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SUMMARY

Lysyl oxidase re-established impaired epithelial homeostasis
via activation of the bone morphogenetic protein pathway in
esophagus. The lysyl oxidase/bone morphogenetic protein
axis may be a promising approach for eosinophilic
esophagitis.

BACKGROUND & AIMS: Epithelial disruption in eosinophilic
esophagitis (EoE) encompasses both impaired differentiation
and diminished barrier integrity. We have shown that lysyl
oxidase (LOX), a collagen cross-linking enzyme, is up-regulated
in the esophageal epithelium in EoE. However, the functional
roles of LOX in the esophageal epithelium remains unknown.

METHODS: We investigated roles for LOX in the human
esophageal epithelium using 3-dimensional organoid and
air–liquid interface cultures stimulated with interleukin (IL)13
to recapitulate the EoE inflammatory milieu, followed by single-
cell RNA sequencing, quantitative reverse-transcription
polymerase chain reaction, Western blot, histology, and func-
tional analyses of barrier integrity.

RESULTS: Single-cell RNA sequencing analysis on patient-
derived organoids revealed that LOX was induced by IL13 in
differentiated cells. LOX-overexpressing organoids showed
suppressed basal and up-regulated differentiation markers. In
addition, LOX overexpression enhanced junctional protein
genes and transepithelial electrical resistance. LOX over-
expression restored the impaired differentiation and barrier
function, including in the setting of IL13 stimulation. Tran-
scriptome analyses on LOX-overexpressing organoids identified
an enriched bone morphogenetic protein (BMP) signaling
pathway compared with wild-type organoids. In particular, LOX
overexpression increased BMP2 and decreased the BMP
antagonist follistatin. Finally, we found that BMP2 treatment
restored the balance of basal and differentiated cells.

CONCLUSIONS: Our data support a model whereby LOX ex-
hibits noncanonical roles as a signaling molecule important for
epithelial homeostasis in the setting of inflammation via acti-
vation of the BMP pathway in the esophagus. The LOX/BMP
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axis may be integral in esophageal epithelial differentiation and
a promising target for future therapies. (Cell Mol Gastroenterol
Hepatol 2024;17:923–937; https://doi.org/10.1016/
j.jcmgh.2024.01.025)
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he stratified squamous epithelium of the esophagus
Abbreviations used in this paper: ALI, air–liquid interface; BMP, bone
morphogenetic protein; DEG, differentially expressed gene; EoE,
eosinophilic esophagitis; FLG, filaggrin; FST, follistatin; GFP, green
fluorescent protein; GSEA, Gene Set Enrichment Analysis; IL, inter-
leukin; KSFM, keratinocyte–serum-free medium; LOX, lysyl oxidase;
mRNA, messenger RNA; OE, overexpressed; OFR, organoid formation
rate; PDO, patient-derived organoid; PID, Pathway Interaction Data-
base; qRT-PCR, quantitative reverse-transcription polymerase chain
reaction; scRNA-seq, single-cell RNA sequencing; STAT, signal
transducer and activator of transcription; TEER, transepithelial elec-
trical resistance; TGFb, transforming growth factor b; UMAP, uniform
manifold approximation and projection; 3D, 3-dimensional.
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Tis the first line of protection against luminal con-
tents including food, bacteria, and other pathogens.
Epithelial barrier disruption as well as impaired epithelial
differentiation are universal histologic findings in eosino-
philic esophagitis (EoE), a chronic allergic disease that af-
fects children and adults.1 Patients with EoE have chronic
swallowing issues, vomiting, weight loss, and, over time,
develop esophageal fibrosis and strictures. We previously
have shown there is ongoing epithelial disruption and
symptomatology in EoE patients despite achieving histologic
remission.2 Furthermore, a recent study using single-cell
RNA sequencing (scRNA-seq) showed that epithelium of
inactive EoE patients fails to normalize at the cellular and
molecular levels.3 These data underscore the need to better
understand the perturbations that occur in the epithelial
barrier of the esophagus. Such knowledge may inform
strategies to prevent progression of symptomatology and
lifelong esophageal dysfunction.

In our previous publication, we found that lysyl oxidase
(LOX), a collagen cross-linking enzyme, was increased in the
esophageal epithelium of patients with EoE, and to a larger
degree in patients with fibrostenosis.4 LOX catalyzes extra-
cellular collagen to form intermolecular and intramolecular
cross-links, thus forming collagen fibers.5 LOX is a requisite
for normal tissue structure and integrity, with global murine
deletion causing perinatal fatality resulting from aortic an-
eurysms and pulmonary abnormalities.6,7 In the setting of
inflammation, enhanced cross-linking within tissue has been
shown to promote tissue stiffness in the context of liver
fibrosis, cardiovascular disease, and breast cancer.8–10

Although its role in perpetuating fibroblast activation and
tissue stiffness has been described, little is known about the
functional role of LOX outside of extracellular matrix
remodeling and tissue stiffness.

LOX has been shown to have noncollagen cross-linking
functions in bone, skin, muscle, and blood through effects
on chemotaxis, gene regulation, and differentiation.11–13 It
has been shown to be both protumorigenic and anti-
tumorigenic, making the organ and the context particularly
important in its evaluation.14 In the skin, LOX expression
has been shown specifically in differentiated keratinocytes.
LOX silencing inhibits keratinocyte differentiation in vitro
and causes decreased expression of terminal differentiation
markers filaggrin (FLG) and keratin 10.14–16 Although it
seems to have a role in squamous differentiation, the func-
tion of LOX in the esophageal epithelium is unknown. LOX is
up-regulated in the EoE epithelium, however, its role in the
esophagus beyond collagen cross-linking is not well
understood.
Herein, we sought to determine the role of LOX in the
esophageal epithelium in the context of EoE inflammation
using 3-dimensional (3D) organoid and air–liquid interface
(ALI) cultures.17,18 We evaluate the effect of LOX on
epithelial differentiation and barrier integrity and describe a
novel cytoprotective role for LOX within the inflamed
esophageal epithelium.
Results
Interleukin 13 Induces LOX in the Differentiated
Epithelium in Human Esophagus

To determine the characteristics of LOX in human esoph-
ageal epithelium, we performed scRNA-seq on patient-derived
organoids (PDOs) (Table 1) treated with interleukin (IL)13. 3D
esophageal epithelial organoids allow for evaluation of the
esophageal epithelial dynamics in vitro.19 Our prior work
showed that stimulation with IL13, the major effector cytokine
in EoE, recapitulates the epithelial reactive changes (such as
basal cell hyperplasia) seen in EoE.17,18,20 PDOs were derived
from 3 non-EoE subjects20 and we performed scRNA-seq on
each line in the presence and absence of IL13. The integrated
analysis identified 9 esophageal cell populations in the uni-
form manifold approximation and projection (UMAP). The 9
clusters then were categorized into 4 groups: quiescent basal,
proliferating basal, suprabasal, and superficial, based on the
expression of known epithelial makers: COL7A1, dystonin DST,
marker of proliferation Ki-67 MKI67, TOP2A, tumor protein
TP63, IVL, FLG, and DSG119,20 (Figure 1A). High TP63 expres-
sion and low IVL, FLG, and DSG1 expression were observed in
the basal clusters. We detected COL7A1 and DST transcripts in
the quiescent basal cluster, and MKI67 and TOP2A transcripts
in the proliferating basal cluster, respectively. In contrast, IVL,
FLG, and DSG1 were highly expressed in the differentiated
(superficial) cluster (Figure 1B). We further constructed pro-
gression mapping of cell-cycle phases. In agreement with
expression profiling, the majority of cells from proliferating
basal cluster and differentiated clusters were located in the
G2/M and G1 cell-cycle phase, respectively (Figure 1C).

Although LOX expression was low in untreated samples,
it was up-regulated markedly by IL13 treatment. Interest-
ingly, the UMAP cells expressing LOX (LOXþ) mainly
emerged in the differentiated clusters (Figure 1D).
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Table 1.Patient Demographics

Sex Age, y Race Ethnicity
Indication for

esophogastroduodenoscopy Histologic findings

Single-cell RNA sequencing
PDO1 Male 16.4 White Non-Hispanic/Latino Abdominal pain Normal
PDO2 Male 11.3 Other Non-Hispanic/Latino Nausea Mild esophagitis
PDO3 Female 3.2 Other Hispanic/Latino Vomiting Normal

PCR/IHC
Non-EoE 1 Male 17.1 White Non-Hispanic/Latino Abdominal pain Normal
Non-EoE 2 Male 15.1 White Non-Hispanic/Latino Abdominal pain Normal
Non-EoE 3 Female 8.0 White Non-Hispanic/Latino Abdominal pain Mild esophagitis
Non-EoE 4 Male 9.7 White Non-Hispanic/Latino Abdominal pain, vomiting Normal
EoE 1 Male 15.1 White Non-Hispanic/Latino Eosinophilic esophagitis Severely inflamed squamous

mucosa with >40 eos/hpf,
marked basal cell hyperplasia,

and fibrosis of the lamina propria
EoE 2 Male 12.7 Other Hispanic/Latino Eosinophilic esophagitis Esophagitis with focal

intraepithelial eosinophils (up to
35 eos/hpf)

eos/hpf, eosinophils per high power field; IHC, immunohistochemistry.
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Pseudotime analysis was performed to determine develop-
mental relationships between the epithelial populations in
human esophagus. Inferred trajectories identified 2 unique
cell fates for the quiescent cell cluster in response to IL13
treatment, as follows: (1) toward the proliferating basal
cluster and (2) toward the terminally differentiated cluster
(Figure 1E). Relative expression values of LOX were
increased at the late pseudotime (Figure 1F), suggesting that
IL13 up-regulates LOX specifically in differentiated pop-
ulations within human esophageal epithelium. We further
focused on the heterogeneity of LOXþ cells in the differ-
entiated clusters. Only 10% of the superficial cells were
expressing LOX in IL13-stimulated PDOs (Figure 1D). To
reveal the features of LOXþ cells, we performed differen-
tially expressed gene (DEG) analysis between LOXþ cells
and LOX nonexpressing (LOX-) cells in the IL13-treated
superficial population. Expression patterns of the top 10
up-regulated and down-regulated DEGs are shown in
Figure 1G. The most highly expressed DEGs in the LOXþ

cells compared with the LOX- cells was KRT13, followed by
KRT10, which are known as differentiation markers in
stratified epithelium. Gene Ontology analysis using the DEGs
showed that LOXþ cells were enriched for regulation of cell
migration, squamous cell differentiation, and cytoskeleton in
IL13-stimulated PDOs (Figure 1H). We next validated that
LOX expression is increased in the setting of IL13 in PDOs
from both non-EoE and EoE subjects (Figure 1I). Further-
more, we validated the findings that IL13 disrupts barrier
integrity and differentiation in PDOs from both EoE and
non-EoE subjects, consistent with previous reports showing
the effects of IL13 on the esophageal epithelium in EoE.
LOX Promotes Cell Differentiation in Esophageal
Epithelium

To investigate the impact of induced LOX in the esophageal
epithelium, we overexpressed LOX (LOX OE) in the
immortalized nontransformed normal human esophageal
epithelial cell line (EPC2-hTERT).4,18,20,21 Green fluorescent
protein-transduced (GFP) cells were used as a control. Quan-
titative reverse-transcription polymerase chain reaction (qRT-
PCR) and immunoblotting confirmed increased expression in
LOX mRNA and protein in OE EPC2-hTERT cells compared
with GFP cells in monolayer culture (Figure 2A and B), at
levels higher than LOX induced by IL13 (Figure 2C and D).

We next evaluated 3D organoid cultures16,17 stimulated
with IL13.22,23 Ectopic LOX expression resulted in decreased
expression of basal cell marker genes SOX2, KRT14, and
TP63, and increased expression of differentiation marker
genes IVL, FLG, and LOR, in both nontreated and IL13-
treated organoids (Figure 2E). We also assessed organoid
morphology. H&E staining revealed that LOX OE organoids
had advanced inner core hyperkeratosis compared with GFP
organoids (Figure 2F). IL13-treated GFP organoids had
expansion of the basal cell population, as seen in EoE,1,2

with thickening of the outer basaloid layer. However, this
effect was attenuated in IL13-treated LOX OE organoids
(Figure 2F). Immunohistochemistry and immunofluores-
cence staining showed an increase of TP63 and depression
of IVL and FLG levels in response to IL13 in GFP organoids.
On the other hand, LOX OE organoids showed reduced
expression of TP63 and enhanced expression of IVL and FLG
in both untreated and IL13 conditions, compared with GFP
organoids (Figure 2F). These findings support the conclu-
sion that LOX partially mitigates the disrupted cellular
gradient caused by IL13 stimulus.

Because only basaloid cells (and not terminally differen-
tiated cells) are capable of forming organoids, we assessed the
organoid formation rate (OFR) to confirm whether LOX OE
cells have reduced OFR owing to enhanced differentiation.
Although OFR did not change significantly after seeding from
2-dimensional basaloid monolayers into organoids passage
0 (P0), it was decreased significantly in LOX OE organoids
after passage (P1), suggesting that LOX OE organoids
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comprise more differentiated cells than GFP organoids
(Figure 3A and B). Taken together, these results confirm that
overexpressing LOX promotes epithelial differentiation.

LOX Improves Barrier Integrity in Esophageal
Epithelium

Disturbed squamous cell differentiation alters epithelial
barrier integrity.24,25 This disruption is crucial in the patho-
genesis of EoE.22–24 Thus, we sought to elucidate if LOX is
implicated in barrier regulation. DSG1 and desmocollin-1
(DSC1), members of the desmosomal cadherin family, are
required for adhesive intercellular junctions and maintenance
of epithelial homeostasis.25 Interestingly, although IL13
treatment decreased transcript levels of DSG1 and DSC1 in
organoids, LOX overexpression increased their expression at
baseline and partially rescued the effect of IL13 (Figure 4A).

To directly assess the effect of LOX on barrier function,
we used the ALI system, which mimics an in vivo epithelial
environment, and measured transepithelial electrical resis-
tance (TEER)26 (Figure 4B). IL13 treatment increased bar-
rier permeability in the epithelium as measured by TEER.
Conversely, LOX overexpression improved the IL13-induced
barrier deficiency by 1.4-fold compared with GFP cells
(Figure 4C), albeit not to the levels without IL13 stimulation.
H&E staining of GFP cultures also showed impaired squa-
mous stratification in response to IL13. However, LOX
overexpression counteracted the disruption caused by IL13.
We performed staining for TP63, IVL, FLG, and DSG1 in ALI
cultures. As seen in organoids, although IL13 stimulation
prevented differentiation and barrier-related protein
expression in the epithelium, LOX overexpression enhanced
IVL, FLG, and DSG1 in both untreated and IL13-stimulated
cultures. Collectively, these data show that LOX promotes
normal cell differentiation and supports epithelial integrity,
including in the setting of IL13 stimulation.

Transcriptome Profiling Reveals Pathways
Associated With LOX Expression in Esophageal
Epithelium

To understand the mechanism by which LOX regulates
epithelial integrity, we performed RNA sequencing on LOX
OE organoids. DEG analysis using DESeq227 identified 2446
up-regulated (P < .05 and log2(fold change) � 0.585) and
Figure 1. (See previous page). scRNA-seq from PDOs revea
(A–H) scRNA-seq analyses based on PDOs from 3 non-EoE pati
days 7 to 11 and then harvested on day 11. (A) UMAP plots disp
suprabasal, and superficial) in nontreated (NT) and IL13-stimula
DST, MKI67, TOP2A, TP63, IVL, FLG, and DSG1 in NT and IL13
in NT and IL13-stimulated PDOs. (D) UMAP plots showing the ex
cell fate trajectories in NT and IL13-stimulated PDOs. Cells are
imply the earliest cells and the latest cells, respectively. (F) Expr
IL13-stimulated PDOs. (G) Heatmap representation of fold chan
across all cells of the top 10 differentially expressed genes in LO
(LOX-) cells in the superficial cluster of IL13-stimulated PDOs
compared with LOX- cells in the superficial cluster of IL13-stimul
in EoE or non-EoE PDOs, cultured with or without IL13 (represen
Relative expression, via qRT-PCR, of TP63, IVL, FLG, and DSG1
(representative results are shown, total n ¼ 2/1 EoE/non-EoE li
2923 down-regulated (P < .05 and log2(fold change) �
-0.585) genes in LOX OE organoids compared with GFP
organoids (Figure 5A and B). Gene Ontology analysis of DEGs
revealed that cell differentiation and keratinization-related
terms were enriched in LOX OE organoids (Figure 5C). By
contrast, cell proliferation–related terms were decreased
(Figure 5D). Furthermore, Gene Set Enrichment Analysis
(GSEA) on the Pathway Interaction Database (PID)28 revealed
that gene signatures associated with bone morphogenetic
protein (BMP), transforming growth factor b (TGFb), and
WNT pathways were enriched significantly in LOX OE orga-
noids (false discovery rate, <0.25) (Figure 5E). These results
are consistent with our previous results showing a role for
LOX in modulating esophageal epithelial differentiation.
BMP Signaling Pathway Is Activated in LOX
Overexpressing Organoids

Recent studies have shown that the BMP pathway is
essential for esophageal progenitor cell differentiation and
disrupted BMP signaling results in basal cell hyperplasia in
EoE.29,30 Therefore, we postulated that the BMP signaling
pathway could be integral in LOX-supported differentiation
(GSEA trace presented in Figure 6A). We investigated BMP
ligands and BMP receptors from the PID gene set presented
in Figures 5E and 6A. BMP2, BMP6, BMPR1B, and BMPR2
were increased significantly in LOX OE organoids compared
with GFP organoids (by 2.5-fold, 18.3-fold, 4.8-fold, and 1.2-
fold, respectively). Intriguingly, we found that the BMP
antagonist follistatin (FST) was decreased significantly by
0.36-fold in LOX OE organoids (Figure 6B).

We validated these findings by qRT-PCR, Western blot,
and immunohistochemistry in the setting of IL13 stimulation
(Figure 6C–F). Transcript levels of BMP2 were increased by
4.0-fold and 3.2-fold in untreated and IL13-stimulated LOX
OE organoids compared with GFP organoids, respectively
(Figure 6C). IL13 stimulus led to increased expression of FST
in GFP organoids, whereas LOX overexpression reduced this
effect by 0.62-fold and 0.21-fold in untreated and IL13-
stimulated LOX OE organoids, respectively (Figure 6C). Pro-
tein levels of BMP2 and phosphorylated forms of the down-
stream transcription factors Suppressor of Mothers against
Decapentaplegic (SMAD) 1/5/9 also were increased in LOX
OE organoids (Figure 6D). Follistatin, which was expressed
ls specific distribution of LOX in esophageal epithelium.
ents. PDOs were cultured with or without IL13 (10 mg/mL) from
laying 4 distinct cell types (quiescent basal, proliferating basal,
ted PDOs. (B) Dot plots showing the expression of COL7A1,
-stimulated PDOs. (C) UMAP plots showing cell-cycle phases
pression of LOX in NT and IL13-stimulated PDOs. (E) Inferred
colored by pseudotime value. Dark purple and bright yellow
ession kinetics for LOX across the pseudotime axis in NT and
ge (FC) and expression ratio (ER) of the average expression
X-expressing cells (LOXþ) compared with LOX nonexpressing
. (H) Gene Ontology analysis of DEG profiles of LOXþ cells
ated PDOs. (I) Relative expression, via qRT-PCR, of LOX gene
tative results are shown, total n ¼ 2/2 EoE/non-EoE lines). (J)
genes in EoE or non-EoE PDOs, cultured with or without IL13
nes).. ****P < .0001



Figure 2. LOX overexpression promotes cell differentiation in esophageal epithelium. (A) qRT-PCR for LOX of monolayer-
cultured EPC2-hTERT cells overexpressing GFP or LOX OE (n ¼ 3). (B) Representative immunoblot for LOX of the monolayer-
cultured GFP and LOX OE cells. (C–E) IL13 treatment induces aberrant LOX expression in EPC2-hTERT organoids. GFP and
LOX OE organoids were cultured with or without IL13 (10 mg/mL) from days 7 to 11 and then harvested on day 11. (C) qRT-
PCR and (D) immunoblot for LOX in GFP and LOX OE cells, monolayer-cultured with or without IL13. (E) qRT-PCR for SOX2,
KRT14, TP63, IVL, FLG, and LOR of the GFP and LOX OE organoids (n ¼ 3). (F) Representative images of H&E staining,
immunohistochemistry for TP63, and immunofluorescence staining for IVL (red), FLG (green), and 40,6-diamidino-2-
phenylindole (blue), in the GFP and LOX OE organoids. Scale bar: 50 mm. Data are representative of 3 independent experi-
ments and expressed as means ± SDs. (A) A 2-tailed Student t test and (C and E) 1-way analysis of variance were performed
for statistical analyses. *P < .05, **P < .01.
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robustly in IL13-stimulated organoids, was decreased in the
setting of LOX overexpression (Figure 6E and F). These data
support a model in which overexpression of LOX inhibits FST,
leading to increased BMP signaling.
BMP2 Promotes Cell Differentiation in
Esophageal Epithelium

Finally, we investigated whether BMP2 is involved in
esophageal epithelial differentiation and barrier integrity.
Treatment with recombinant BMP2 led to decreased TP63
mRNA expression and increased IVL, FLG, DSG1, and DSC1
mRNA expression in monolayer-cultured EPC2-hTERT cells
(Figure 7A). Immunoblotting showed similar results with
increased phosphorylated SMAD1/5/9, IVL, and DSG1 in
BMP2-treated cells (Figure 7B). Consistent with the results
in monolayer culture, BMP2-treated organoids and PDOs
from EoE or non-EoE control patients showed decreased
expression of basal genes (SOX2 and TP63) and increased
expression of differentiation and junctional protein genes



Figure 3. LOX overexpression attenu-
ates organoid formation capacity. (A)
Representative phase contrast images of
EPC2-hTERT organoids overexpressing
GFP or LOX OE on day 11. The OFR was
assessed on day 11 (P0), followed by
passage. OFR was assessed again on
day 11 (P1). Scale bar: 50 mm. (B) OFR
was calculated as the number of orga-
noids (�50 mm) divided by the number of
total seeded cells. Data are representa-
tive of 3 independent experiments and
expressed as means ± SDs (n ¼ 6). A 2-
tailed Student t test was performed for
statistical analyses. **P < .01.
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(IVL, FLG, LOR, DSG1, and DSC1) (Figure 7C and D). BMP2
treatment also reduced organoid formation capacity, further
supporting the notion that BMP2 enhances differentiation
and reduces the basal population (Figure 7E). In summary,
our findings suggest that LOX has a protective role in the
esophageal epithelium in response to type 2 inflammation,
in which it acts to restore homeostasis in EoE via activation
of BMP signaling.

Discussion
LOX is an extracellular matrix remodeling enzyme that

acts to cross-link collagen, thereby enhancing tissue stiff-
ness. LOX is expressed in the epithelium of the prostate,
retina, and skin, as well as other locations,15,31 however, its
role in the esophageal epithelium in homeostasis and dis-
ease is unknown. Herein, we describe a noncanonical role
for LOX in the esophageal epithelium and a potential pro-
tective role in epithelial differentiation and barrier integrity.
Building on our previous work showing that LOX was up-
regulated in the EoE epithelium, we now show that LOX is
expressed in the differentiated esophageal epithelium
where it has noncollagen cross-linking roles. LOX over-
expression models show enhanced differentiation and bar-
rier integrity, even in the setting of IL13 stimulation in the
esophageal epithelium. Using unbiased transcriptomic ap-
proaches, we found that the BMP pathway was enriched in
LOX OE cells and that LOX OE cells have increased expres-
sion of BMP2, whereas the BMP antagonist follistatin is
decreased. This effect is maintained despite IL13 stimula-
tion. These results help to elucidate the contribution of LOX-
supported differentiation and barrier integrity both in ho-
meostasis and in the context of allergic insult.

Epithelial changes in EoE disrupt the mucosal barrier,
which normally provides protection from acid and food
particles during normal swallows. Current treatment stra-
tegies are aimed at decreasing the invasion of inflammatory
cells into the esophagus. However, we have found that
epithelial changes persist even in patients in remission with
low eosinophil counts.2 Thus, determining mechanisms to
restore homeostasis to the esophageal epithelium repre-
sents an unexplored avenue of research with therapeutic
potential. We now highlight a novel role for LOX in resto-
ration of epithelial homeostasis. LOX silencing has been
shown to impair keratinocyte differentiation of the skin.15 In
fact, in vitro skin models have shown that LOX expression is
increased in early differentiation and knockdown inhibits
terminal differentiation. Taken together, these results sug-
gest that increased LOX in the setting of inflammation may
serve to re-establish differentiation and barrier integrity
during injury in the squamous mucosa. However, it is
important to note that although our in vitro findings suggest
that LOX overexpression acts to enhance differentiation, its
up-regulation in the setting of EoE disease is not enough to
heal the EoE epithelium and there is an ongoing differenti-
ation defect despite increased LOX. This may be because
there is a complex inflammatory infiltrate at play in EoE
with multiple cell types secreting multiple cytokines,
whereas our in vitro model focuses on IL13 alone.

Fibrosis is a major complication in EoE, and because LOX
is a collagen cross-linker, it would be tempting to use LOX
inhibitors to prevent fibrosis. However, our data showing
the protective roles of LOX in the esophageal epithelium in
the context of T-helper type 2 (Th2) inflammation would
suggest that global LOX inhibition would have detrimental
effects on the epithelial barrier. It therefore would be ad-
vantageous to target the cross-linker activity of LOX without
affecting its non–cross-linking functions or vice versa. In
that regard, our identification of the beneficial role of the
LOX/BMP axis in the esophageal epithelium may represent a
new approach to mitigating EoE, which could be used via a
topical approach. Topical steroid preparations often are
used in EoE to spare the negative consequences of systemic
treatment with steroids.32,33 Furthermore, recombinant
human BMP2 currently is approved by the Food and Drug
Administration to promote bone healing in orthopedics.34–36

Building off of this and our in vitro findings of the protective
role of BMP2 in the setting of IL13 stimulation (Figure 7), it
may be possible to use preparations of BMP2 agonists to
enhance esophageal epithelial barrier integrity.

BMP2, a member of the TGFb superfamily, is essential
for embryogenesis and development of the gut, and the BMP
pathway affects morphogenesis of esophageal epithelial



Figure 4. LOX overexpression improves epithelial barrier integrity. (A) qRT-PCR for DSG1 and DSC1 in EPC2-hTERT
organoids overexpressing GFP or LOX OE. GFP and LOX OE organoids were cultured with or without IL13 (10 mg/mL) from
days 7 to 11 and then harvested on day 11 (n ¼ 3). Data are representative of 3 independent experiments. (B) Schematic of ALI
model. GFP and LOX OE EPC2-hTERT cells were cultured in low-calcium (0.09 mmol/L Ca2þ) media for 3 days, followed by
high-calcium media (1.8 mmol/L Ca2þ) for 5 days, and then brought to ALI on day 8. ALI-cultured cells were stimulated with
IL13 (10 mg/mL) from days 9 to 14. (C) TEER (U * cm2) of the GFP and LOX OE EPC2-hTERT ALI cultures (n ¼ 5). (D)
Representative images of H&E staining, immunohistochemistry for TP63, and immunofluorescence staining for IVL (red), FLG
(green), and DSG1 (green) of the GFP and LOX OE EPC2-hTERT ALI cultures. 40,6-diamidino-2-phenylindole (DAPI) (blue).
Scale bar: 50 mm. Data are representative of 2 independent experiments and expressed as means ± SDs. (A) One-way analysis
of variance and (C) 2-tailed Student t test were performed for statistical analyses. *P < .05, **P < .01. NT, nontreated.
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progenitor cells.30,37–39 We revealed that overexpression of
LOX results in increased expression of BMP2 and increased
squamous differentiation in esophageal organoids. Inter-
estingly, down-regulated BMP2 expression by fibroblast
growth factor 9, which is up-regulated in patients with EoE,
has been proposed as the mechanism of hyperplasia in
EoE.40 Furthermore, basal cell hyperplasia in the EoE
epithelium, specifically in the setting of IL13 stimulation, is
associated with inhibition of the BMP pathway in human
disease and murine models.34 Herein, we demonstrate the
role of LOX specifically in differentiated cells to maintain
barrier integrity and restore homeostasis. Future work will
interrogate the mechanism by which LOX activates the BMP
pathway to exert these protective roles. One possibility is
down-regulation of the BMP antagonist follistatin41 by LOX.
We showed decreased follistatin levels in LOX OE organoids,
even in the setting of IL13 stimulation (Figure 6). Interest-
ingly, the IL13/signal transducer and activator of tran-
scription (STAT)6 pathway directly up-regulates follistatin,
and its increased levels have been reported in EoE patients
and murine models.29 Correspondingly, knockdown of fol-
listatin accelerates epithelial differentiation in esophageal



Figure 5. Transcriptome analysis identifies the functional roles of LOX in esophageal epithelium. (A) Heatmap and (B)
volcano plot of DEGs based on RNA sequencing data from GFP or LOX OE EPC2-hTERT organoids. Up-regulated and down-
regulated DEGs in LOX OE organoids are shown with red and blue, respectively. Top 5 (C) enriched and (D) depleted terms in
LOX OE organoids based on Gene Ontology analysis. (E) Gene Set Enrichment Analysis based on the PID. The top 10 enriched
pathways in LOX OE organoids are shown. Dot size and color represent the number of core enrichment genes and normalized
enrichment score (NES) for the pathway, respectively. FDR, false discovery rate.
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cells. To date, although reactive oxidative stress has been
shown to mediate differentiation by the activated BMP in
EoE,29 the specific mechanism remains to be elucidated.

One weakness of this study is that we rely on cell culture
techniques because there is no in vivo model of LOX over-
expression. LOX knockout mouse models would comple-
ment this work, however, these models are embryonic
lethal. To contend with these limitations, we use 3D cultures
(organoid and ALI culture) to replicate the proliferation and
renewal patterns in vitro. Another potential weakness is
that although LOX is up-regulated in EoE, our over-
expression model induces higher levels of LOX than
observed in vivo or with IL13 stimulation. It may be that
such high levels of LOX are necessary to demonstrate the
protective effect we observe in vitro and that the level of
increase observed in the EoE patients is not enough to heal
the epithelium. However, the benefit of this model is that it
allows for evaluation of the mechanistic effects of LOX
without the secondary effects of inflammatory cytokines.

We previously showed that TGFb and tumor necrosis
factor a work synergistically to increase LOX production in
the esophageal epithelium. Herein, we begin to examine our
previous LOX observation that IL13 also up-regulates LOX
production.4 How IL13 stimulates LOX has yet to be deter-
mined, however, other investigators have confirmed STAT3
binding in the LOX promoter regulates its expression in both
kidney42 and lung.43 Furthermore, murine models of
esophageal IL13 overexpression have shown STAT3 acti-
vation,44 suggesting the potential for IL13 up-regulation of
LOX via STAT3. Future studies should work to evaluate the
specific role of Th2 cytokines (IL13 and IL4) in the devel-
opment and propagation of LOX-mediated fibrosis.



Figure 6. BMP signaling pathway is activated in LOX overexpressing organoids. (A) Gene Set Enrichment Analysis for
BMP pathway in the PID based on the differentially expressed genes in LOX OE organoids. (B) Normalized expression of genes
relevant to the BMP pathway gene set, plotted as reads per kilobase per million (RPKM) (n ¼ 3). (C–F) Validation of the BMP
pathway activation in EPC2-hTERT organoids. GFP and LOX OE organoids were cultured with or without IL13 (10 mg/mL) from
days 7 to 11 and then harvested on day 11. (C) qRT-PCR for BMP2 and FST in the GFP and LOX OE organoids (n ¼ 3). (D)
Representative immunoblot for BMP2 and phosphorylated SMAD1/5/9 (p-SMAD1/5/9) and (E) immunohistochemistry staining
for FST in the GFP and LOX OE organoids. Scale bar: 50 mm. (F) FST protein levels in panel E, quantified (n ¼ 10). Data are
representative of 3 independent experiments and expressed as means ± SDs. (B) Two-tailed Student t test and (C and F) 1-
way analysis of variance were performed for statistical analyses. **P < .01. FDR, false discovery rate; IHC, immunohisto-
chemistry; NES, normalized enrichment score; NT, nontreated.
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The esophageal epithelial barrier is maintained by an
exquisitely regulated proliferation and differentiation
gradient. The perturbations lead to symptoms as well as
inflammation. Herein, we describe a novel role for LOX
involving maintenance of differentiation and barrier integ-
rity independent of its effects in subepithelial matrix
remodeling. Epithelial LOX may serve to re-establish ho-
meostasis in the setting of inflammation via BMP activation,
underscoring the diverse functions of LOX in the esophagus.
Investigation of the LOX-BMP pathway may provide novel
insights into the pathogenesis and be a promising thera-
peutic approach for EoE. Furthermore, elucidating these
mechanisms may have implications for epithelial disruption
in disorders beyond EoE, including caustic ingestions and
gastroesophageal reflux disease.
Methods
Cell Line and Monolayer Culture

EPC2-hTERT or primary patient-derived cells were
cultured in keratinocyte–serum-free medium with 0.09
mmol/L Ca2þ (KSFM; Thermo Fisher Scientific, Inc, Wal-
tham, MA) supplemented with bovine pituitary extract
(50 mg/mL), human recombinant epidermal growth factor



Figure 7. BMP2 treatment induces cell differentiation in esophageal epithelium. (A and B) BMP2 treatment in monolayer
culture of EPC2-hTERT cells. EPC2-hTERT cells were treated with recombinant BMP2 protein (10 mg/mL) for 72 hours in high-
calcium (1.8 mmol/L Ca2þ) media. (A) qRT-PCR for TP63, IVL, FLG, LOR, DSG1, and DSC1 in the EPC2-hTERT cells (n¼ 3). (B)
Representative immunoblot for TP63, IVL, DSG1, and phosphorylated SMAD1/5/9 (p-SMAD1/5/9) in the EPC2-hTERT cells.
(C–E) EPC2-hTERT organoids were treated with recombinant BMP2 protein (10 mg/mL) from days 7 to 11 and then harvested
on day 11. (C) qRT-PCR for SOX2, KRT14, TP63, IVL, FLG, LOR, DSG1, and DSC1 in the EPC2-hTERT organoids or PDOs
(representative from 5 PDOs: 2 EoE and 3 non-EoE cultures). (D) Representative images of H&E staining, immunohisto-
chemistry for TP63, and immunofluorescence staining for IVL (red), FLG (green), and 40,6-diamidino-2-phenylindole (blue), in
the EPC2-hTERT organoids or PDOs. Scale bar: 50 mm. (E) OFR was assessed on day 11 (P0), followed by passage. OFR was
assessed again on day 11 (P1). OFR was calculated as the number of organoids (�50 mm) divided by the number of total
seeded cells (n ¼ 6). Data are representative of 3 independent experiments and expressed as means ± SDs. (A, C, and E) Two-
tailed Student t test was performed for statistical analyses. *P < .05, **P < .01, ***P < .001, ****P < .0001. NT, nontreated.
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(1 ng/mL), and 1% penicillin-streptomycin. The cells were
incubated at 37�C in a 5% humidified CO2 atmosphere.45,46

3D Esophageal Organoid Culture
EPC2-hTERT or PDOs (Table 1) were cultured as

described previously.17,18,20 Briefly, EPC2-hTERT cells were
dissociated into a single-cell suspension and placed into
Matrigel basement membrane matrix (Corning, Inc, Corning,
NY) under KSFM modified with 0.6 mmol/L Ca2þ. Organoids
were grown for 7 days, followed by treatment with 10 ng/
mL IL13, 10 ng/mL recombinant BMP2 protein (R&D Sys-
tems, Inc, Minneapolis, MN), or vehicle (phosphate-buffered
saline for IL13 and hydrochloride for BMP2) for 4 days. We
then used the day 11 organoids for further analyses. OFR
was defined as the number of organoids �50 mm divided by
the total seeded cells in each well.

ALI Culture
EPC2-hTERT cells were seeded on Transwell permeable

supports with a 0.4-mm pore (3470; Corning) and grown
with KSFM (0.09 mmol/L Ca2þ) for the initial 3 days to
confluency. Cultures then were switched to high-calcium
KSFM (1.8 mmol/L Ca2þ) for 5 days. The media was
removed from the apical compartment on day 8 to induce
epithelial differentiation and stratification. A total of 10 mg/
mL IL13 (or vehicle) was applied in the basolateral
compartment from days 9 to 14. To assess epithelial barrier
integrity, TEER was measured with an Epithelial Volt/Ohm
Meter (World Precision Instruments, Sarasota, FL). The day
14 ALI-cultured epithelium was used for TEER measure-
ment and histology.

Bioinformatic Analysis of scRNA-seq Data
PDOs were stimulated with vehicle or IL13 (10 mg/mL)

from days 7 to 11, and the day 11 PDOs then were disso-
ciated into a single-cell suspension for scRNA-seq.20 The
Dead Cell Removal Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) was used to guarantee cell viability. The raw
count matrix with barcode and feature information for each
sample were imported and transformed to Seurat (Seurat
Technologies version 4.2.0) objects for further processing.
Genes expressed in 3 or fewer cells were excluded from
analysis. To eliminate dead cells or doublets, cells with an
expression of less than 700 or more than 6000 genes,
respectively, were excluded. In addition, cells with more
than 10% of their transcripts consisting of mitochondrial
genes were excluded. Seurat integration workflow was used
to integrate the top 3000 variable genes, as anchors, across
cells for control samples.47 After integration, dimensionality
reduction used the genes and values that were preprocessed
using the integration workflow. Principal component anal-
ysis was used for initial dimensionality reduction and later
for clustering, resulting in 20 principal components. The
components then were used as input to the UMAP dimen-
sionality reduction procedure using 20 neighbors for local
neighborhood approximation and embedding into 2 com-
ponents for visualization. Clustering was initialized with a
Shared Nearest Neighbor graph by first determining 20
nearest neighbors for each cell, and then determined by a
modularity optimization algorithm by Waltman and Van
Eck.48 Cell type annotations for each cluster are based on
the expression of marker genes and DEGs. To better
compare the IL13-treated samples with the control data,
IL13 data were projected to control data after filtering and
integration using Seurat projection/query workflow. For
DEG analysis on the IL13-treated PDOs, cells with a LOX
expression greater than 0 were defined as LOXþ cells and
cells with a LOX expression of 0 were defined as LOX- cells.

Trajectory Analysis
Monocle 3 (version 1.0.0) was used to infer the trajec-

tory analysis based on the scRNA-seq data. Seurat objects
from upstream analysis were converted to Monocle objects,
and then reversed graph embedding was applied to yield a
principal graph that is allowed to branch from the reduced
dimension space.49 Pseudotime trajectory are defined and
derived by selecting the specific cells as roots based on the
prior knowledge of the cell type.

Bulk mRNA Sequencing and Gene Expression
Analysis

GFP and LOX OE organoids were grown for 11 days and
then harvested for RNA sequencing. Sequencing libraries
were constructed from total RNA (1 mg) using a TruSeq
Stranded mRNA Library Prep (Illumina, Inc, San Diego, CA).
RNA sequencing was performed on an Illumina HiSeq2000
platform. We used kallisto50 and human reference genome
hg38 for alignment. Mapped reads were analyzed with
DESeq2.28

DEGs were determined as P < .05 and log2(fold change)
� 0.585 or � -0.585. Using DEGs, Gene Ontology enrichment
analysis was provided by the topGO package.51 The top 5
enriched or depleted terms with the lowest false discovery
rate values in LOX OE organoids were selected. The stat
output field from DESeq2 then was used as input for
GSEA52,53 preranked analysis to identify enriched pathways
from the PID.

Lentivirus-Mediated Gene Transfer
Lentiviral vectors pLX304-eGFP and pLX304-LOX were

constructed by Gateway LR reaction of entry clones
pENTR223-LOX (HsCD00378945, (Plasmid Information
Database (PlasmID) Harvard Medical School) and
pDONR221-eGFP (Addgene vector 25899) with destination
vector pLX304 (Addgene vector 25890). Vesicular stomati-
tis virus g (VSV-g)–coated lentiviral particles were prepared
by transfecting 293T cells with 9 mg psPAX, 0.9 mg pMD2.G,
and 9 mg overexpression vector using Lipofectamine 2000
Transfection Reagent (Thermo Fisher Scientific, Inc). EPC2-
hTERT cells were transduced by spinfection and selected
with 10 mg/mL blasticidin.

qRT-PCR
RNA extraction and reverse transcription were per-

formed as described.21,51 Real-time qRT-PCR was performed
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with TaqMan Gene Expression Assays (Thermo Fisher Sci-
entific, Inc) for LOX (Hs00942480_m1), SOX2
(Hs01053049_s1), KRT14 (Hs03044364_m1), TP63
(Hs00978340_m1), IVL (Hs00846307_s1), FLG
(Hs00856927_g1), LOR (Hs01894962_s1), BMP2
(Hs00154192_m1), FST (Hs01121165_g1), and GAPDH
(Hs02786624_g1) using the StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific, Inc). Relative mRNA levels
of each gene were normalized to GAPDH levels as a house-
keeping control.

Western Blot
Whole-cell lysates from cells in monolayer culture and

3D organoids were prepared as described previously.17

Equivalent amounts (20–40 mg) of protein were loaded
into a NuPAGE 4% to 12% Bis-Tris gel. After electropho-
resis, transfer to a polyvinylidene difluoride membrane, and
blocking with 5% bovine serum albumin or nonfat milk,
membranes were incubated with primary antibodies at 4�C
overnight. The primary antibodies used were as follows:
anti-LOX (1:500, NB100-2527; Novus Biologicals, Centen-
nial, CO), anti-TP63 (1:1000, ab124762; Abcam, Cambridge,
UK), anti-IVL (1:1000, I9018; Millipore Sigma, Burlington,
MA), anti-DSG1 (1:1000, sc-137164; Santa Cruz Biotech-
nology, Dallas, TX), anti-BMP2 (1:1000, ab214821; Abcam),
anti–phosphorylated-SMAD1/5/9 (1:1000, 13820S; Cell
Signaling Technology, Danvers, MA), and anti–b-actin
(1:5000, A5316; Millipore Sigma). Immunoblots were
detected with an appropriate horseradish
peroxidase–conjugated secondary antibody (1:2000, NA934
or NA 931; Amersham BioSciences, Buckinghamshire, UK)
by ECL detection (Bio-Rad Laboratories, Hercules, CA). b-
actin served as a loading control.

Immunohistochemistry and Immunofluorescence
Organoids were fixed and embedded as described pre-

viously,4,20 and subjected to H&E staining, immunohisto-
chemistry, and immunofluorescence.

For immunohistochemistry, after deparaffinization and
rehydration, antigens were retrieved by high-pressure
cooking. After peroxidase quenching and blocking with an
appropriate serum (Jackson ImmunoResearch, West Grove,
PA), sections were incubated with primary anti-TP63
monoclonal antibody (1:1000, ab124762; Abcam) and
antifollistatin monoclonal antibody (1:50, MAB669; R&D
Systems, Inc) at 4�C overnight and then with an appropriate
biotinylated secondary antibody (1:200; Vector Labora-
tories, Burlingame, CA). The signal was detected with the
VECTASTAIN Elite ABC–Horseradish Peroxidase Kit (PK-
6100; Vector Laboratories). The (3,3’ Diaminobenzidine)
DAB Substrate Kit (SK-4100; Vector Laboratories) was used
for color reaction. For follistatin staining, slides were
quantified with the following scored: 1, negative to weak
staining; 2, weak to moderate staining; 3, moderate to
strong staining; and 4, strong staining. Ten organoids per
condition were used for the evaluation.

For immunofluorescence, sections were stained with
primary anti-IVL monoclonal antibody (1:100, I9018;
Millipore Sigma), anti-FLG monoclonal antibody (1:100,
MA5-13440; Thermo Fisher Scientific, Inc), and anti-DSG1
monoclonal antibody (1:100, sc-137164; Santa Cruz
Biotechnology) at 4�C overnight and then with Cy2 or Cy5-
AffiniPure Donkey Anti-Mouse IgG (HþL) secondary anti-
body (1:500, 715-225-150 or 715-175-150; Jackson
ImmunoResearch) at room temperature for 1 hour. Nuclei
were stained with 40,6-diamidino-2-phenylindole (17985-
50; Electron Microscopy Sciences, Hatfield, PA). Images
were taken with an All-in-One Fluorescence Microscope BZ-
X710 (KEYENCE Corp, Osaka, Japan). The images were
evaluated in 5 different locations in a high-power field per
condition, and representatives are shown.
Statistical Analysis
Data are presented as means ± SDs. Continuous vari-

ables were analyzed by a 2-tailed Student t test for 2 in-
dependent groups or analysis of variance for multiple
groups. All statistical analyses were conducted with
GraphPad Prism (GraphPad Software, San Diego, CA). A P
value less than .05 was considered statistically significant.

All authors had access to the study data and reviewed
and approved the final manuscript.
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