
ORIGINAL RESEARCH

Claudin-18 Deficiency Results in Alveolar Barrier Dysfunction and
Impaired Alveologenesis in Mice
Michael J. LaFemina1,2, Katherine M. Sutherland1, Trevor Bentley3, Linda W. Gonzales4, Lennell Allen5,
Cheryl J. Chapin5, Deepti Rokkam3, Kelly A. Sweerus1, Leland G. Dobbs1,5, Philip L. Ballard5, and James A. Frank1,2,3

Departments of 1Medicine and 5Pediatrics, University of California San Francisco, San Francisco, California; 2San Francisco Veterans
Affairs Medical Center, San Francisco, California; 3Northern California Institute for Research and Education, San Francisco, California;
and 4Department of Pediatrics, Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania

Abstract

Claudins are a family of transmembraneproteins that are required for
tight junction formation. Claudin (CLDN)-18.1, the only known
lung-specific tight junction protein, is the most abundant claudin
in alveolar epithelial type (AT) 1 cells, and is regulated by lung
maturational agonists and inflammatory mediators. To determine
the function of CLDN18 in the alveolar epithelium, CLDN18
knockout (KO) mice were generated and studied by histological,
biochemical, and physiological approaches, in addition to whole-
genomemicroarray. Alveolar epithelial barrier function was assessed
after knockdown of CLDN18 in isolated lung cells. CLDN18 levels
were measured by quantitative PCR in lung samples from fetal
and postnatal human infants. We found that CLDN18 deficiency
impaired alveolar epithelial barrier function in vivo and in vitro, with
evidence of increased paracellular permeability and architectural
distortion at AT1–AT1 cell junctions. Although CLDN18 KO mice
were born without evidence of a lung abnormality, histological and
gene expression analysis at Postnatal Day 3 and Week 4 identified
impaired alveolarization. CLDN18 KO mice also had evidence of
postnatal lung injury, including acquired AT1 cell damage. Human
fetal lungs at 23–24 weeks gestational age, the highest-risk period

for developing bronchopulmonary dysplasia, a disease of impaired
alveolarization, had significantly lower CLDN18 expression relative
to postnatal lungs. Thus, CLDN18 deficiency results in epithelial
barrier dysfunction, injury, and impaired alveolarization in mice.
Low expression of CLDN18 in human fetal lungs supports further
investigation into a role for this tight junction protein in
bronchopulmonary dysplasia.
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Clinical Relevance

Claudin (CLDN)-18 is required for normal alveolar epithelial
barrier function in vivo and in vitro. Furthermore, CLDN18
knockout mice have impaired alveolarization. As data
support developmental regulation of CLDN18 during the
third trimester in human fetal lungs, further investigation is
warranted to assess the role of this lung-specific tight junction
protein in bronchopulmonary dysplasia.

Bronchopulmonary dysplasia (BPD), the
most common chronic lung disease of
infancy in the United States, is paradoxically

rising in incidence despite medical advances
(1). This disease was initially described in
slightly premature infants that had been

exposed to mechanical ventilation and high
concentrations of supplemental oxygen (2).
Although improved respiratory care and
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the introduction of therapies such as
surfactant replacement have significantly
reduced this “old” form of BPD, a new
pattern of lung injury has emerged in
infants born at earlier gestational ages (3).
The main feature of “new” BPD is diffusely
reduced alveolar development associated
with a clinically significant loss of surface
area for gas exchange (4). This new form
of BPD is interpreted as developmental
arrest secondary to injury in the immature
lung (5). As the pathogenesis of new BPD
remains unclear and treatment remains
empirical, investigation of novel pathways
is required to identify therapeutic targets.

Claudins constitute a protein family of
at least 24 members in humans, and are
critical constituents of the tight junction
(6, 7) with a role in regulating paracellular
transport (8, 9). The lung-specific splice
variant of claudin (CLDN)-18, CLDN18.1,
is the only known lung epithelium–specific
tight junction protein (10). Our previous
work identified CLDN18 as highly
expressed in alveolar epithelial type (AT)
2 cells, and the most abundantly expressed
claudin in AT1 cells (11). Clinically relevant
proinflammatory innate immune mediators
cause a specific loss of CLDN18 from the
apical junction complex in association
with barrier dysfunction (12). Conversely,
pharmacologic agents that promote lung
maturation cause a specific induction of
CLDN18 in human fetal alveolar epithelial
cells and augment barrier function (13).
Although these data support a potential
role for CLDN18 in regulating alveolar
epithelial barrier function, the in vivo role
of CLDN18 in lung biology requires further
investigation.

We hypothesized that CLDN18 has
a unique role in the establishment and
maintenance of alveolar epithelial barrier
function. To test this hypothesis, we generated
a novel CLDN18 null mouse and examined
the effects of CLDN18 deficiency on lung
structure and function, including whole-
genome mRNAmicroarray analysis. Alveolar
epithelial barrier properties attributable to
CLDN18were also examined in cultured cells.
Our results demonstrate a unique role for
CLDN18 in determining alveolar epithelial
barrier function, and indicate that CLDN18
deficiency results in lung injury and impaired
alveolarization. In a complementary line of
investigation, we found that human fetal
lungs at 23–24 weeks gestational age, a high-
risk period for developing BPD with extreme
preterm birth (5), have significantly lower

CLDN18 expression levels than postnatal
human lungs. Taken together, these data
indicate that CLDN18 deficiency represents a
novel model of alveolar epithelial barrier
dysfunction and impaired alveolarization in
mice. Further study is warranted to assess the
role of this developmentally regulated, lung-
specific tight junction protein in clinical
BPD.

Materials and Methods

See the online supplement for additional
information.

Animal Model
Heterozygote cldn181/2 mice (C57Bl/6J
background) used to breed CLDN18
knockout (KO) and wild-type (WT) mice,
were generated by the trans–National
Institutes of Health Knock-Out Mouse Project
(KOMP) (www.komp.org). For some studies,
additional WT C56Bl/6J mice used for
breeding were obtained from The Jackson
Laboratory (Bar Harbor, ME). Animals were
maintained in pathogen-free conditions
according to protocols approved by the
Institutional Animal Care and Use Committee
at the San Francisco Veterans Administration
Medical Center. Mouse genotypes were
identified by PCR using genomic DNA from
the tails of postnatal mice. All experiments
were performed with age- and sex-matched
CLDN18 KO and WT mice.

Barrier Function Studies
Bidirectional alveolar epithelial permeability
to albumin was determined in vivo in
CLDN18 KO and WT mice as previously
described (14) with minor modification. For
in vitro studies, primary rat AT2 cells were
isolated and grown in culture as previously
described (11, 15). CLDN18 was transiently
knocked down in primary cells by small
interfering RNA (siRNA) using cationic lipid
(16). After confirmation of knockdown by
immunoblot, transepithelial electrical
resistance of stable monolayers and
paracellular permeability to a 0.5-kD tracer
were measured as previously described (11).

Histopathology
Standard inflation-fixed lungs were paraffin
embedded. The intra-alveolar distance on
hematoxlin and eosin–stained sections
was measured as the mean linear intercept
(MLI) (17). MLI is inversely proportional
to the surface area of the lung (18, 19).

Microarrays
mRNA was extracted from WT (n = 5) and
CLDN18 KO (n = 4) mouse lungs at 6
weeks of age. Labeled cRNA was hybridized
to Agilent Whole Mouse Genome 4 3 44K
arrays (Agilent Technologies, Santa Clara,
CA). Array data were analyzed using DAVID
(the Database for Annotation, Visualization,
and Integrated Discovery) v6.7 (Laboratory
of Immunopathogenesis and
Bioinformatics, Frederick, MD).

Human Lung Samples
Lung tissue samples from human fetuses
(n = 6, gestational ages 23–24 wk) and
postnatal infants who were born at full term
(n = 7, ages 0–3 mo) were obtained post
mortem at the Children’s Hospital of
Philadelphia. Gene expression levels in
whole-lung homogenates were determined
using quantitative real-time PCR. The
protocol for pathological specimens was
approved by the Institutional Review Board
of Children’s Hospital of Philadelphia.

Statistical Analyses
Differences between groups were compared
using unpaired t tests or ANOVA with
post hoc Bonferroni’s correction for multiple
comparisons. A P value of 0.05 was
considered significant. Data are reported as
means (6 SD) or means (6 SE), as indicated.

Results

Confirmation of CLDN18 KO
in the Lung
Protein expression of CLDN18 was
confirmed in the lungs of WT mice by
immunoblot; in contrast, in the lungs of
CLDN18 KO mice, expression of CLDN18
was absent (Figure E1A in the online
supplement). At birth, there was no
difference in the expression level of CLDN4
and -3, the other dominant claudins in the
alveolar epithelium (11), as measured by
immunoblot of whole-lung homogenates
(Figure E1B). By Postnatal Day 7, CLDN18
KO mice had increased expression of
CLDN4 and -3 relative to WT mice (Figure
E1C). CLDN18 KO mice appear grossly
normal at Postnatal Day 1 and exhibit
no signs of respiratory distress.

Alveolar Epithelial Barrier Structure
and Function in CLDN18 KO Lungs
CLDN18 KO mice demonstrated a fixed
alveolar permeability defect at 4 wk, 12 wk,
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and 16 weeks of age as measured by the
accumulation of FITC–albumin in lavage fluid
4 h after intraperitoneal instillation of labeled
tracer (Figure 1A). Intratracheal instillation of
125I-albumin followed by sampling of plasma
from the inferior vena cava produced a similar
result, further supporting a bidirectional
alveolar epithelial permeability defect
(Figure 1B). Ultrastructural analysis of distal
airspaces in CLDN18 KO andWT mice using
transmission electron microscopy revealed
membrane ruffling and splaying at AT1–AT1

cell junctions in KO mice (Figure 1C). The
observed ultrastructural differences may
represent altered tight junction structure or
function in the absence of CLDN18.

Barrier Function in Primary
Alveolar Epithelial Cells with
CLDN18 Knockdown
To investigate whether CLDN18 plays
a specific role in regulating alveolar
epithelial barrier function, CLDN18
expression was experimentally decreased in

primary alveolar epithelial cells. Primary rat
alveolar epithelial cells were transfected with
CLDN18-targeting or control nonsilencing
siRNA using cationic lipid. Knockdown of
CLDN18 was confirmed by immunoblot
and densitometric analysis (Figure 2A).
Transepithelial electrical resistance was
significantly decreased (Figure 2B) and
paracellular permeability to a 0.5-kD
fluorescent tracer was significantly
increased with CLDN18 knockdown
(Figure 2C). These data support a specific
role for CLDN18 in regulating paracellular
permeability consistent with the alveolar
epithelial barrier dysfunction identified in
CLDN18 KO mice in vivo.

Impaired Postnatal Alveolarization
in CLDN18 KO Mice
Previous studies identified that CLDN18 is
specifically induced in human fetal lung cells
by maturational agonists, and that this
induction is associated with augmented
barrier function (13). Mice, unlike humans,
are born in the late saccular phase of
lung development, with alveolarization
occurring after term birth (20). We
hypothesized that CLDN18 is required for
normal alveolarization in the postnatal
mouse lung. Therefore, we studied WT and
CLDN18 KO mice immediately before
(Postnatal Day 3) and after (Postnatal
Week 4) alveolarization. Hematoxylin and
eosin staining of inflation-fixed distal lung
sections demonstrated similar histology
between genotypes at Postnatal Day 3,
but markedly impaired alveolarization in
CLDN18 KO mice by 4 weeks of age
(Figure 3A). Quantification of MLI, which
is inversely proportional to lung surface
area (18, 19), confirmed similar lung
structure between genotypes at Postnatal
Day 3, but markedly decreased surface
area in CLDN18 KO mice at 4 weeks as
compared with WT controls (Figure 3B).

Evidence of Impaired Alveolarization
by DNA Microarray Analyses in
CLDN18 KO Lungs
To comprehensively investigate mRNA
expression changes in the context of
evidence of impaired alveolarization, we
performed cDNA microarray analyses
using whole mouse lungs at age 6 weeks
(Figure 4A). Functional analysis clustering
of the genes differentially expressed
between WT lungs and CLDN18 KO
lungs was performed using the DAVID
knowledge database. As expected, an

Figure 1. Alveolar epithelial barrier dysfunction in claudin (CLDN)-18 knockout (KO) mice. (A and B)
Bidirectional alveolar permeability in wild-type (WT) and CLDN18 KO mice as measured by (A) the
accumulation of FITC–albumin in lavage fluid 4 hours after intraperitoneal instillation of tracer at 4, 12,
and 16 weeks of age or (B) the accumulation of 125I-labeled albumin in plasma 4 hours after
intratracheal instillation of tracer at 8 weeks of age. Relative permeability is expressed as the ratio of
tracer concentration or plasma radioactivity in CLDN18 KO mice versus WT mice. CLDN18 KO mice
have a fixed permeability defect (n = 4–5 per group, *P , 0.05). (C) Representative transmission
electron microscopy images of junctions between alveolar epithelial type (AT) 1 cells in WT and CLDN18
KO lungs at 8 weeks of age revealed membrane ruffling and splaying at AT1–AT1 cell junctions in
CLDN18 KO mice, suggesting altered junction morphology in the absence of CLDN18. Arrowheads
indicate AT1–AT1 junctions. Boxes indicate magnified image in lower panels. Scale bar, 1 mm.
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annotation cluster consisting of gene
ontology term “lung development”
was enriched in the set of differentially
expressed genes (Figure 4B). This
annotation cluster for lung development
consisted of 22 total genes (Table E1).
Differential expression was confirmed for
several genes from this annotation cluster
with quantitative real-time PCR (Figure
E2). Moreover, differential expression
of several other genes involved in lung
development, such as elastin (21) and
vascular endothelial growth factor-a (22),
were identified by microarray analysis and
confirmed by quantitative real-time PCR
(Figure E2). Furthermore, as histology did
not differ between WT and CLDN18 KO
mice in the early postnatal period, we
hypothesized that the lung development
genes identified by microarray would not be
differentially expressed at birth, before
alveolarization. Therefore, we investigated
several of these lung development genes at
Postnatal Day 3 and Week 4. This time
course evaluation revealed similar mRNA
expression levels at Postnatal Day 3,
but differential expression at 4 weeks
(Figure 4C), supporting the hypothesis that
CLDN18 deficiency leads to impaired
postnatal lung development.

Early Alveolar Epithelial Injury
in CLDN18 KO mice
Even minimal injury in the developing
lung can impair the normal processes of

alveolarization (5). Thus, we hypothesized
that a consequence of CLDN18 deficiency
could be alveolar epithelial cell injury
(specifically AT1 cell injury) in the
postnatal mouse lung after conversion to
air breathing. We assessed bronchoalveolar
lavage fluid levels of the AT1 cell–specific
protein, podoplanin, a validated marker
of AT1 cell injury (23) in neonatal mice
(Postnatal Day 3) and at Postnatal Week
4. CLDN18 KO mice showed a small, but
significant, increase in bronchoalveolar
lavage fluid podoplanin at Postnatal
Day 3, and a larger increase at 4 weeks, as
compared with WT mice (Figure 5A). This
increase in podoplanin at Postnatal Day 3
preceded histological (Figure 3A) and
gene expression (Figure 4), evidence of
impaired alveolarization.

To determine the relative abundance
of AT2 cells, we used immunostaining for
pro–surfactant protein C (pro-SPC) and
quantification of pro-SPC–stained cells
per field. These studies demonstrated
significantly more AT2 cells in CLDN18
KO lungs by 4 weeks of age (Figure 5B),
which was further supported by increased
pro-SPC by Western blot in lung
homogenate from CLDN18 KO mice at
4 weeks of age. However, there was no
difference in pro-SPC expression by
immunoblot of whole-lung lysates on
Postnatal Day 1 in CLDN18 KO lungs
(Figure 5C). Collectively, these data support
an injured and reactive epithelium in the

setting of CLDN18 deficiency, and that
these changes manifest after birth.

CLDN18 Levels in Fetal Human Lungs
Extremely preterm human infants born
24–28 weeks gestational age are at the
highest risk of developing BPD (5). In mice,
CLDN18 expression increases before
term birth and then remains stable from
Postnatal Day 0 through 4 weeks of age
(Figure E3). Given impaired alveolarization
and lung injury in CLDN18 null mice, we
investigated whether CLDN18 expression
is low in preterm human lungs born at the
highest risk period for developing BPD,
a disease of impaired alveolarization. We
analyzed transcript levels of CLDN18
and CLDN4 in human fetal lungs (n = 6,
gestational age 23–24 wk) and normal lungs
from the early postnatal period after birth
at term (n = 7, age 0–3 mo). CLDN18
expression levels are significantly decreased
in fetal lungs relative to the postnatal
period, indicating developmental regulation
during the third trimester. Conversely,
there is no difference in CLDN4 expression
between fetal and postnatal human lungs
(Figure 6). These data are consistent
with the hypothesis that there is a specific,
relative CLDN18 deficiency in extremely
preterm infants born in the risk period for
developing BPD.

Discussion

Here, we provide novel evidence that
CLDN18 deficiency results in alveolar
epithelial barrier dysfunction and impaired
alveolarization in mice. This study
represents the first report of a claudin KO
mouse with a clinically relevant pulmonary
phenotype (impaired alveolarization), and
implicates a role for CLDN18 in the critical
process of barrier function regulation.
Moreover, analysis of human samples
indicates that extremely preterm human
lungs have decreased CLDN18 expression
relative to postnatal lungs. Taken together,
these data support further investigation
into a role for CLDN18 in BPD.

The lung maintains a highly specialized
barrier between the atmosphere and
fluid-filled tissues to enable gas exchange.
Failure of this barrier can have catastrophic
clinical consequences, as is best exemplified
by the alveolar flooding characteristic of
acute lung injury (24). The extensive surface
area of the alveolar epithelium mandates

Figure 2. Alveolar epithelial barrier dysfunction with CLDN18 knockdown in vitro. (A) The expression
of CLDN18 was significantly (. 50%) down-regulated in primary rat alveolar epithelial cells with
knockdown using sequence CLDN18 small interfering RNA (siRNA) 2, not sequence CLDN18 siRNA1
compared with cells treated with control nonsilencing siRNA. The immunoblot was also labeled
for b-tubulin to normalize for total sample protein content with densitometric analysis. CLDN18
siRNA2 was used for all subsequent experiments in primary rat alveolar epithelial cells. *P , 0.05.
(B and C) Transepithelial electrical resistance (TER) was significantly decreased (B), and apparent
permeability (PAPP) to a 0.5-kD labeled tracer was significantly increased (C) in CLDN18 knockdown
primary alveolar epithelial cells (n = 6 biologic replicates). *P , 0.05. NS, not significant.
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fine regulation of paracellular permeability,
the movement of fluids and solutes between
cells. Tight junctions regulate paracellular
permeability, and claudins are the primary
structural constituents of tight junctions
serving this function (25, 26). As claudins
demonstrate tissue-specific expression
patterns, the claudin profile of a given
epithelium is a critical determinant of the
integrity of its barrier (8). Moreover,
human disease has been linked to mutations
in individual claudins, including CLDN1
(ichthyosis and sclerosing cholangitis) (27),
CLDN14 (nonsyndromic deafness) (28), and
CLDN16 and -19 (familial hypomagnesemia

with hypercalciuria and nephrocalcinosis)
(29). Data are now emerging for roles of
individual claudins in the pathogenesis
of lung disease. For instance, in vitro and
in vivo studies and studies in ex vivo
perfused human donor lungs support
a functional role for CLDN4 in regulating
alveolar fluid clearance (16, 30).

Previously published data support
a unique role for CLDN18 in the alveolar
epithelium. The lung-specific splice variant
of CLDN18 is the only known tight junction
protein solely expressed in the lung (10).
Moreover, pulmonary expression of CLDN18
appears to be restricted to the epithelium,

without evidence of endothelial expression
(31). CLDN18 is the most abundantly
expressed claudin in freshly isolated AT1
cells (11), the cell type that covers over 95%
of the surface area of the lung (32). Exposure
of primary human alveolar epithelial cells
to clinically relevant proinflammatory innate
immune mediators results in a specific
loss of CLDN18 from the apical junction
complex associated with impaired barrier
function. Treatment with mesenchymal
stem cells prevents this loss of CLDN18 and
preserves barrier function (12). In light of
these previous findings, the aim of this study
was to directly test the function of CLDN18
in the alveolar epithelium. Our data indicate
a primary role for CLDN18 in regulating
alveolar epithelial barrier function.
Furthermore, while this article was in
revision, Li and colleagues (33) published
complementary data indicating
a macromolecular permeability defect in a
different CLDN18 KO mouse in vivo and
in vitro in alveolar epithelial cell monolayers
from KO mice. This is independent
support for a unique role for CLDN18
in regulating alveolar epithelial barrier
function. In that study, KO mouse alveolar
epithelial cell monolayers had similarly
increased permeability to both small
(376 Da) and large (155,000 Da) molecular
weight tracers. Our study further adds that
partial loss of CLDN18 through specific
siRNA knockdown is sufficient to induce
barrier dysfunction in primary alveolar
epithelial cells in vitro (Figure 2). This raises
the possibility that partial, not just total, loss
of CLDN18 in vivo could result in significant
alterations in barrier function. Moreover,
that barrier function persists in CLDN18 KO
mice despite postnatal acquisition of changes
in other claudin expression levels (Figure
E1) supports a unique, nonredundant role
for CLDN18 in the alveolar epithelium.

Recent advances in perinatal care have
enabled the delivery of prematurely born
infants as early as 23–24 weeks gestation.
However, despite improved survival,
significant morbidity persists (34). BPD,
a disease characterized by developmental
arrest secondary to injury in the immature
lung, remains the most common
severe complication of preterm birth (4).
Although recent studies have offered
insights into the pathogenesis of this
disease, there remain no highly effective
preventive treatments. As such, investigation
of novel pathways is required to open
new potential therapeutic avenues.

Figure 3. CLDN18 KO mice have impaired alveolarization. (A) Representative lung sections from WT
and CLDN18 KO mice at Postnatal Day 3 (left panels) and Week 4 (right panels) stained with
hematoxylin and eosin. Although mice have similar lung structure at Postnatal Day 3 (before
alveolarization), CLDN18 KO mice have evidence of impaired alveolarization at 4 weeks. Scale bar,
100 mm. (B) Mean linear intercept (MLI; mm) was measured in WT and CLDN18 KO mouse lungs at
Postnatal Day 3 and Week 4. MLI is inversely proportional to lung surface area, and quantifies
impaired alveolarization in CLDN18 KO mice at 4 weeks of age (n = 3–4 per group). *P , 0.001.
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Figure 4. Microarray analysis indicates impaired postnatal alveolarization in CLDN18 KO mice. (A) Heat map demonstration of 893 differentially expressed
probes identified by microarray using a fold change cutoff of 2 and adjusted P less than 0.05 (n = 4–5 per group). (B) The list of genes differentially
expressed between WT and CLDN18 KO lungs at 6 weeks of age was analyzed using DAVID (the Database for Annotation, Visualization, and Integrated
Discovery) v6.7 and enriched functional gene categories were identified. Results shown are the top 10 gene categories differentially expressed
between WT and CLDN18 KO lungs by functional analysis clustering of gene ontology terms. Enrichment score, the geometric mean (in –log scale) of
member’s P values in a corresponding annotation cluster, is used to rank biological significance with the top-ranked annotation groups having consistently
lower P values for their annotation members. The functional annotation cluster for lung development had an enrichment score of 3.79. (C) CLDN18
KO mice acquire differential expression of lung development genes in the postnatal period. mRNA expression levels of select lung development genes
identified by microarray analysis and functional analysis clustering were measured in WT and CLDN18 KO lungs at Postnatal Day 3 and Week 4.
Amphiregulin, sonic hedgehog, elastin, fibroblast growth factor receptor 4, adrenomedullin, and vascular endothelial growth factor-a were differentially
expressed at 4 weeks of age only, not at Postnatal Day 3 before the onset of alveolarization (n = at least 3 per group). *P , 0.05.

ORIGINAL RESEARCH

LaFemina, Sutherland, Bentley, et al.: Claudin-18 in Barrier Function and Alveolarization 555



Figure 5. Alveolar epithelial cell injury in CLDN18 KO mice. (A) Accumulation of the AT1 cell protein, podoplanin, a validated marker of AT1 cell injury, was
measured by dot blot analysis of bronchoalveolar lavage fluid with equal protein load from WT and CLDN18 KO mice at Postnatal Day 3 and Week 4 (n = 4
per group). *P , 0.05 (3 d) and **P , 0.001 (4 wk). (B) Representative lung sections from WT and CLDN18 KO mice at 4 weeks of age stained for
pro–surfactant protein C (pro-SPC) to mark AT2 cells. AT2 cell number was increased in CLDN18 KO mice, as measured by counting of pro-SPC–positive
cells in standard inflation-fixed lungs. In addition, clusters of contiguous pro-SPC–positive cells lining alveoli (open arrowheads) were frequently
encountered in CLDN18 KO mice (n = 4 per group). *P, 0.001. Scale bar, 30 mm. (C) The expression of pro-SPC is similar between WT and CLDN18 KO
mice at Postnatal Day 1, but increases in CLDN18 KO mice at 4 weeks of age, consistent with acquired increases in AT2 cell number in the postnatal
period (n = 3 per group). *P , 0.05. NS, not significant.
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Existing models of BPD use exogenous
epithelial injury to trigger alveolar hypoplasia
(35–37). Genetically modified mice that
lack specific growth and differentiation
factors also exhibit impaired septation and
angiogenesis, among other defects (38, 39).
These models have proven invaluable in
deciphering mechanisms of development
and repair, but our understanding of
the causes of BPD remains incomplete.
Although epithelial injury is a cardinal
feature of respiratory failure in the preterm
infant, whether alveolar barrier dysfunction
alone contributes to the pathogenesis
of this disorder is uncertain. Emerging
evidence supports a primary role for
alveolar epithelial barrier dysfunction in
the pathogenesis of multiple pulmonary
diseases, including acute lung injury
and idiopathic pulmonary fibrosis (24, 40,
41). The present study supports a model
of alveolar epithelial dysfunction as
sufficient to injure and impair postnatal
alveolarization in mice. That the injury
is acquired in the postnatal period is

supported by both histology (Figure 3)
and postnatal differential expression of
key lung development gene identified by
microarray (Figure 4). Moreover, as several
of these lung development genes show
differential expression patterns consistent
with established experimental models of
impaired alveologenesis, such as elastin
up-regulation in fibroblast growth factor
receptor 3/ fibroblast growth factor receptor
4–deficient mice (42), there is further
support of CLDN18 deficiency as a novel
model of BPD. Future studies will examine
potential mechanistic links between
barrier dysfunction and alveolar epithelial
cell injury in the context of impaired
alveologenesis. Alternatively, increased AT2
cell numbers in KO mouse lungs may
represent impaired differentiation into AT1
cells in the setting of CLDN18 deficiency.
The extent to which CLDN18 affects
alveolar epithelial cell phenotype requires
further investigation.

Inherent differences in mouse and
human lung development represent

a limitation to generalizing data from any
mouse model to human disease. Term
human infants are born in the alveolar
phase of lung development, whereas mice
are born in the saccular phase with
alveolarization occurring after term birth
(20). Despite this, the mouse lung adapts
to air breathing, and lung development
continues normally if CLDN18 is present.
CLDN18 expression in WT mouse lungs
increases during late gestation, and is
maximal at the time of term birth. Contrary
to WT mice, CLDN18 deficiency at term
birth in KO mice disrupts the normal
lung development program in the early
postnatal period.

Evaluation of expression levels of
CLDN18 during human lung development
is limited by the availability of tissue
samples. Nonetheless, in this study, we
present data that CLDN18 levels are
significantly lower in fetal lungs at 23–24
weeks gestational age (the high-risk period
for developing BPD with extreme preterm
birth) relative to expression in postnatal
lungs after term birth. This dynamic change
appears to be specific to CLDN18, as
another highly expressed claudin in the
alveolar epithelium, CLDN4, is expressed
at similar levels in preterm and postnatal
human lung samples. Moreover, this lower
expression of CLDN18 in fetal lungs is
unlikely due to a change in epithelial
cell content, as the result persists when
normalized to epithelial cell adhesion
molecule, an epithelial cell–specific marker.
Of note, previous studies of human fetal
lung alveolar epithelial cells demonstrated
that CLDN18 is among the genes induced
by cAMP and corticosteroids (13),
a treatment that causes precocious
maturation of lung structure and function.

In conclusion, this novel CLDN18 KO
mouse exhibits a clinically relevant
pulmonary phenotype characterized by
alveolar epithelial cell injury and impaired
alveolarization. Combined with in vivo
and in vitro data demonstrating a role
for CLDN18 in the alveolar epithelial
permeability barrier, this model supports
a link between primary epithelial barrier
defects and the development of chronic
lung disease. Evidence of low expression of
CLDN18 in human fetal lungs supports
further investigation into a role for this
tight junction protein in BPD. n

Author disclosures are available with the text
of this article at www.atsjournals.org.

Figure 6. CLDN18 expression is reduced in fetal human lungs. The transcript levels of CLDN18 and
CLDN4 were measured by quantitative real-time PCR in post mortem whole-lung samples from
fetuses during the risk period for bronchopulmonary dysplasia (n = 6, gestational age 23–24 wk) and
in lung samples from the early postnatal period after term birth (n = 7, age 0–3 mo). Relative to
postnatal samples, CLDN18 has significantly lower expression level in human fetal lungs. CLDN4,
another highly expressed claudin in the alveolar epithelium, has stable expression at both
developmental ages. Expression levels are normalized to the epithelial cell–specific marker, epithelial
cell adhesion molecule (EPCAM), to account for epithelial cell content. The same statistically
significant result was obtained when claudin gene expression levels were normalized to 18S RNA
(data not shown). *P , 0.001. NS, not significant. Data presented are means 6 SEM.
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