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Abstract

Eosinophilic esophagitis (EOE) is an allergic inflammatory disease of the esophagus featuring
increased esophageal interleukin 13 (IL-13) levels and impaired barrier function. Herein, we
investigated leucine-rich repeat—containing protein 31 (LRRC31) in human EoE esophageal tissue
and IL-13-treated esophageal epithelial cells. LRRC31 had basal mMRNA expression in colonic and
airway mucosal epithelium. Esophageal LRRC31 mRNA and protein increased in active EoE and
strongly correlated with esophageal eosinophilia and /L13and CCL26 mRNA expression. I1L-13
treatment increased LRRC31 mRNA and protein in air-liquid interface—differentiated esophageal
epithelial cells (EPC2s). At baseline, differentiated LRRC31-overexpressing EPC2s had increased
barrier function (1.9-fold increase in transepithelial electrical resistance [P < 0.05] and 2.8-fold
decrease in paracellular flux [P < 0.05]). RNA sequencing analysis of differentiated LRRC31-
overexpressing EPC2s identified 38 dysregulated genes (P < 0.05), including 5 kallikrein (KLK)
serine proteases. Notably, differentiated LRRC31-overexpressing EPC2s had decreased KLK
expression and activity, whereas IL-13-treated, differentiated LRRC31 gene-silenced EPC2s had
increased KLK expression and suprabasal epithelial detachment. We identified similarly
dysregulated KLK expression in the esophagus of patients with active EOE and in IL-13-treated
esophageal epithelial cells. We propose that LRRC31 is induced by IL-13 and modulates epithelial
barrier function, potentially through KLK regulation.
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INTRODUCTION

Eosinophilic esophagitis (EOE) is a chronic disease of the esophagus that has emerged over
the past two decades as a unique and complex clinicopathologic condition associated with
esophageal dysfunction.1 The disease is driven by T helper type 2 (Th2) immune responses
to food antigens, and recent genetic and genome-wide association studies suggest that the
esophageal epithelium has a critical function in EoE pathogenesis.z'5 Anatomically, the
lumen of the esophagus is lined with non-keratinized stratified squamous epithelium that is
made of 3 layers, organized from the esophageal lumen to the basement membrane as the
stratum corneum (SC), the stratum spinosum, and the stratum germinativum (SG).6 In EGE,
esophageal tissue has disorganized epithelium with loss of the SC, expansion of the SG, and
impaired barrier function (IBF), demonstrated by decreased transepithelial electrical
resistance (TER) and increased small-molecule paracellular flux.” IBF is at least partially
caused by the effects of interleukin 13 (IL-13) on esophageal epithelial cells. IL-13, which
is highly upregulated in esophageal tissue of patients with EoE, is sufficient to promote IBF
in differentiated esophageal epithelial cells (EPC2s) grown at the air-liquid interface
(ALI).3'7'9 Interestingly, desmoglein-1 (DSG1) is downregulated by IL-13 treatment of these
cells and in the esophagus of patients with EoE.7'10 Gene silencing of DSG1 in
differentiated EPC2s is sufficient to induce IBF, though not to the extent of that induced by
IL-13 treatment. Furthermore, IL-13 is sufficient to alter gene expression of esophageal
epithelial cells /n vitro, and these changes significantly overlap with the transcriptional
changes observed in the esophagus of patients with EoE, including downregulation of
epidermal differentiation complex (EDC) genes.gv11 Notably, mutations in EDC genes are
associated with diseases involving IBF in the skin, a tissue that has a similar mucosal
structure to the esophagus.3

Within the skin, barrier function is maintained in the SC by the cornified cell envelope,
which is composed of proteins and lipids that provide mechanical strength and form a
hydrophobic barrier, and corneodesmosomes, which are made up of cadherins, DSG1, and
desmocollins (DSCs).12 The cornified cell envelope and corneodesmosomes are partially
regulated by tissue kallikreins (KLKSs), serine proteases that cleave filaggrin (FLG), DSG1,
DSCs, and other molecules required for normal barrier formation.lzv13 Genetic mutations in
FLG and KLK inhibitors, such as serine peptidase inhibitor Kazal type 5 (SPINK5), cause
barrier defects in the skin of patients with atopic dermatitis (AD).12 Interestingly, nearly
50% of patients with EOE have concurrent or past AD.” However, the expression and
function of KLKs has not been investigated in the esophageal epithelium or in EoE. Herein,
we report that LRRC31 regulates esophageal epithelial barrier function, at least in part by
modulating the expression and activity of KLKs.

RESULTS

Identification of LRRC31

We identified 2789 genes that were differentially expressed = 1.5 fold in EoE (P < 0.05) and
634 genes that were differentially expressed > 1.5 fold in IL-13-treated primary esophageal
epithelial cells (P < 0.05) by microarray gene expression analysis. Comparing these two sets
of differentially expressed genes, we identified leucine-rich repeat—containing protein 31
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(LRRC31) as one of the most highly upregulated genes in the esophagus of patients with
active EoE and in IL-13—treated primary esophageal epithelial cells (Figure 1).9'11

LRRC31 is specifically induced in EoE

RNA sequencing of esophageal biopsies from controls patients (NL; n = 6) and patients with
active EoE (n = 10) showed an EoE-specific 808-fold increase (P< 0.01) in LRRC3I mRNA
expression (Figure 2a). In an additional cohort, gPCR detected a 137-fold increase (P <
0.01) in esophageal LRRC31 mRNA expression in patients with active EoE (n = 14)
compared to in NL (n = 14) (Figure 2b). We found that LRRC31 mRNA expression
increased 18 fold (P < 0.05) in patients with active EoE (n = 18) compared to NL (n = 14) as
determined by microarray gene expression analysis (Figure 2c). Western blot analysis
showed that LRRC31 protein was readily detectable in active EOE patient esophageal tissue
and increased 6 fold (P < 0.05) in active EOE compared to NL patient esophageal tissue
(Figure 2d). These cumulative data indicate upregulation of LRRC31 mRNA and protein
expression occurs in the esophagus of patients with active EoE.

LRRC31 is expressed in the colon and mucosal tissue

Interestingly, microarray gene expression analysis of a spectrum of human tissues derived
from healthy controls retrieved from BioGPS.org revealed that the colon had the highest
expression levels of LRRC31 mRNA, whereas the esophagus did not express detectable
levels of LRRC31 mRNA under homeostatic conditions (Figure 3.51).14'15 Quantitative PCR
(gPCR) analysis of Lrre31 mRNA in C57BL/6 murine tissue exhibited a similar pattern of
expression, with the colon having the highest mRNA expression and the esophagus having
no detectable mMRNA expression under homeostatic conditions (Figure 3b). An additional
survey of microarray gene expression data from more specific human tissue compartments
retrieved from BioGPS.org identified that mucosal epithelia showed the highest LRRC31
mMRNA expression, specifically the mucosal epithelium of the large intestine and bronchial
and airway epithelial cells (Figure 3(:).14'15 Collectively, these data suggest that L RRC31
MRNA displays a conserved pattern of homeostatic expression, in that it is highly expressed
in the mucosal epithelium of the colon and lung, and not expressed in the esophagus.

LRRC31 expression parallels disease activity

EoE cases were stratified by responsiveness to topical fluticasone propionate (FP), a
glucocorticoid that has been shown to be effective in controlling disease activity, and to diet
therapy. LRRC31 mRNA expression decreased 17 fold (P < 0.01) in FP-responsive cases (n
= 14) but remained increased 32 fold (P < 0.001) in FP-unresponsive cases (n = 8) as
determined by microarray gene expression analysis (Figure 4a).9 Furthermore, LRRC31
MRNA expression decreased 18 fold (P < 0.05) in diet-responsive cases (n = 10), but did not
change in diet-unresponsive cases (n = 5) (Figure 4a). These data indicate that L RRC31
mRNA is dynamically expressed as a function of disease activity.

LRRC31 expression correlates with esophageal eosinophilia and IL13 expression

LRRC31I mRNA expression showed a strong positive correlation (Pearson 7= 0.60, P<
0.01) with esophageal eosinophil levels (Figure 4b) and with esophageal /L1213 mRNA
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expression (Pearson r=0.60, A< 0.0001) (Figure 4c).7v9 Esophageal LRRC31 mRNA
expression also had a strong positive correlation with chemokine (C-C- motif) ligand 26
(CCL26) mRNA expression (Pearson r=0.65, £< 0.0001), an eosinophil chemokine and
IL-13-induced gene (Figure 4d).9v11 In contrast, LRRC31 mRNA expression had a weak
positive correlation with the eosinophil pro-differentiation, activation, and survival cytokine
interleukin 5 (/L5) mRNA expression (Pearson r=0.27, P< 0.05) (Figure 4e).16

IL-13 induces LRRC31 in epithelial cells

Induction of LRRC31 mRNA expression in IL-4-treated human bronchial epithelial cells
and in IL-13-treated human tracheal epithelial cells has been previously reported
(Supplementary Figure 1a,b).17'18 Since we identified the colon as the tissue where LRRC31
MRNA is most abundantly expressed, we treated Caco2-bbe cells (colorectal
adenocarcinoma cells, brush border expressing clone) with IL-13 and found that LRRC31
MRNA expression increased 2.7 fold (P < 0.05) and CCL26 mRNA expression increased 62
fold (P < 0.05) as determined by gPCR analysis (Supplementary Figure 1c). Similarly, in
primary esophageal epithelial cells treated with IL-13, LRRC31 mRNA expression increased
28 fold (P < 0.05) and CCL26 mRNA expression increased 56 fold (P< 0.001) as
determined by microarray gene expression analysis (Supplementary Figure ld).9 We used
gPCR analysis to replicate this observation in primary esophageal epithelial cells derived
from separate patients, treated with 1L-13 (100 ng/mL, 48 hours), and found that LRRC31
MRNA expression increased 4.8 fold (P< 0.01) and CCL26 mRNA expression increased
1705 fold (P < 0.0001) (Figure 5a). To determine if LRRC31 was a direct target of 1L-13—
STAT6 signaling, we identified two putative STAT6 binding sites within the 2 kb upstream
putative promoter of LRRC31 using publicly available ChIP-Seq data from CD4+ T cells
(Supplementary Figure 2a).19 However, using a luciferase reporter assay we observed a 1.2
fold decrease in luciferase activity in TE-7 esophageal epithelial cells transfected with the
LRRC31 gene promoter following IL-13 treatment; as a positive control, the CCL262 kb
upstream gene promoter had an 11 fold increase in luciferase activity following I1L-13
treatment (Supplementary Figure 2b). Interestingly, LRRC31 mRNA expression was not
induced in EPC2 esophageal epithelial cells grown /in vitro in submerged, undifferentiated
monolayer culture (data not shown).

Therefore, we used EPC2s grown at the air-liquid interface (ALI) in high-calcium conditions
to induce differentiation and stratification, in order to model the /n vivo esophageal
epithelium more accurately (Figure 5b). Briefly, EPC2s were grown on a permeable
transwell support in low calcium ([Ca%*] = 0.09 mM) for 2 days, followed by high calcium
([Ca?*] = 1.8 mM) for the next 12 days. Cells were brought to the ALI on day 7 and grown
until day 14 at the ALLI, resulting in an /n vitro stratified squamous epithelium. Hematoxylin
and eosin (H&E)-stained differentiated EPC2s at day 14 demonstrated well-defined SC and
SG (Figure 5¢). The addition of I1L-13 at day 8 to EPC2s grown at the ALI followed by H&E
staining at day 14 showed disrupted formation of the epithelium with loss of the SC and
expansion of the SG, a characteristic seen in the esophagus of patients with active EoE
(Figure 5(:).1v7 In addition, differentiated EPC2s, verified by increased KRTZ0 mRNA
expression, demonstrated a marked increase in barrier function, assessed by increased TER
and decreased paracellular flux.” IL-13 treatment decreased KRTZ0MRNA expression
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levels 3.1 fold (P < 0.05), impaired barrier formation as indicated by decreased TER (1.9
fold, £<0.05), and increased paracellular flux (2.8 fold, 2 < 0.05), modeling the IBF
observed in the esophageal epithelium of patients with active EoE (Figure 5d-f).
Interestingly, LRRC31 mRNA expression was increased 312 fold (P< 0.01) and CCL26
MRNA expression increased 4853 fold (P< 0.01) in IL-13—treated, differentiated EPC2s
compared to untreated, differentiated EPC2s, as demonstrated by gPCR analysis (Figure 5g).
In addition, LRRC31 protein expression was detectable by western blot analysis in IL-13—
treated, differentiated EPC2s, and its expression relative to HSP90 loading control was
increased 14 fold (P < 0.05) compared to untreated, differentiated EPC2s (Figure 5h). These
data show that LRRC31 mRNA and protein were induced in epithelial cells treated with
IL-13.

Overexpression of LRRC31 increases barrier function

In order to understand the function of LRRC31 in the esophageal epithelium, we
overexpressed LRRC3L1 in differentiated EPC2s. Briefly, EPC2s were transduced with either
empty vector (control) or FLAG epitope-tagged LRRC31 lentiviral expression constructs
and grown at the ALI. LRRC31 mRNA expression increased 36 fold (P < 0.05) in IL-13-
treated control EPC2s and 4423 fold (P < 0.05) in untreated LRRC31-overexpressing EPC2s
when compared to untreated control EPC2s as determined by qPCR analysis (Figure 6a).
Following I1L-13 treatment, LRRC3I mRNA expression showed a 154-fold increase (P <
0.05) in LRRC31-overexpressing EPC2s compared to IL-13—treated control EPC2s as
determined by qPCR analysis (Figure 6a). CCL26 mRNA expression increased 73 fold (P<
0.01) in IL-13-treated control EPC2s and 148 fold (< 0.01) in IL-13-treated LRRC31-
overexpressing EPC2s as determined by gPCR analysis (Figure 6a). KRTZ0 mRNA
expression decreased 3.2 fold (P< 0.05) in IL-13-treated control EPC2s and 3.2 fold (P <
0.01) in IL-13-treated LRRC31-overexpressing EPC2s compared to untreated EPC2s as
determined by qPCR analysis (Figure 6a). Western blot analysis confirmed a marked
increase in LRRC31 protein expression in LRRC31-overexpressing EPC2s compared to
control EPC2s (Figure 6b).

H&E staining of untreated control EPC2s and untreated LRRC31-overexpressing EPC2s
showed similar histology (Figure 6c). Interestingly, IL-13—-treated control EPC2s had
increased epithelial thickness (1.8 fold, < 0.05) with loss of the SC and expansion of the
SG when compared to untreated control EPC2s (Figure 6d). However, untreated and IL-13—
treated LRRC31-overexpressing EPC2s had similar epithelial thickness and morphology
(Figure 6c, 6d). In assessing the IBF of IL-13-treated EPC2s, we found TER decreased 2.2
fold (P<0.001) in control EPC2s and 2.0 fold (P< 0.01) in LRRC31-overexpressing EPC2s
(Figure 6e). However, untreated LRRC31-overexpressing EPC2s had 1.9-fold increased (P <
0.05) TER when compared to untreated control EPC2s, and IL-13-treated LRRC31-
overexpressing EPC2s had 2.0-fold increased (P < 0.001) TER when compared to 1L-13-
treated control EPC2s (Figure 6e). Similarly, IL-13 treatment increased paracellular flux 2.1
fold (P< 0.05) in control EPC2s and 2.2 fold (P < 0.05) in LRRC31-overexpressing EPC2s
(Figures 6f). Furthermore, untreated LRRC31-overexpressing EPC2s had 2.8-fold increased
(P<0.05) paracellular flux compared to untreated control EPC2s (Figure 6f). Taken
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together, these data suggest a function for LRRC31 in regulating the esophageal epithelial
barrier function /n vitro.

LRRC31 regulates epithelial serine proteases

We undertook RNA-sequencing analysis to gain insight into the mechanism by which
LRRC31 regulated the epithelial barrier. Applying a moderated t-test with Benjamini-
Hochberg False Discovery Rate analysis (£ < 0.05), we identified 38 genes that changed =
1.5 fold in differentiated LRRC31-overexpressing EPC2s when compared to control EPC2s
(Figure 7a). As expected, the most highly upregulated mRNA transcript in the LRRC31-
overexpressing EPC2s was LRRC31. Among the downregulated mRNA transcripts was
noggin (NOG), a ligand that antagonizes bone morphogenetic proteins (BMPs), which are
members of the transforming growth factor § (TGFp)-family of cytokines.20 Interestingly,
gene ontology analysis done using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) identified one cluster of 5 KLK serine proteases, KLK5,
KLK7, KLK11, KLK12 and KLK13 with an enrichment score of 2.71, which were
downregulated in LRRC31-overexpressing EPC2s, suggesting that LRRC31 may be a
negative regulator of KLK proteases.21

We further showed decreased KLK5 (4.74 fold, P< 0.01), KLK7(1.68 fold, P< 0.05),
KLK11(1.35 fold, P<0.05), and KLK13(1.81 fold, P< 0.01) mRNA expression in
LRRC31-overexpressing EPC2s in an independent experiment by qPCR analysis; KLKI
MRNA expression was unchanged as a control (Figure 7b). Moreover, using a protease array,
we detected decreased protein expression of KLK5 (1.15 fold, £< 0.05), KLK7 (2.7 fold, P
<0.05), KLK11 (1.4 fold, A< 0.01), and KLK13 (2.1 fold, A< 0.05) in the supernatants of
LRRC31-overexpressing EPC2s; KLK10 protein expression was unchanged as a control
(Figure 7c). The supernatants from LRRC31-overexpressing EPC2s also had decreased KLK
protease activity (1.25-fold, £< 0.05), assessed using a fluorogenic peptide substrate
specific for KLK4, KLK5, KLK8, KLK13, and KLK14 (Figure 7d). Taken together, these
data support the observation that KLK proteases are negatively regulated by LRRC31.

Loss of LRRC31 increases KLK expression

In order to understand the function of LRRC31 in response to IL-13 treatment, we used
short-hairpin RNA (shRNA) to silence LRRC31 mRNA expression in differentiated EPC2s.
Briefly, EPC2s were transduced with non-silencing control (NSC) or LRRC31-specific
shRNA-containing lentiviral expression constructs and grown at the ALI. At baseline, the
LRRC31 mRNA expression was below the limit of detection by gPCR (= 34 Cy). Following
IL-13 treatment, LRRC3I mRNA expression was detected in NSC EPC2s and was reduced
31 fold (P< 0.01) in LRRC31 gene-silenced EPC2s (Figure 8a,b). As a control, CCL26 and
KRT10mRNA expression was not decreased in LRRC31 gene-silenced EPC2s (Figure 8a).
Notably, following IL-13 treatment LRRC31 gene-silenced EPC2s had suprabasal
detachment within the SG (Figure 8c, Supplementary Figure 3).

Since LRRC31-overexpressing EPC2s had decreased expression of KLK proteases, we used
gPCR analysis to determine the expression of KLK mRNA in IL-13-treated LRRC31 gene-
silenced EPC2s. We identified increased mRNA expression levels for KLK7 (2.4 fold, P<
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0.05), KLK11 (3.9 fold, P< 0.01), and KLK13(9.5 fold, P< 0.05) in IL-13—treated
LRRC31 gene-silenced EPC2s compared to NSC EPC2s (Figure 8d). However, KLKI and
KLK5mRNA expression did not change in IL-13-treated L RRC31 gene-silenced EPC2s
compared to NSC EPC2s (Figure 8d).

In addition, TER decreased 1.4 fold (P< 0.01) in IL-13-treated NSC EPC2s, but was similar
in untreated and IL-13-treated LRRC31 gene-silenced EPC2s (Figure 8e). However, the
TER in untreated LRRC31 gene-silenced EPC2s was increased 1.5 fold (P < 0.05) compared
to untreated NSC EPC2s, and the TER in IL-13—treated LRRC31 gene-silenced EPC2s was
increased 1.7 fold (P < 0.05) compared to IL-13-treated NSC EPC2s (Figure 8e). These data
show that IL-13-treated, differentiated L~RRC31 gene-silenced EPC2s have disrupted
epithelial morphology and decreased IBF, which may result from increased KLK expression.

KLK expression in EoOE and in response to IL-13

We sought to characterize the changes in KLK expression in the esophagus of patients with
active EoE and in primary esophageal epithelial cells following IL-13 treatment. In the
esophagus, we identified downregulation of KLKE& (P < 0.05) and KLK13(P< 0.05) mRNA
expression specifically in patients with active EOE compared to control patients, using
ANOVA analysis (P< 0.05) on microarray gene expression data (Figure 9a). In contrast,
there was increased KLK7(P<0.05) and KLKZ0(P< 0.01) mRNA expression in both
chronic esophagitis (CE) and EoE. In primary esophageal epithelial cells treated with 1L-13,
we identified downregulation of KLK5(P<0.05), KLKE(P<0.05), and KLKI0(P< 0.05)
MRNA expression using a moderated t-test analysis (P < 0.05) (Figure 9b). No KLKs were
significantly upregulated by IL-13 treatment of primary esophageal epithelial cells. Taken
together, these data show dysregulation of KLKs, specifically downregulation of KLK13and
KLK5in EoE and in primary esophageal epithelial cells following IL-13 treatment,
respectively.

DISCUSSION

The data presented herein characterize the expression, cytokine regulation, and role of
LRRC31 in esophageal cells. We identified LRRC31 as a dysregulated gene in both the
active EoE esophagus and in esophageal epithelial cells treated with I1L-13. We provide
evidence that LRRC31 mRNA and protein is increased in the esophagus of patients with
EOE, is normalized following FP and diet therapy, but remains increased in patients who had
EOE resistant to therapy. It is notable that even diet non-responders had a decrease in
LRRC31 mRNA expression, suggesting that its change may be an early biomarker of
response. LRRC31 mRNA expression significantly correlated with biopsy eosinophils, /L13,
and CCL26 mRNA expression and was induced by IL-13 in differentiated esophageal
epithelial cells. Furthermore, LRRC31-overexpressing EPC2s had increased epithelial
barrier function in parallel with decreased KLK protein expression and protease activity.
Several KLKs expressed in the esophagus were dysregulated in EOE and in epithelial cells
following IL-13 treatment, which overlapped with KLKs dysregulated in differentiated
LRRC31-overexpressing EPC2s. Taken together, we propose that LRRC31 is induced in the
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esophageal epithelium by 1L-13 and regulates esophageal epithelial barrier function likely
by modulating expression and activity of KLKSs, at least in part (Figure 10).

To understand how LRRC31 may regulate esophageal epithelial barrier function, we
undertook RNA sequencing analysis of differentiated LRRC31-overexpressing EPC2s.
Interestingly, overexpressing LRRC31 resulted in downregulation of noggin (VOG) mRNA
expression. NOG is an antagonist of the BMP signaling pathway, which regulates
esophageal differentiation during development.zo’23 Interestingly, BMP signaling was shown
to be active in differentiated squamous epithelium but not in basal progenitor cells, which
express follistatin, another BMP antagonist like NOG.20 In both human esophageal biopsies
from EoE patients and in a mouse model of EoE, reduced esophageal epithelial squamous
differentiation is associated with high levels of follistatin and disrupted BMP signaling.20
Thus, downregulation of NOG in LRRC31-overexpressing EPC2s supports a role for
LRRC31 as a negative regulator of esophageal epithelial differentiation, possibly
contributing to IBF.

Five KLK serine proteases, which have been shown to regulate skin barrier function in AD,
were also downregulated in differentiated LRRC31-overexpressing EPCZs.12 This finding
was particularly notable considering the recent association of genetic variants in the
intracellular cysteine protease calpain-14 (CAPN14) in patients with EoE, and emerging
literature indicating that KLKs and CAPNs share common substrates; for example, KLK6
and CAPNL1 both cleave a-synuclein in neurons.> 2% KLKs are extracellular proteases that
are secreted in the SC of stratified squamous epithelium and cleave substrates such as DSG1,
corneodesmosin, and DSCs.12 Interestingly, DSGL1 is downregulated in the esophagus in
EoE and in primary esophageal epithelial cells following IL-13 treatment, and gene
silencing of DSGL1 in differentiated EPC2s resulted in IBF /n |/itr0.7 It is interesting to
speculate that the balance between esophageal epithelial proteases such as CAPNs and
KLKs, and protease inhibitors such as SPINKSs and serine protease inhibitors (SERPINS),
may be lost, subsequently compromising the epithelial barrier function, as occurs in AD.!

I n vitro models may not accurately replicate the balance between proteases or the complex
biological state found /in vivo. For example, the barrier function in LRRC31 overexpressing
EPC2 cells may have increased in the absence of 1L-13, and upon IL-13 treatment decreased
similar to control EPC2 cells, because additional molecules in the LRRC31 pathway were
not expressed in the absence of IL-13 treatment in EPC2 cells. Alternatively, LRRC31 may
be counterregulatory, a function that is further supported by gene silencing of LRRC31in
differentiated EPC2s.

Gene silencing of LRRC31 in differentiated EPC2s showed suprabasal detachment of the
epithelium when treated with IL-13. It is notable that LRRC31 gene silenced EPC2s had
modulated barrier function using TEER but not paracellular flux (Supplementary Figure 4).
LRRC31 gene-silenced EPC2s also had increased mRNA expression of KLK7, KLK11, and
KLK13following IL-13 treatment. These data further support a role for LRRC31 in
regulating KLK expression, activity, and protease equilibrium, which subsequently disrupts
normal differentiation of non-keratinized stratified squamous epithelium /n vitro.
Interestingly, KLKs are dysregulated in EoE and in IL-13-treated primary esophageal
epithelial cells in a manner that overlaps with LRRC31-overexpressing EPC2s. Thus, IL-13-
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induced LRRC31 may be specifically regulating a subset of KLKSs in the esophageal
epithelial response to IL-13 and in EOE.

On the basis of its primary amino acid sequence, the primary isoform of LRRC31
(Q6UYO01-1; 552 amino acids) is predicted to contain nine leucine rich repeats (LRRS)
(Supplementary Figure 5a). Additionally, LRRC31 contains a putative nuclear export signal
(NES; amino acids 113-121) and a nuclear localization signal (NLS; amino acids
517-545).25'27 Differential exon splicing of LRRC31 produces two additional translated
isoforms (Q6UY01-2 and Q6UY01-3 are 496 amino acids and 346 amino acids,
respectively) that each possess a different complement of LRRs than the primary isoform
(Supplementary Figure 5a). Using the I-TASSER (lterative Threading Assembly
Refinement) server for protein and structural predictions, LRRC31 is predicted to have a
horseshoe-shaped tertiary structure with a hydrophobic substrate-binding pocket
(Supplementary Figure 5b).28 This structure suggests LRRC31 participates in protein-
protein interactions. Ribonuclease/angiogenin inhibitor 1, a ribonuclease inhibitor that binds
to endogenous and exogenous ribonucleases to block ribonuclease activity, shared the
highest homology score with LRRC31 (score = 224; E value = 1 x 10719) (Supplementary
Figure 6a).29’30 Additional homologous molecules include other members of the LRR-
containing family of proteins such as LRRC32 and LRRC34, members of the NLRP
(NACHT [NAIP — neuronal apoptosis inhibitor protein, CIITA — class Il major
histocompatibility complex transactivator, HET-E — incompatibility locus protein from
Podospora anserine, TP1 — telomerase-associated protein], LRR, and pyrin domain [PYD] or
NOD-like receptor family PYD containing) family of inflammasome proteins, antigen-
sensing and immune-activating toll-like receptors, and adaptor proteins involved in
ubiquitination and post-translational regulation of signaling pathways, such as flightless-1
homolog. These molecules participate in immunomodulatory events within cells. > 1tis
notable that LRRC31 is highly conserved in humans, primates, and even through Xenopus
tr0p3/'4ca//s, consistent with a non-redundant function for this protein (Supplementary Figure
6b).

In summary, we have shown that LRRC31 is specifically increased in EOE and dynamically
expressed as a function of disease activity and therapy, and its expression is proportional to
esophageal eosinophilia and /L23mRNA expression. LRRC31 is induced by IL-13
treatment in epithelial cells, including differentiated esophageal epithelial cells. Considering
the downregulation of KLKs and reduced KLK protease activity in differentiated LRRC31-
overexpressing cells, we propose that LRRC31 is induced by IL-13 and regulates epithelial
barrier function in the esophagus possibly by modulating expression of tissue KLKSs.

METHODS

Patient sample selection

Diagnosis was established based on the maximum eosinophil count of > 15 per 400X high-
power field (hpf).11 Normal control (NL) patients were defined as having no history of EoE,
0 eosinophils per hpf in the esophagus at the time of biopsy, and no concomitant swallowed
glucocorticoid treatment. EoE patients were defined as having > 15 eosinophils per hpf in
the esophagus and no concomitant swallowed glucocorticoid treatment in patients on proton
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pump inhibitor (PPI) therapy; except for the samples in the microarray experiment.11 EoE
patients receiving topical/swallowed fluticasone propionate glucocorticoid therapy (FP) and
diet therapy were defined as responders (R) if they had < 1 eosinophil per hpf at the time of
biopsy or as non-responders (NR) if they had = 6 eosinophils per hpf.

Microarray gene expression analysis

For each patient, 1 distal esophageal biopsy sample was immersed in RNAlater (QIAGEN,
Hilden, Germany) and total RNA was extracted using the RNeasy Mini Kit (QIAGEN).
Hybridization to human Affymetrix U133 Plus 2.0 GeneChip DNA microarray (Affymetrix,
Santa Clara, CA) was performed by the Microarray Core at CCHMC.35 Gene transcript
levels were determined following quantification and normalization of microarray data using
GeneSpring (Agilent Technologies, Santa Clara, CA).

RNA Sequencing Analysis

RNA isolated from esophageal biopsies or differentiated EPC2s was subjected to RNA
sequencing at the Gene Discovery and Genetic Variation Core at CCHMC.' The paired-end
sequencing reads were aligned against the GRCh37 genome model using TopHat 2.04 with
Bowtie 2.03.36'37 The separate alignments were then merged using Cuffmerge with RefSeq
gene models as a reference. The aligned reads were quantified for differential expression
analysis using Cuffdiff. > Normalization and statistical analysis was performed using
GeneSpring (Agilent Technologies).

gPCR analysis

Total RNA (500 ng) was DNAase treated, and complementary DNA was generated using the
iScript complementary DNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). gPCR was
performed with the Applied Biosystems Incorporated 7900HT Fast Real-Time System (Life
Technologies, Grand Island, NY) and LightCycler FastStart DNA Master SYBR Green as a
ready-to-use reaction mix with ROX (Roche, Basel, Switzerland). Relative expression was
calculated using a standard curve method, as described.39v40 Results were normalized to
GAPDH and fold induction compared with controls. cDNAs were amplified using TagMan
Gene Expression Assay (Hs00226845 m1) and primers (Integrated DNA Technologies,
Coralville, IA) (Supplementary Table 1).41

Western blot analysis

Total cell lysates were prepared from biopsy protein following Qiazol (QIAGEN) RNA
extraction. Briefly, protein pellets were resuspended in Laemmli buffer, incubated at 37°C
for 30 minutes, vortexed briefly, and heated to 95°C for 5 minutes before electrophoresis.
Cells were lysed using MPER lysis buffer (Sigma-Aldrich, St. Louis, MO) supplemented
with protease inhibitors (Roche) and sodium orthovanadate (10 mM) (Sigma-Aldrich).
Loading buffer (Life Technologies) was added and samples were heated to 95°C for 5
minutes, subjected to electrophoresis on 4-12% NuPAGE Bis-Tris gels (Life Technologies),
transferred to nitrocellulose membranes (Life Technologies), and visualized using the
Odyssey CLx system (LI-COR Biosciences, Lincoln, NE) with IRDye 800RD goat anti-
rabbit (LI-COR) and IRDye 680RD goat anti-mouse (LI-COR Biosciences) secondary
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antibodies. Primary antibodies were: anti-LRRC31 (ab100379; Abcam PLC, Cambridge,
UK) and anti-HSP90 (AF7247; R&D Systems, Minneapolis, MN). Blots were quantified
using Image Studio (LI-COR).

Primary cell culture

Distal esophageal biopsy specimens from patients with EoE were collected and subsequently
digested with trypsin, cultured in modified F-media (3:1 F-12/Dulbecco Modified Eagle’s
medium) supplemented with FBS (5%), adenine (24.2 mg/mL), cholera toxin (1024 mM),
insulin (5 mg/mL), hydrocortisone (0.4 mg/mL), and epidermal growth factor (10ng/mL) in
the presence of penicillin, streptomycin, and amphotericin (Life Technologies).” Cells were
cultured for 2 weeks, and fibroblasts were depleted by means of differential trypsinization.

EPC2 cell culture

The esophageal epithelial cell line (human telomerase reverse transcriptase-immortalized
EPC2 cell line) was a kind gift from Dr. Anil Rustgi (University of Pennsylvania,
Philadelphia, PA).42'44 EPC2s were cultured in Keratinocyte Serum-Free media (Life
Technologies) supplemented with bovine pituitary extract, epidermal growth factor, and
amphotericin (Life Technologies). For differentiated EPC2 cell cultures, EPC2s were grown
to confluence for 2 days while being fully submerged in low-calcium ([Ca2*] = 0.09 mM)
supplemented Keratinocyte Serum-Free media on 0.4 um pore-size permeable supports
(Corning Incorporated, Corning, NY). Confluent monolayers were then switched to high-
calcium ([Ca%*] = 1.8 mM) media for an additional 5 days. The culture medium was
removed from the inner chamber of the permeable support in order to expose the cell
monolayer to the air interface at day 7. Differentiated EPC2s were analyzed 7 days after ALI
induction.

Lentiviral transduction

EPC2s were transduced with virus containing FLAG epitope-tagged LRRC31 coding
sequence or empty vector control using the pMIRNAL lentiviral system (SystemBiosciences,
Mountain View, CA). EPC2s were transduced with shRNA targeting the coding sequence of
LRRC31 or a NSC shRNA using the GIPZ lentiviral system (Thermo Fisher Scientific,
Waltham, MA). Lentiviral particles were prepared at the CCHMC Viral Vector Core.
Twenty-four hours after transduction, EPC2s were selected for stable integration using
puromycin (1 pg/mL) for 48 hours. Transduction efficiency was assessed by GFP
fluorescence and overexpression or silencing efficiency was assessed by gPCR compared to
empty vector control transduced cells.

TER and paracellular flux assays

For differentiated EPC2s, TER and 3-5 kD FITC-Dextran (Sigma-Aldrich) paracellular flux
were measured at day 7 after ALI induction as previously described using an EVOM (World
Precision Instruments, Sarasota, FL) and a fluorescence plate reader (BioTek, Winooski,
VT), respectively.45
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Protease array and KLK activity assay

Supernatants from differentiated EPC2s were collected and total protein was quantified
using the BCA assay (Life Technologies). The Proteome Profiler Human Protease Array Kit
(R&D Systems) was used to quantify protease expression, which was quantified using Image
Studio Software (LI-COR) and normalized to total protein. For the KLK activity assay, equal
protein (1ug) was mixed with Boc-V-P-R-AMC Fluorogenic Peptide Substrate (R&D
Systems) and reaction buffer, and the plate containing the reactions was incubated overnight
at 37°C. The plate was read with excitation at 380 nm and emission at 460 nm using a
fluorescence plate reader (BioTek).

Luciferase activity assay

The 2 kb upstream gene promoter for LRRC31 was cloned into the pGL3-basic construct
and co-transfected with pRL-TK into TE-7 cells, which were treated with IL-13 (100 ng/ml)
for 48 hours. Luciferase activity was determined using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI) as per manufacturer instructions.

Histological analyses

Cross-sectional area of H&E stained sections was calculated using thresholding image
processing with ImageJ (US National Institutes of Health, Bethesda, MD).

Statistical analyses

Statistical significance was determined using a t-test and ANOVA test. Pearson correlation
was used to test for correlated gene expression. All statistical analyses were performed using
GraphPad Prism (GraphPad Software Incorporated, La Jolla, CA).

Study approvals

For human subjects, written informed consent was obtained before a patient’s enrollment in
the studies, and all human studies were approved by the CCHMC Institutional Review Board
(IRB protocol 2008-0090). All experiments involving mice were approved by the CCHMC
IACUC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Rank | Gene Name |Fold Increase
1 CCL26 275
2 SERPINB4 139
3 TNFAIP6 59
4 CDH26 50
5 LRRC31 25

Figure 1. Identification of LRRC31
Venn diagram depicting genes differentially expressed = 1.5 fold in the esophagus in EoE

(2789 genes) and in 1L-13 treated esophageal epithelial cells (634 genes) by microarray gene
expression analysis. Genes overlapping between these two data sets were identified (318
genes). LRRC31 is in bold and was increased 25 fold.
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Figure 2. LRRC31 expression in the esophagus
a, LRRC31 mRNA expression in esophageal biopsies of 16 subjects (6 normal controls

[NL], 10 active eosinophilic esophagitis [EOE]) determined by RNA sequencing analysis. b,
Normalized LRRC31 mRNA expression in esophageal biopsies (13 NL, 14 EoE) determined
by quantitative PCR (gPCR) analysis. ¢, Normalized LRRC31 mRNA expression in
esophageal biopsies (14 NL, 18 EoE) determined by microarray gene expression analysis. d,
LRRC31 (61.5 kD) protein expression in esophageal biopsies (12 NL, 13 EoE) determined
by western blot analysis. Image shown is a representative experiment; HSP90 (90 kD)
loading control is shown. Expression level of LRRC31 protein was quantified and
normalized to the level of HSP90 protein (mean normalized signal of all patients are
graphed). For a-c, data points represent individual subjects. For a-d, data are represented as
the mean + SEM. *P< 0.05, **P< 0.01.
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Figure 3. Expression of LRRC31 in human and murine tissue
a, Normalized LRRC31 mRNA expression in various normal human tissues determined by

microarray expression analysis. Data from GeneAtlas microarray dataset. " b, Normalized
Lrre31 mRNA expression in various normal murine tissues (C57BL/6) determined by qPCR
analysis. ¢, Normalized LRRC31 mRNA expression in healthy human mucosal epithelium
and epithelial cell lines determined by microarray expression analysis. Data from Barcode

. . 1415
on Normal Tissue microarray dataset.”

SEM.

For a and c, data are represented as the mean +
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Figure 4. LRRC3L1 correlation with esophageal eosinophilia and disease-associated gene
expression

a, Normalized LRRC31 mRNA expression in esophageal biopsies of patients with untreated,
fluticasone propionate (FP)-treated, or diet therapy-treated EoE (14 normal controls [NL],
18 active eosinophilic esophagitis [EOE], 24 EoE treatment responders [R], 12 EoE
treatment non-responders [NR]) by microarray gene expression analysis. b, Correlation of
biopsy eosinophil count per high-power field (hpf) and normalized LRRC31 mRNA
expression in esophageal biopsies of patients with active EoE determined by microarray
gene expression analysis. Dotted line represents 15 eosinophils/hpf, the diagnostic threshold
for EoE. Correlation of normalized LRRC31 mRNA expression with normalized /L13(c),
CCL26(d), and /L5 (e) mRNA expression in esophageal biopsies of patients with active
EoE determined by qPCR analysis. For a, data points represent individual subjects and data
are represented as the mean + SEM. NS, not significant; *~< 0.05, **P< 0.01, ***P<
0.001.
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Figure 5. LRRC31 expression in esophageal epithelial cells
aand CCL26 mRNA expression in primary esophageal epithelial cells treated with I1L-13

(100 ng/mL) for 48 hours determined by gPCR analysis. b, Differentiated EPC2 esophageal
epithelial cells were grown for 12 days in high-calcium media. Cells were brought to the
AL starting at day 7, and +1L-13 treatment (100 ng/mL) started at day 8. ¢, Hematoxylin
and eosin (H&E)-stained sections of differentiated EPC2s at day 14. Stratum corneum (SC,
pink layer) and stratum germinativum (SG, purple layer) are indicated. A representative
experiment is shown (n = 3). Scale bar represents 20 um. d, Normalized LRRC31 and
CCL26 mRNA expression in differentiated EPC2s at day 14 determined by gPCR. A
representative experiment is shown (n = 3). e, LRRC31 protein expression in differentiated
EPC2s at day 14 determined by western blot analysis. Image shown is a representative
experiment (n = 3); HSP90 (90 kD) loading control is shown. Left lane is the molecular
weight ladder. Expression level of LRRC31 protein was quantified and normalized to the
level of HSP90 protein. For a and d-h, data are represented as the mean = SEM; *£< 0.05,
**p<0.01, **** < 0.0001.
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Figure 6. Epithelial barrier function in differentiated LRRC31-overexpressing EPC2 cells
EPC2 esophageal epithelial cells transduced with either empty vector (control) or flag-

epitope tagged LRRC31 lentiviral expression constructs were cultured as described in Figure
5b. a, Normalized LRRC31, CCL26, and KRT10 mRNA expression in differentiated control
and LRRC31-overexpressing (LRRC31) EPC2s at day 14 determined by gPCR analysis. A
representative experiment shown (n = 3). b, LRRC31 (61.5 kD) protein expression in
differentiated control and LRRC31-overexpressing EPC2s at day 14 determined by western
blot analysis. Image shown is a representative experiment (n = 3); HSP90 (90 kD) loading
control is shown. Left lane is the molecular weight ladder. ¢, H&E staining of differentiated
control and LRRC31-overexpressing EPC2s at day 14. Scale bar represents 20 um. A
representative experiment is shown (n = 3). d, Cross-sectional area of H&E stained sections
from differentiated control and LRRC31-overexpressing EPC2s at day 14. A representative
experiment is shown (n = 3). e, TER measured across differentiated control and LRRC31-
overexpressing EPC2s at day 14. A representative experiment is shown (n = 3). R,
resistance. f, FITC-dextran (3-5 kD) paracellular flux measured at 3 hours after FITC-
dextran was added to luminal surface of differentiated control and LRR31-overexpressing
EPC2s at day 14. A representative experiment is shown (n = 3). For a and d-f, data are
represented as the mean + SEM; NS, not significant; *~< 0.05, **P< 0.01, ***P< 0.001.
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Figure 7. Differentiated LRRC31-overexpressing EPC2 cell transcriptome

a, Heat diagram representing RNA sequencing analysis of differentiated empty vector
(control) and LRRC31-overexpressing EPC2s. Differentially expressed genes were
identified by filtering on FPKM = 1, moderated t-test with Benjamini-Hochberg False
Discovery Rate (P< 0.05), and fold change = 1.5. KLK family members are bolded. b,
Normalized KLKI1, KLK5, KLK7, KLK11, and KLK13mRNA expression in differentiated
control and LRRC31-overexpressing (LR) EPC2s determined by gPCR analysis. A
representative experiment is shown (n = 3). ¢, Total protein normalized KLK10, KLKS5,
KLK7, KLK11, and KLK13 protein expression in differentiated control and LRRC31-
overexpressing EPC2 supernatants determined by protease array analysis. A representative
experiment is shown (n = 3). d, KLK serine protease activity in differentiated control and
LRRC31-overexpressing EPC2 supernatants (AFU, arbitrary fluorescence units normalized
to total protein). A representative experiment is shown (n = 3). For b-d, data are represented
as the mean £ SEM; NS, not significant; *£< 0.05, **P< 0.01, ****P< 0.0001.
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Figure 8. KLK expression following LRRC31 gene-silencing in differentiated EPC2 cells
EPC2 esophageal epithelial cells transduced with either non-silencing control (NSC) or

LRRC31 short hairpin RNA (LRRC31 shRNA) lentiviral expression constructs were
cultured as described in Figure 5b. a, Normalized LRRC31 and CCL26 mMRNA expression in
differentiated NSC and LRRC31 shRNA EPC2s at day 14 determined by gPCR analysis.
Dashed line represents limit of detection. b, Fold change in LRRC31 mRNA expression
following IL-13-treatment in differentiated NSC and LRRC31 shRNA EPC2s at day 14. c,
H&E-stained sections from differentiated NSC and LRRC31 shRNA EPC2s at day 14. d,
Normalized KLKI1, KLK5, KLK7, KLK11, and KLK13mRNA expression in IL-13-treated
differentiated NSC and LRRC31 shRNA EPC2 cells at day 14 determined by gPCR. e, TER
measured across differentiated NSC and LRRC31 shRNA EPC2s at day 14. R, resistance.
For a-e, a representative experiment is shown (n = 3). For a, b, d, and e, data are represented
as the mean = SEM; NS, not significant; *~< 0.05, **P< 0.01, ***P < 0.001, ****pP<
0.0001.
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Figure 9. KLK expression in esophageal biopsies and IL-13-treated primary esophageal
epithelial cells
a, Heat diagram of KLK mRNA expression in esophageal biopsies of NL, chronic
esophagitis (CE), and EoE patients determined by microarray gene expression analysis. b,
Heat diagram of KLK mRNA expression in primary esophageal epithelial cells stimulated
with IL-13 (100 ng/mL) for 48 hours determined by microarray gene expression analysis.
Each row represents one microarray probe. Hierarchical clustering used to analyze data and
generate heat diagrams. Statistical analysis by ANOVA (a) and moderated t-test (b) with P<
0.05. *P<0.05, **P< 0.01, ***P< 0.001.
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Figure 10. Function of LRRC31 in the esophageal epithelium
IL-13 induces LRRC31 expression in esophageal epithelial cells that inhibits specific KLKs

to increase barrier function.
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