 

serum albumin as a control (in two consecutive days). Twenty-four hours after the last 

injection, no fluorescence signal was observed from the serum of albumin-treated mice or 

A1AT-treated mice (Fig. 3C). In contrast, a high-fluorescent signal was detected from the 

serum of the A1AT-HF647–treated mice with an estimated concentration of 70 μg/ml of 

A1AT (Fig. 3C). A1AT-HF647 produced a high-fluorescent signal also in esophageal and 

skin protein lysates, whereas albumin or nonlabeled A1AT-treated mice did not show any 

detectable fluorescent signal (Fig. 3D). A human A1AT enzyme-linked immunosorbent 

assay (ELISA) demonstrated that A1AT was present in the serum and esophagus of A1AT-

treated mice but not in the albumin-treated mice (Fig. 3, E and F). Confocal microscopy 

analysis of the distal esophagus demonstrated a high, near-infrared signal from the A1AT-

HF647–treated mice but not from A1AT-treated mice (Fig. 3G). A1AT-HF647 was 

detectable in all layers of the esophageal wall, including the epithelium, and was most 

abundant in the lamina propria (Fig. 3G). To validate that the fluorescent signal is from the 

A1AT bioconjugates and not from degrading products, we performed gel electrophoresis 

analysis of esophageal lysates, which revealed a fluorescent band in the protein lysates of 

the A1AT-HF647–treated mice that was the same molecular weight as purified A1AT 

conjugated to HF647 (A1AT, 55 kDa; HF-647, 1.2 kDa; Fig. 3H). Last, analysis of the 

trypsin-like activity in esophageal lysates revealed a decreased proteolytic activity in the 

A1AT and A1AT-HF647–treated mice compared to the albumin-treated mice (Fig. 3I). The 

trypsin-like proteolytic activity in serum samples was comparable between all groups (fig. 

S3B) likely because A1AT is normally at high concentrations in the circulation. These 

collective data indicate that intraperitoneal A1AT is effectively delivered to the esophagus, 

where it retains inhibitory activity.

A1AT delivery inhibits eosinophilic responses in a murine EoE model

We treated mice with A1AT or control human albumin daily for the last 8 days of the 

allergen-induced model of esophageal eosinophilia (Fig. 4A). After the OVA challenges (day 

34), A1AT concentration was elevated in the A1AT-treated group compared to the control 

group (albumin-treated mice) in the blood, esophagus, and broncho-alveolar lavage fluid 

(BALF) (Fig. 4B). Serum IgE concentration was not modified in the A1AT-treated mice 

compared to the control groups (Fig. 4C). MCPT1 concentrations in the A1AT group were 
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not significantly increased after OVA challenge compared with saline challenge (Fig. 4D). 

The eosinophil chemoattractants CCL11 and CCL24 concentrations were increased after 

OVA challenge (Fig. 4E and fig. S3C). CCL24 concentrations in the A1AT group were 

decreased after OVA challenge (P = 0.04; Fig. 4E), whereas the concentration of CCL11 was 

unaffected by A1AT (fig. S3C). Consistent with the CCL24 increase, analysis of allergen-

induced eosinophil accumulation in the esophagus revealed a 3.6-fold decrease in the A1AT 

group compared to the control group (P = 0.0005; Fig. 4F). Confocal microscopy analysis of 

the epithelium revealed that the number of round (cuboidal) epithelial cells and the epithelial 

thickness of the A1AT-treated group after OVA challenges was decreased compared to the 

albumin-treated group after OVA challenges (Fig. 4G). Analysis of the BALF revealed that 

the beneficial effect of A1AT was not seen in the lung (Fig. 4, H and I).

We then speculated that patients with A1AT deficiency (A1AD) may be enriched for EoE. 

Accordingly, we probed the electronic medical record at our hospital for the overlap of both 

diseases and found a ~7.5-fold enrichment (P < 0.0001) (table S1).

KLK5 modifies essential components of the esophagus including the microbiome

We first tested whether KLK5 had the capacity to digest esophageal proteins that are 

implicated in barrier maintenance. We focused on mucin proteins, as KLK5 has been shown 

to be essential for mucin processing (10), although not addressed in the esophagus. In 

protein lysates from esophageal biopsies, anti-MUC4 antibody stained multiple bands 

between 50 and 150 kDa that correspond to multiple posttranslational modifications of 

MUC4. Consistent with our hypothesis that there is a deficiency of KLK5 inhibitors in EoE, 

analysis of MUC4 revealed a cleavage band of MUC4 that was ~20 kDa and was only 

present in protein lysates derived from patients with EoE; this cleavage product was missing 

in all of the control biopsies (Fig. 5A). When protein lysates were incubated at 37°C for 20 

hours in the absence of protease inhibitors, anti-MUC4 antibody stained multiple bands 

between 50 and 100 kDa. In contrast, when protein lysates were incubated at 37°C for 20 

hours in the absence of protease inhibitors and with the presence of recombinant human 

KLK5, anti-MUC4 antibody stained multiple bands that were primarily below 50 kDa. The 

most notable cleavage product of MUC4 after KLK5 incubation was ~20 kDa (Fig. 5A), 

which is likely a MUC4 cleavage product that was cleaved by KLK5 as expected (10).

We then hypothesized that the EoE esophageal lysates are more sensitive to KLK5 

proteolysis than control esophageal lysates. Protein lysates were incubated in 37°C for 20 

hours in the absence of protease inhibitors and with the presence of recombinant human 

KLK5. Anti-MUC4 antibody stained multiple bands, and the most notable band was 50 kDa. 

After incubation of 10 nM recombinant human KLK5, the 50 kDa band of MUC4 was 

decreased in EoE biopsies but not in control biopsies (Fig. 5B). Instead, lower molecular 

species of MUC4 appeared in EoE biopsies that were absent in control biopsies (Fig. 5B). 

When biopsies were incubated with 1000 nM recombinant KLK5, all MUC4 species were 

reduced in control and EoE biopsies (Fig. 5B), indicating that KLK5 mediates degradation 

of MUC4, which is no longer detectable by the anti-MUC4 antibody. Quantification of 

MUC4 degradation products revealed a significant increase (P = 0.03) in degrading products 

in EoE biopsies compared to control biopsies when biopsies were incubated with 10 nM 
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recombinant human KLK5; differences at other concentrations were not statistically 

significant (Fig. 5C). Incubation of EoE biopsy lysates with 10 nM KLK5 resulted in a 

twofold increase in the percent of degradation of MUC4 products compared to control 

biopsies (20 versus 40%, respectively; P = 0.03; Fig. 5D). Figure 5E shows the average 

percent of each MUC4 degradation product in EoE and control biopsies with or without 

recombinant KLK5. Conversely, we hypothesized that addition of SPINK would reduce 

generation of the MUC4-reactive bands. We used recombinant human SPINK5 given its 

availability, our finding that it efficiently inhibited KLK5 activity in vitro (fig. S4) (22) and 

its coreduction along with SPINK7 in the esophagus of patients with EoE (6). SPINK5 

abolished KLK5-mediated MUC4 degradation (Fig. 5F).

We also analyzed another KLK5 target, DSG1 (9, 11, 12). DSG1 expression was decreased 

in EoE biopsies compared to control (Fig. 5G). Incubation of esophageal lysates from 

patients with EoE with KLK5 resulted in cleavage of DSG1, whereas adding SPINK5 

abolished this KLK5-mediated DSG1 degradation (Fig. 5G). Collectively, these findings 

substantiate a role for the KLK5/SPINK axis in regulating essential components of the 

esophagus including processing of mucus (MUC4) and barrier integrity (DSG1).

Having identified that KLK5 likely regulates esophageal barrier integrity and mucin 

expression, we hypothesized that the local microbiome in the esophagus would be regulated 

by KLK5. Analysis of 16S sequencing revealed that the commensal microbiome in the 

esophagus in the Klk5−/− mice was modified compared to Klk5+/+ mice, with an increase in 

the portion of Proteobacteria and a decrease in Firmicutes, Bacteroidetes, and Cyanobacteria 

(Fig. 5H). The abundance of Ruminococcaceae and Lachnospiraceae bacteria, which are 

increased in the intestine of patients with milk allergy (23), was decreased in the Klk5−/− 

mice compared to Klk5+/+ mice (table S2). Principal components analysis using a 

permutational multivariate analysis of variance (PERMANOVA) weighted test revealed 

distinct clustering of the Klk5−/− mice and Klk5+/+ mice (P = 0.005; Fig. 5I), suggesting that 

KLK5 regulates host-microbe homeostasis.

KLK5 and PAR2 expression and function in vitro and ex vivo

Single-cell RNA sequencing analysis in human esophageal tissue revealed 14 epithelial 

populations based on principal components analysis (Fig. 6A). Analysis of human 

esophageal tissue from control patients revealed that the highest expression of KLK5 was in 

a distinct cell population designated population 1 (Fig. 6, A and B) and that lesser 

expression was in populations 9 and 13 (Fig. 6B). In patients with EoE, KLK5 expression 

was dispersed between several cell populations, with the highest expression being in 

populations 1 and 2 (Fig. 6B and fig. S5A). KLK5+ cells were expressed by clusters that 

were classified as basal and undifferentiated epithelial cells as defined by DLK2 expression, 

an inhibitor of NOTCH1 signaling, which regulates esophageal cell growth (5, 24, 25). 

KLK5 expression was associated with PDPN expression, which is also expressed by basal 

and undifferentiated epithelial cells (Fig. 6B) (26). The expression of KLK5 was distinct 

from that of other epithelial KLKs (fig. S5A). In patients with EoE, KLK5 was expressed in 

additional clusters that were enriched with F2RL1+ cells (cluster 3). F2RL1 (encoding for 

the KLK5 substrate, PAR2) expression was increased in patients with EoE compared to 
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control individuals (fig. S5B). Cluster 3 was enriched with cells that were actively 

expressing the eosinophil chemoattractant CCL26 (Fig. 6B). Analysis of the genes that are 

most enriched in clusters 1, 2, and 3 revealed that these cells are actively expressing mRNAs 

and proteins that are specialized in transcription regulation, adhesion molecule binding, 

translation of proteins, and unfolded protein responses (fig. S5C and table S3). Consistent 

with this, F2RL1 mRNA was overexpressed in RNA isolated from whole biopsies from 

patients with EoE compared to control individuals (1.85-fold increase, P = 0.0035; Fig. 6C). 

Collectively, these data support a functional circuit involving KLK5 and PAR2 in the same 

cellular units, although not exclusively.

We subsequently tested the role of KLK5 and PAR2 in murine esophageal explants ex vivo 

by inhibiting KLK5-stimulated PAR2 activation with a selective PAR2 antagonist, 6-

amino-1-[4-(3-methyl-1-oxobutyl)-1-piperazinyl]-1-hexanone hydrochloride (ENMD-1068). 

KLK5 stimulated TSLP production, whereas ENMD-1068 inhibited the KLK5-induced 

TSLP production from the esophageal explants (Fig. 6D).

Because SPINK7 is an upstream regulator of KLK5, we investigated whether PAR2 

activation had a role in the phenotypes induced by loss of SPINK7. We investigated the 

effects of ENMD-1068 in a SPINK7 CRISPR-Cas9 gene-deleted human epithelial cell line. 

ENMD-1068 inhibited interleukin-8 (IL-8) release from SPINK7 knockout cells and the 

release of IL-8 after PAR2 activation using the PAR2 agonist 2-Furoyl-LIGRLO-amide (2-

FUR) (Fig. 6E). ENMD-1068 inhibited polyI:C-induced TSLP production by SPINK7 
knockout EPC2 cells (Fig. 6F). ENMD-1068 did not affect the barrier function of 

differentiated SPINK7 knockout nor control EPC2 cells, indicating roles for PAR2 in 

regulating distinct SPINK7 responses (Fig. 6G). We analyzed the effect of KLK5 and PAR2 

activation and inhibition on epithelial differentiation by analyzing the expression of the 

differentiation marker IVL (involucrin-encoding gene). We found that KLK5 dose 

dependently inhibited IVL expression, whereas 2-FUR and ENMD-1068 did not affect IVL 
expression (Fig. 6H). We suggest that KLK5 activity can inhibit epithelial cell 

differentiation, and this may occur independent of PAR2 activation consistent with the lack 

of effect of PAR2 inhibition on epithelial barrier function (Fig. 6G). KLK5 stimulation dose 

dependently increased F2RL1 expression and ENMD-1068 inhibited the KLK5-mediated 

F2RL1 increase (Fig. 6I).

Inhibition of PAR2 attenuates allergen-induced esophageal eosinophilia

We administered two intraperitoneal injections of 0.5 mg of ENMD-1068 or saline as a 

control (on two consecutive days) to mice. Twenty-four hours after the last injection, 

esophageal explants were either left untreated or treated with 2-FUR. Stimulation with 2-

FUR increased Tslp production compared to untreated esophageal explants of saline-treated 

mice (Fig. 7A). In contrast, stimulation with 2-FUR did not induce Tslp production in the 

esophageal explants of ENMD-1068–treated mice (Fig. 7A). We next blocked PAR2 in vivo 

using ENMD-1068 (Fig. 7B). ENMD-1068 inhibited IgE production by threefold in OVA-

treated compared to control mice (P = 0.0005; Fig. 7C). ENMD-1068 also inhibited 

esophageal CCL24 production by >2-fold in OVA-treated compared to control mice (P = 

0.002; Fig. 7D), whereas CCL11 production was unaffected by ENMD-1068 (fig. S6). 
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Allergen-induced eosinophilia was 2.4-fold less abundant in the esophagus of the 

ENMD-1068–treated compared to control-treated mice (P = 0.009; Fig. 7E). Analysis of the 

esophageal epithelium revealed that the epithelial thickness of the ENMD-1068–treated 

group after OVA challenges was decreased compared to the control group after OVA 

challenges (Fig. 7F). ENMD-1068 did not affect the accumulation of BALF total cells (Fig. 

7G), accumulation of eosinophils (Fig. 7H), nor MCPT1 concentrations in the serum (Fig. 

7I).

DISCUSSION

The data presented herein identify a dysregulated proteolytic pathway in EoE. We 

demonstrate that the serine protease KLK5 is a target of SPINK7, a protease inhibitor whose 

deficiency has a causal role in EoE (6). Overexpression of KLK5 in differentiated 

esophageal epithelial cells induced epithelial barrier impairment reminiscent to the effect of 

SPINK7 depletion in differentiated esophageal epithelial cells (6). Here, we show that 

overexpression of KLK5 impaired the barrier as measured by increased transcellular 

permeability and decreased expression of the barrier protein DSG1. In addition, we show 

that A1AT inhibits KLK5 activity in vitro and allergen-induced esophageal eosinophilia in 

vivo. These findings extend our previous observation that A1AT treatment of SPINK7-

deficient esophageal epithelial cells blocks proteolytic activity, restores barrier function, and 

abolishes cytokine production (6). Therefore, we suggest that loss of SPINKs unleashes 

uncontrolled KLK5 activity, which is causal, at least in part, in the development of the 

epithelial barrier dysfunction and the proinflammatory state in EoE (fig. S7). We suggest 

that A1AT has the potential to be therapeutic in EoE by restricting KLK5 activity in the 

esophagus.

We focused on KLKs as candidate substrates of SPINK7 based on previous publications that 

report inhibition of members of KLK family by SPINK proteins (22, 27-31). This is due to 

the presence of the consensus Kazal domain in the SPINK proteins that is importantly 

present in SPINK7 (6). We then tested the role of Klk5 in a murine EoE-like model. 

Repeated intranasal OVA challenge failed to increase esophageal eosinophilia in the Klk5−/− 

mice, although the mice produced IgE normally and had unabated numbers of eosinophils in 

the blood at baseline. The proteolytic activity in the esophagus was increased after OVA 

challenges but was abrogated in the Klk5−/− mice. These data place KLK5 as a 

nonredundant regulator of esophageal eosinophilia, at least in the setting of this 

experimental EoE murine model. We showed that KLK5 mRNA expression was not changed 

between EoE and control esophageal biopsies. However, in EoE biopsies, KLK5 expression 

was more diffuse and expressed in several epithelial clusters compared with control biopsies, 

where KLK5 expression was restricted to only three epithelial cell clusters. We suggest that 

KLK5 is more active in EoE biopsies compared to control biopsies because of loss of its 

natural inhibitors (i.e., SPINK7 and SPINK5). In support of this hypothesis, we 

demonstrated that the KLK5 substrate MUC4 is overprocessed in biopsies from patients 

with EoE compared with control biopsies.

We used two different strategies for intervention in the KLK5 pathway to potentially 

attenuate EoE in vivo by (i) inhibiting the downstream signaling events of KLK5 activation 
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(i.e., inhibiting PAR2 activation by administering PAR2 antagonist) and (ii) by upstream 

inhibition of KLK5 activity by delivery of protease inhibitors (i.e., A1AT delivery). Both of 

these strategies attenuated esophageal eosinophilia. Although A1AT is a nonspecific anti-

serine protease, we show that A1AT inhibits KLK5 activity in vitro. The findings are 

consistent with an effect through KLK5. In addition, we show that A1AT inhibits KLK5 

activity in vitro and allergen-induced esophageal eosinophilia in vivo. These findings extend 

our previous observation that A1AT treatment of SPINK7-deficient esophageal epithelial 

cells blocks proteolytic activity, restores barrier function, and abolishes cytokine production 

(6). The A1AT findings provide preclinical proof of concept that protease inhibitors may be 

therapeutic for EoE. We suggest that A1AT has the potential to be therapeutic in EoE by 

restricting KLK5 activity in the esophagus.

Our findings show that pharmacological delivery of A1AT is sufficient to correct SPINK7 

deficiency in vitro (6) and attenuate experimental EoE in vivo. Our data revealed a ~7.5-fold 

enrichment of EoE in patients with A1AD. These preliminary findings are consistent with a 

recent clinical report (32) and call attention to examining this association more deeply in 

future studies.

KLK5 is implicated in skin desquamation, as it cleaves junctional proteins including DSG1, 

desmocollin-1, and corneodesmosin (33). DSG1 is down-regulated in EoE, and IL-13 down-

regulates DSG1 expression. DSG1 has been shown to be important in the esophageal 

epithelial barrier (11). Our data reveal that in addition to the IL-13–dependent DSG1 
inhibitory pathway, there is a KLK5-dependent pathway that regulates DSG1 

posttranslationally by proteolytic degradation in the esophagus. We suggest that KLK5 and 

possibly other proteases are partially responsible for the decreased DSG1 protein expression 

in the esophagus.

The importance of KLK5 in barrier integrity and eliciting TH2 responses is illustrated by 

predisposition to atopy in individuals harboring loss-of-function mutations in the protease 

inhibitor SPINK5 (termed Netherthon’s syndrome). Homozygous loss of SPINK5 results in 

uncontrolled KLK5, KLK7, and KLK14 proteolytic activities in the skin, which leads to 

barrier defects and severe atopy, including EoE (8, 34, 35). Murine modeling of 

overexpressing human KLK5 in the granular layer of the epidermis exhibits a skin barrier 

defect involving desmosome cleavage and cytokine production, including TSLP, through 

activation of PAR2 (13, 36). Consistent with its role in barrier function and type 2 immune 

responses, Klk5 deletion reverses the Netherthon’s syndrome phenotype in Spink5−/− mice, 

at least in part (20, 21). SPINK5 and SPINK7 are both highly expressed in the esophageal 

epithelium, and although SPINK5 expression is down-regulated in patients with EoE, 

SPINK7 expression is almost completely lost in patients with EoE compared to control 

individuals (6). Therefore, we suggest that both SPINK5 and SPINK7 countermeasure 

KLK5 activity in the human esophagus. We hypothesize that decreased expression of 

SPINKs in EoE unleashes uncontrolled KLK5 activity, which, in turn, disrupts epithelial 

junctional complexes, impairs the esophageal barrier function, and activates PAR2 (fig. S7).

Ex vivo stimulation of KLK5 on esophageal sections stimulated TSLP production. KLK5-

induced TSLP production was inhibited by a PAR2 antagonist. PAR2 antagonism also 
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inhibited cytokine release from SPINK7 gene–deleted epithelial cells in vitro and decreased 

allergen-induced esophageal eosinophilia in vivo. PAR2 is a G protein–coupled receptor 

expressed mainly by epithelial cells, endothelial cells, and sensory nerves. PAR2 activation 

leads to production of immunoregulatory cytokines, innate immune responses, and persistent 

inflammation, processes relevant to EoE (37), as well as hyperalgesia (38). We demonstrated 

that PAR2 expression is increased in biopsies from patients with EoE compared to control 

patients, and single-cell RNA sequencing analysis revealed a unique expression of F2RL1 
(PAR2-encoding gene) in a subset of cells that express KLK5 in EoE biopsies, raising the 

possibility that a complex regulatory mechanism of PAR2 activation is controlled by 

extracellular proteases and protease inhibitors that remain in close proximity, probably by 

cross-linking of SPINKs to extracellular proteins (39). Single-cell RNA sequencing data 

revealed that KLK5 and TSLP are expressed by undifferentiated epithelial cells together 

with a set of genes that are specialized in posttranscriptional modification and intracellular 

transport of proteins. Chandramouleeswaran et al. (40) reported that TSLP protein is 

coexpressed with the differentiation marker KRT13 in the suprabasal and differentiated 

epithelium of patients with EoE. Because KLK5 and TSLP are secreted proteins, these 

proteins are not necessarily localized to the same cells that express these genes. Therefore, 

analysis of mRNA expression may not be comparable with protein expression.

Our data demonstrate that PAR2 antagonism inhibits polyI: C-induced Toll-like receptor 

(TLR) signaling. This finding is consistent with previous findings of cross-talk between 

these two receptors. These receptors are cellular sensors for detecting exogenous and 

endogenous ligands/agonists. Their expression is often similar; for example, both receptors 

are expressed by epithelial cells and sensory neurons which coexpress TPRV1 that is a 

signaling component of itch and pain (41). In addition, activation of both receptors initiates 

similar signaling pathways including activation of mitogen-activated protein kinase/

activating protein 1 and nuclear factor κB (41). Rallabhandi et al. (42) revealed a direct 

association between TLR4 and PAR2 by coimmunoprecipitation. Other reports highlighted 

potential cross-talk between PAR2 and TLRs (43, 44).

Transmembrane mucins such as MUC4 have a critical role in transducing signaling 

pathways to the epithelium (45). We revealed that MUC4 was proteolytically overprocessed 

in patients with EoE compared to control patients, and we suggest that this is likely due to 

loss of SPINK inhibitors and increased KLK5 activity. The role of MUC4 and the 

consequences of its processing in EoE were not fully investigated in this study. In the 

esophagus, mucin proteins likely assemble a mucus layer that protects the epithelium by 

trapping or transporting bacteria and lubricates debris, similar to their role in the intestine 

(46, 47). Our results suggest that KLK5-mediated mucus remodeling may regulate the 

esophageal microbiome. Several studies have shown that the esophagus contains a diverse 

microbial population and that the esophageal microbiome is altered in EoE (48-50). In 

addition, microbial dysbiosis has been suggested to be one of the primary causes for food 

allergy (23, 51, 52). Klk5−/− mice exhibited microbial dysbiosis. Ruminococcaceae and 

Lachnospiraceae bacteria were less abundant in the Klk5−/− mice compared to Klk5+/+ mice; 

these bacteria are increased in the intestine of patients with milk allergy (23). Our results 

showed that human KLK5 regulates human MUC4 processing and MUC4 processing is 

possibly involved in the microbiome dysbiosis. In addition, in the skin, KLK5 is known to 
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generate an arsenal of antimicrobial peptides derived from cathelicidin and defensin 

processing. Antimicrobial peptides regulate the killing of infecting microbes and 

simultaneously facilitate symbiotic interactions between the host and bacteria. In addition, 

antimicrobial peptides serve as alarmins of the immune system; therefore, dysregulation of 

these peptides or their processing can have a role in several disorders (10, 53-55). Our 

results suggest that in the absence of Klk5, mice may have alterations in the esophageal 

microbiome that may be protecting against food hypersensitivity.

We asked whether delivery of protease inhibitors would attenuate the pathogenesis of EoE. 

As a proof of concept, we systemically administered the broad-spectrum anti-serine protease 

A1AT, and this was sufficient to deliver functional A1AT to the esophagus. A1AT belongs to 

the serpin superfamily of serine protease inhibitors that cause irreversible conformational 

changes to disrupt the active site of target proteases (56). Consistent with previous reports, 

we demonstrate that A1AT has the capacity to inhibit KLK5 (57). We subsequently 

conjugated A1AT to a fluorescent probe and showed that A1AT can be delivered to the 

esophagus after intraperitoneal administration. We did not observe degradation products of 

A1AT in the esophagus, suggesting that A1AT mainly remains stable in the esophageal 

milieu. In addition, A1AT retained its bioactivity in the esophagus as assessed by ex vivo 

enzymatic activity after pharmacological delivery. Repeated injections of A1AT decreased 

OVA-induced esophageal eosinophilia without affecting IgE production or lung 

inflammation. These data highlight the importance of proteolytic regulation of the 

esophagus. In addition, A1AT decreased OVA-induced CCL24 production but not CCL11. 

These observations demonstrates a role for CCL24 in esophageal eosinophilia consistent 

with the role of CCL24 (but not CCL11) in regulating OVA-induced lung eosinophilia (58). 

It had been reported that A1AT has antiinflammatory properties in addition to its 

antiprotease activities (59). Therefore, the decreased eosinophilia that was observed after 

A1AT delivery may not solely stem from proteolytic inhibition. Regardless, A1AT delivery 

serves as a proof of concept that delivery of protease inhibitors may be potentially beneficial 

for the treatment of EoE.

Having established the capacity of proteolytic activity restriction to independently regulate 

esophageal eosinophilia, we asked whether inhibition of the downstream signaling of KLK5 

would attenuate the pathogenesis of EoE. Murine esophageal eosinophilia was blocked after 

selective inhibition of PAR2, and IgE production was decreased, suggesting that PAR2 may 

be a pivotal mediator of EoE pathogenesis. Administration of the PAR2 antagonist did not 

affect the accumulation of inflammatory cells in the lungs. We suggest that PAR2 may have 

a different role in the lungs compared to the esophagus. It is notable that PAR2 signaling has 

been reported to attenuate a cockroach extract-induced airway hyperresponsiveness model 

(60), a house dust mite allergic model (61), and the OVA-induced allergic inflammation 

using PAR2-deficient mice (62). Unlike the OVA-induced allergic model that was used 

herein, both cockroach extract and house dust mite contain proteolytic enzymes that can 

directly activate PAR2. In contrast to the OVA-induced allergic model that was performed on 

PAR2-deficient mice (62), in our experiment, PAR2 was inhibited during the effector phase 

of allergic inflammation; whereas in the murine asthma studies, PAR2 was inhibited during 

the sensitization and effector phases together. Our data support a role of PAR2 in the 

esophagus, similar to what has been found in the skin, another squamous epithelium (63). In 
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addition to KLK5, PAR2 activation can be induced by other proteases, including trypsin, 

KLK14, prostatin, matriptase, and mast cell tryptase (33). The nonredundant role of KLK5 

in regulating esophageal eosinophilia is notable. Proteases are organized into activation 

cascades, and KLK5 is capable of amplifying the cascade by activating downstream protease 

targets (33). Loss of Klk5 may affect the activity of other proteases that might activate PAR2 

and/or regulate the epithelial barrier function; therefore, Klk5 deficiency was sufficient to 

abrogate esophageal eosinophilia.

Limitations to this study include that the murine model used does not fully mimic the human 

disease and also that the murine esophagus is keratinized, whereas the human esophagus is 

not. In addition, the protein replacement studies were primarily limited to A1AT rather than 

SPINK7 which was not available in sufficient quantities for the in vivo studies. Last, 

although our study focused on KLK5, there are likely other serine proteases involved in EoE 

and also inhibited by SPINK7.

We suggest that protein replacement therapy with protease inhibitors is a particularly 

attractive strategy for treatment of EoE for three reasons: (i) proteolytic inhibition can 

restore the epithelial barrier, which, in turn, might restrain inflammation by preventing 

luminal stimuli from penetrating into the tissue; (ii) the potential for some protease 

inhibitors (such as A1AT) to act against a broad range of proteases, including PAR2-

activating proteases; and (iii) inhibition of proteolytic activity can block several 

inflammatory processes, including processing and activation of cytokines (13, 64). In view 

of the reported collective observations, we suggest that disarming proteases by delivery of 

protease inhibitors that target KLK5 and PAR2 have the potential to be therapeutic for EoE.

MATERIALS AND METHODS

Study design

The aims of this study were to understand how the imbalance between proteases and 

inhibitors in the esophagus contributes to disease onset and specifically understand the 

mechanism by which the serine protease inhibitor SPINK7 mediates its function. We used a 

candidate approach to perform a functional screen to find direct targets of SPINK7 in vitro 

using recombinant proteases and their substrates. We elucidated KLK5 as one of the 

SPINK7 targets and predicted interaction between these proteins. We manipulated KLK5 
expression by overexpressing KLK5 in esophageal epithelial cells and by CRISPR-Cas9 

gene deletion of Klk5 in mice, thereby allowing us to examine a murine EoE model. 

Epithelial cells were differentiated and assessed by several experimental approaches, 

including FITC-dextran flux, epithelial resistance measurements, immunofluorescence 

analysis, proteolytic activity, and cytokine release. We induced an experimental EoE murine 

model and assessed the proteolytic activity, serum IgE, and MCPT1, CCL11, and CCL24 

concentrations and the number of eosinophils in the esophagus, lungs, and blood in Klk5−/− 

mice compared to Klk5+/+ mice. To interfere with a KLK5 downstream pathway, we blocked 

PAR2 using a PAR2-selective antagonist ENMD-1068 in epithelial cells in vitro, ex vivo, 

and in vivo in an experimental EoE murine model. We also blocked serine protease activity 

in vivo by delivering A1AT to the esophagus. We conjugated A1AT to a fluorescent 

molecule and tracked its delivery, stability, and functionality in the esophagus. Last, we 
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delivered A1AT in an experimental EoE murine model and assessed its effect on esophageal 

eosinophil accumulation. To avoid biased results, mice were assigned to treatment groups 

randomly, and analysis of samples was performed blindly. The number of mice per 

experiment was based on variability and magnitude of changes and is defined in figures. 

Primary data are reported in data file S1.

Human subjects

Control patients were defined as having no history of EoE diagnosis, having 0 eosinophils 

per high-power field (HPF) of esophageal biopsy samples, and having no evidence of 

esophagitis within esophageal biopsies, although they were presented with symptoms typical 

of EoE. Patients with EoE had ≥23 eosinophils per HPF in distal esophageal biopsies. 

Written informed consent was obtained for all human samples before a patient’s enrollment 

in the study, and all human studies were approved by the Cincinnati Children’s Hospital 

Medical Center (CCHMC) Institutional Review Board (protocol 2008-0090). Control and 

patients with EoE were age-matched.

Mice

Mice were obtained from the Jackson laboratory; generation of Klk5−/− mice is described in 

the Supplementary Materials. All the experiments were performed on age-matched (4- to 5-

week-old mice) using males and females that were gender-matched, which were maintained 

in a pathogen-free barrier facility, and animals were handled according to institutional 

guidelines. A minimum of three mice per group was used in each experiment, and each 

experiment was conducted at least three times.

Statistical analyses

Statistical significance was determined using a t test (unpaired, two-tailed) or analysis of 

variance (ANOVA). Statistical analyses were performed using GraphPad Prism (GraphPad 

Software Incorporated). Statistical significance of gene ontology was calculated by extended 

versions of the PageRank and HITS algorithms and the K-Step Markov method using the 

ToppGene Suite. Variability analysis of the microbiome was performed by CLC Microbial 

Genomics Module (Qiagen) using PERMANOVA weighted test. Data from single-cell RNA 

sequencing was subjected to uniform manifold approximation and projection and shared 

nearest neighbor (SNN) modularity optimization–based clustering. Using principal 

components analysis and SNN modularity optimization–based clustering algorithm with a 

resolution of 0.5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification of SPINK7 targets and their function.
(A) Quantification of trypsin-like activity in supernatants derived from differentiated 

nonsilencing control (NSC) shRNA– or SPINK7 shRNA–treated EPC2 cells or primary 

esophageal cells or from control or CRISPR-Cas9 SPINK7 knockout (KO) EPC2 cells. 

Protease activity was quantitated by comparison to the activity of serial dilutions of KLK5. P 
values of SPINK7-depleted cells compared with control cells were calculated by t test 

(unpaired, two-tailed). Data shown from three independent experiments performed in 

triplicates. (B) KLK5 or KLK12 were incubated with their substrates and a wide range of 

doses of SPINK7. The proteolytic rate for each dose of SPINK7 was calculated. Results are 

the means ± SD. Values of inhibition constants (Ki) were calculated according to the 

Morrison equation (65). Data shown from three independent experiments performed in 

duplicates. (C) Docking results of SPINK7 (yellow), KLK5 (blue), and the catalytic triad of 
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KLK5 in gray lines (circled) obtained from ClusPro (https://cluspro.bu.edu). The PDB files 

for SPINK7 (PDBID:2LEO chain A) and KLK5 (PDBID:2PSX chain A) were used with the 

default ClusPro settings. This represents the top result with balanced weighting. The images 

were generated with the program PyMOL (66). (D) Quantitative polymerase chain reaction 

analysis of KLK5 expression in the plasmid PLX304 (control) and KLK5-PLX304–

transfected cells after lentivirus transduction. (E) Immunofluorescence of KLK5 (magenta) 

and desmoglein-1 (DSG1) (green) in PLX304 (control) and KLK5-PLX304–transfected 

EPC2 cells after differentiation. The graph on the right represents the mean fluorescent 

intensity of KLK5 and DSG1 in control and KLK5-overexpressing cells. Each dot represents 

the mean fluorescent intensity of one section. (F) Quantification of trypsin-like activity in 

supernatants derived from differentiated control or KLK5-overexpressing EPC2 cells. (G) A 

representative FITC-dextran flux that was measured at day 14 of air-liquid interface (ALI) 

differentiation from control and KLK5-overexpressing EPC2 cells at the indicated time 

points. (H) Transepithelial electrical resistance (TEER; ohm/cm2) measurement from control 

and KLK5-overexpressing EPC2 cells at day 9 of ALI differentiation. (I) Hematoxylin and 

eosin–stained sections of control or KLK5-overexpressing EPC2 cells after ALI 

differentiation (day 14). Arrows point to intercellular dilated spaces. Data in (A), (B), and 

(G) are the means ± SD (n ≥ 3). P values of KLK5 overexpressing cells compared with 

control cells in (D) to (H) were calculated by t test (unpaired, two-tailed). Data shown in (D) 

to (H) derived from three independent experiments performed in duplicates (D to H).
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Fig. 2. The effect of klk5 gene deletion on esophageal eosinophilia in murine experimental EoE.
(A) IgE concentration in the serum of the mice after induction of allergic inflammation. (B) 

Proteolytic activity in the esophagus after allergen challenge. (C) Quantification of 

eosinophils in the esophagus; data shown are the number of eosinophils per section. (D) 

Representative images of anti-MBP staining of esophageal sections after allergen challenge. 

(E) Immunofluorescence staining of murine esophageal sections after allergen challenge. 

For DSG1 (magenta), representative images of four sections from at least six different mice 

in each treatment group are presented. White arrows denote round (cuboidal) epithelial cells 

in the basal layer. Blue arrows denote round (cuboidal) epithelial cells in the suprabasal 

epithelium. (F) Quantification of esophageal epithelial thickness; data shown are the 

thickness of the epithelium from the basal cells to the lumen in different areas of the sections 

from at least six mice in each treatment from two independent experiments. NS, not 

significant. (G) Percent of eosinophils (Eos; % of circulating white blood cells) as 

determined by flow cytometry of SiglecF+ and CD11b+ cells in the blood after red blood cell 

lysis. (H) MCPT1 concentration in the serum of the mice after allergen challenge. Each data 

point represents a value from a single mouse from three independent experiments with at 

least three mice per group. Mean values are indicated by a horizontal line; error bars 
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represent SD. P values in (A) to (C) and (F) to (H) were calculated by two-way ANOVA 

with multiple comparisons.
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Fig. 3. A1AT delivery to the esophagus.
(A) Arbitrary fluorescence unit (AFU) measurements of different concentrations of A1AT 

and A1AT-HF647. Fluorescent signal was measured by the far-red filter (excitation, 625 nm; 

emission, 660 to 720 nm) that corresponds to the wavelength of HF647. (B) Measurements 

of trypsin activity using FITC-casein substrate at the indicated concentrations of A1AT or 

A1AT-HF647. The proteolytic activity for each concentration of A1AT or A1AT-HF647 was 

calculated by the average increase in fluorescent intensity per 1 min after serial of 30 

measurements in 1-min intervals for a total time of 30 min. (C to I) Mice were 

intraperitoneally injected twice with 1 mg of human serum albumin or A1AT or A1AT-

HF647 for two consecutive days. Twenty-four hours after the last injection, fluorescence in 

the serum (C) or protein lysates from the esophagus and skin (D) were measured. 

Concentrations of A1AT were calculated per 1 ml of serum or 1 mg of tissue using serial 

dilutions of A1AT-HF647. A1AT concentration in the serum (E) and esophageal protein 

lysates (F) were measured by a human A1AT ELISA. (G) Representative images of 

esophageal sections from mice that were injected with A1AT or A1AT-HF647. HF647 is 

shown in cyan, and nuclei are marked in blue by 4′,6-diamidino-2-phenylindole (DAPI). 
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White line separates the LP from the epithelium. (H) After two intraperitoneal injections (1 

mg) of albumin, A1AT, or AIAT-HF647, esophageal lysates were electrophoresed in a 

polyacrylamide gel; 100 ng of A1AT-HF647 was a positive control (CTL). HF647 

fluorescence was visualized using ImageStudio software. (I) Proteolytic activity 

measurement of esophageal protein lysates after two intraperitoneal injections of albumin, 

A1AT, or AIAT-HF647 (1 mg each) using the substrate BOC-VPR-AMC and 5 nM 

recombinant human KLK5. Data in (C) to (F) are presented as means ± SD, with data points 

representing individual mice from three independent experiments with at least two mice per 

group.
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Fig. 4. The effect of A1AT delivery on experimental EoE.
(A) Schematic representations of the EoE model and A1AT or control albumin 

administration. IP, intraperitoneal injections; IN, intranasal challenges. (B) A1AT 

concentration in the esophagus, skin, and BALF. A1AT concentrations were determined 

using a human A1AT ELISA of 1 mg of tissue or 1 ml of BALF. (C) IgE concentration in 

the serum. (D) MCPT1 concentration in the serum. (E) CCL24 concentration in the 

esophagus of mice after induction of allergic inflammation. (F) Representative images of 

anti-MBP staining in esophageal sections after induction of allergic inflammation. In the 

right graph, a quantification of eosinophils per section of the esophagus is given. (G) 

Immunofluorescence staining of murine esophageal sections after allergen-induced EoE 

model for DSG1 (magenta) and DAPI-stained nuclei (blue); representative images of four 

sections from six different mice in each treatment group are presented. The white dashed 

line highlights the boundary between the epithelium and the lumen. In the right graph, each 
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dot represents the thickness of the epithelium in a specific section of the esophagus. (H) 

Quantification of cell number in the BALF after induction of allergic inflammation. (I) 

Quantification of eosinophil (eos) number in the BALF after induction of allergic 

inflammation. In (B) to (H), each data point represents a value from a single mouse from 

three independent experiments, and means ± SD are indicated by horizontal lines. P values 

in (C) to (I) were calculated by two-way ANOVA with multiple comparisons. Data in (B) to 

(I) derived from three independent experiments with at least three mice per group.
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Fig. 5. The effect of KLK5 activity on mucin and DSG1 processing and microbiome homeostasis.
(A) MUC4 protein expression in esophageal biopsies. A representative image of 5 EoE 

samples and 5 control samples of 11 EoE samples and 10 control samples. The first two 

lanes from the left represent MUC4 expression from an EoE biopsy that was not treated with 

protease inhibitor cocktail and incubated at 37°C for 20 hours with recombinant KLK5 (1 

μm) (+) or control buffer (−). The right lanes represent MUC4 protein expression in EoE 

biopsies compared to control biopsies that were treated with protease inhibitor cocktail 

during protein extraction. (B) Representative image of MUC4 expression in EoE and control 

biopsies after 20 hours of incubation with the indicated concentrations of recombinant 

KLK5 at 37°C and in the absence of protease inhibitor cocktail. (C) Quantitative analysis of 
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MUC4 degradation in esophageal biopsies with the indicated concentrations of recombinant 

KLK5. Results are the means ± SD of three control and three EoE biopsies. *P < 0.05 

according to t test (unpaired, two-tailed). (D) Quantitative analysis of the percent of MUC4 

degradation from total MUC4. P value was calculated according to t test (unpaired, two-

tailed). (E) Percentage of all cleavage bands after 20 hours of incubation at 37°C with or 

without recombinant KLK5 (10 nM) in the absence of protease inhibitor cocktail from seven 

control and seven EoE esophageal biopsies. (F) Western blot analysis of MUC4 or (G) 

DSG1 degradation in esophageal biopsies after 20 hours of incubation at 37°C with or 

without recombinant KLK5 (10 nM) and with or without SPINK5 (500 nM) in the absence 

of protease inhibitor cocktail. Degradation products are marked (DP) and full-length protein 

are marked (F). (H) 16S sequence analysis of phylum abundance of Klk5+/+ and Klk5−/− in 

the esophagus. (I) Variability analysis of the microbiome of Klk5+/+ and Klk5−/− in the 

esophagus according to a PERMANOVA weighted test. Each data point represents one 

mouse. Results are from three independent experiments with at least four mice in each 

group.
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Fig. 6. KLK5 and PAR2 expression and function.
(A) Uniform manifold approximation and projection (UMAP) plot displaying single cells, 

colored by shared nearest neighbor clusters and cell types. (B) Heat maps represent the 

expression of the indicated genes in epithelial clusters based on single-cell RNA sequencing 

data of dispersed cells from esophageal EoE biopsies and control biopsies. Data derived 

from two control and five EoE biopsies and total of 47,141 cells. (C) Fragments per kilobase 

of transcript per million (FPKM) values for F2LR1 determined from bulk RNA sequencing 

of esophageal biopsies [n = 6 control patients (Control) and n = 10 patients with active EoE 

(EoE)]. Mean values are indicated by a horizontal line; error bars represent SD, with each 

circle or square representing an individual. (D) Tslp expression was examined in murine 

esophageal explants that were either untreated or treated with KLK5 (800 nM) in the 

presence or absence of ENMD-1068 (1 mM). Data represent as the means ± SD from three 

independent experiments. (E) IL-8 protein expression in supernatants from control or 
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SPINK7-KO EPC2 cells that were differentiated in ALI culture (day 14). Cells were treated 

with either ENMD-1068 (500 μM), 2-FUR (1 μM), or ENMD-1068 (500 μM) 30 min before 

2-FUR (1 μM) on day 9 and day 12 of differentiation. P values were calculated by two-way 

ANOVA with multiple comparisons from four independent experiments performed in 

duplicates. (F) TSLP release from control or SPINK7-KO EPC2 cells that were grown in 

high-calcium media and high confluency for 64 hours and then stimulated for 8 hours with 

the indicated concentrations of polyI:C with or without ENMD (1 mM). Cell supernatants 

were assessed for TSLP concentrations from three independent experiments performed in 

duplicates. Data are means ± SD. (G) TEER (ohm/cm2) measurement from EPC2 cells at 

day 12 of ALI differentiation. After the final 48 hours, cells were either left untreated (UT) 

or treated with ENMD-1068 (500 μM). Data from three independent experiments performed 

in triplicates. (H) IVL mRNA expression in EPC2 cells that were grown in high-calcium 

media and high confluency (250,000 cells per well) for 48 hours and then stimulated for 18 

hours with the indicated concentrations of KLK5 or 2-FUR (1 μM) with or without 

ENMD-1068 (500 μM). (I) F2RL1 mRNA expression in EPC2 cells that were grown in 

high-calcium media and high confluency (250,000 cells per well) for 48 hours and then 

stimulated for 18 hours with the indicated concentrations of KLK5 with or without 

ENMD-1068 (500 μM). Data in (H) and (I) are from three independent experiments 

performed in triplicates. (D) to (I) represent the mean values, and error bars represent SD. P 
values in (C) and (F) to (I) were calculated by t test (unpaired, two-tailed).
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Fig. 7. The effect of selective inhibition of PAR2 on experimental EoE.
(A) Tslp mRNA expression was examined in murine esophageal explants that were taken 

from mice that were intraperitoneally injected twice with 0.5 mg of ENMD-1068 or saline. 

Esophageal explants were either untreated or treated with 2-FUR (2 μM) for 6 hours at 

37°C. Data represented as the mean values of three independent experiments; error bars 

represent SD. P values was calculated by t test (unpaired, two-tailed). (B) Schematic 

representation of the EoE model and PAR2 antagonist administration. (C) IgE concentration 

in the serum and (D) CCL24 concentration in esophageal protein lysates after induction of 

allergic inflammation. (E) Representative image of anti-MBP staining in esophageal sections 

after induction of allergic inflammation. The graph on the right shows the quantification of 

MBP+ eosinophils per field in the esophagus. (F) Immunofluorescence staining of murine 

esophageal sections after induction of allergic inflammation for DSG1 (magenta) and DAPI-

stained nuclei (blue); representative images of four sections from six different mice in each 
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treatment group are presented. The white dashed line represents the boundary between the 

epithelium and the lumen. In the right graph, each dot in the graph represents the thickness 

of the epithelium in a specific section of the esophagus. (G) Quantification of total cell 

number in the BALF after induction of allergic inflammation. (H) Quantification of 

eosinophil numbers in the BALF after induction of allergic inflammation. (I) MCPT1 

concentration in the serum of the mice after allergen and saline challenge. In (C) to (I), mean 

values are indicated by a horizontal line when A each circle represents data point from one 

mouse; error bars represent SD. P values in (A) and (C) to (I) were calculated by two-way 

ANOVA with multiple comparisons. Data derived from three independent experiments with 

at least three mice in each group.
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