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A B S T R A C T

Idiopathic pulmonary fibrosis (IPF) is a chronic disease characterized by an abnormal healing response to injury
of the alveolar epithelium. Tight junctions provide a physical barrier at the apical intercellular space between
epithelial cells and regulate paracellular flux. While tight junction alterations are known to contribute to barrier
dysfunction in a number of disease states, the role of tight junction proteins in IPF is poorly defined. To de-
termine a potential role for tight junction protein alterations in IPF, we performed immunohistochemical
staining for tight junction proteins ZO-1, occludin, claudin-2, claudin-3, claudin-4, claudin-5, and claudin-18.
Staining intensity and localization were compared between IPF and control lung tissues. IPF was associated with
type II pneumocyte hyperplasia and altered tight junction protein expression. While there was no difference in
the expression of ZO-1, claudin-3, or claudin-5, between IPF and normal control, there was an overall increase in
claudin-2 expression in bronchiolar and alveolar epithelium and a decrease in claudin-4 expression in type II
pneumocytes. There was also increased occludin and decreased claudin-18 expression in pneumocytes overlying
fibroblastic foci. These findings suggest that epithelial barrier alterations may be important to the pathogenesis
of IPF.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic interstitial pul-
monary disease affecting approximately 5 million people worldwide.
The disease is progressive and causes significant morbidity and mor-
tality from shortness of breath and associated complications including
pneumonia, pulmonary hypertension, and right sided heart failure. IPF
has a poor prognosis with limited therapeutic options and an average
life expectancy of 3–4 years [1,2]. While the etiology and underlying
mechanism of IPF remain unknown, it has been hypothesized that ge-
netic and environmental factors cause localized microscopic epithelial
cell damage in vulnerable individuals and abnormal healing response in
the interstitium in the foci of epithelial damage [3]. Within a single IPF
patient, the pattern of injury is temporally and spatially heterogeneous,
suggesting that multiple discrete events occur over time, [4] but the
etiology of these events remains unknown.

In the lung epithelium, type II pneumocytes normally differentiate
into type I cells when they are injured, but in IPF, alveolar epithelial
injury results in type II cell hyperplasia, suggesting that type II cell
differentiation is impaired [5,6]. In the interstitium, the abnormal
healing response manifests as patchy interstitial fibrosis (fibroblastic
foci) as well as a characteristic radiographic honeycomb appearance.
This histopathologic and radiographic pattern is described as usual
interstitial pneumonia (UIP) [6]. It has been hypothesized that ab-
normal crosstalk between the epithelium and interstitium may be im-
portant. According to this model, epithelial injury can lead to pro-
liferation of fibroblasts below the basement membrane, and fibroblasts
can further promote the damage by impairing appropriate re-epithe-
liation [7]. Tight junctions are known to be essential in defining epi-
thelial barrier function and tight junction alterations are known to be
associated with inflammation mediated barrier defects throughout the
body [8–11]. Therefore, we hypothesize that epithelial tight junction
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alterations in the lung could be important to IPF pathogenesis.
Tight junctions are present in the apical intercellular spaces be-

tween epithelial cells and form the barrier to paracellular flux. Tight
junctions are composed of scaffolding proteins, such as ZO-1 and
transmembrane proteins, including occludin and claudin family mem-
bers. In model epithelium it has been demonstrated that occludin
controls permeability of relatively large molecules, whereas members of
the claudin family are responsible for paracellular ion selectivity. More
than twenty-five members of the claudin family have been recognized,
and their tissue-specific expression is thought to be responsible for
distinct barrier properties of different epithelia. Tight junction disrup-
tion is associated with barrier alterations in many human diseases, in-
cluding inflammatory bowel disease, renal magnesium wasting, and
nonsyndromic recessive deafness [9,12,13].

Tight junctions are present in epithelia throughout the lung and the
pattern of tight junction proteins expressed varies, which theoretically
can provide specialized epithelial-specific function [14]. For example,
the pattern of claudins expressed in the alveoli is believed to be im-
portant to the maintenance of normal surfactant fluid composition and
thus is essential to normal surface tension and alveolar gas exchange
[15]. With bleomycin-induced lung injury, changes in claudin expres-
sion have been observed and are believed to contribute to fibrosis and
lung injury [16].

Studies using cultured lung epithelial cells and genetically modified
mice provide some insight into the importance of specific claudin fa-
mily members in the lung. Claudin-18 deficiency causes alveolar epi-
thelial barrier dysfunction and results in impaired alveologenesis
[17,18]. Claudin-4 is also important to alveolar epithelial barrier
function in vitro, [19,20] and claudin-4 deficient mice demonstrated
increased sensitivity to induced lung injury [21]. The role of claudin-2
in lung injury is variable. In an acute injury model, claudin-2 has been
shown to be decreased via a TNF-dependent mechanism [22], and
claudin-2 has been shown to be increased in metaplastic epithelium of
patients with UIP [23,24]. The later studies also suggested increased
expression of claudin-3 and claudin-5 in patients with UIP [23,24].

Thus, claudins are important to alveolar epithelial cell differentia-
tion, proliferation, barrier function. Their alteration near fibroblastic
foci may be important to IPF disease pathogenesis, and we aimed to
quantatively assess this possibility.

We demonstrate an overall increase in claudin-2 expression in
bronchiolar and alveolar epithelium, decreased claudin-4 expression in
type II pneumocytes, as well as well as increased occludin and de-
creased claudin-18 expression in type II pneumocytes overlying fibro-
blastic foci. These findings support that altered tight junction expres-
sion can play a role in IPF.

2. Materials and methods

2.1. Patients and specimens

Cases of IPF between 2008 and 2017 were retrieved from the

archives the Department of Pathology, The University of Chicago
Medicine, as approved by The Institutional Review Board. Clinical di-
agnosis was obtained from the medical history and pathologic diagnosis
from the surgical pathology reports. Control tissue (uninvolved lung)
was obtained from patients undergoing resection for lung carcinoma.
Patient information is summarized in Table 1.

2.2. Antibodies and Immunohistochemical staining

Paraffin embedded samples were used for sectioning and im-
munohistochemical staining. Anti-human SP-A (Leica Biosystems Inc.
Buffalo Grove, IL, US, NCL-L-SP-A, clone:32E12), claudin-4 (Abcam,
Cambridge, MA. ab53156), claudin-18 (ThermoFisher Scientific,
Waltham, MA. 38-8000), occludin (ThermoFisher Scentific, 33-1500,
clone OC-3F10), ZO-1 (ThermoFisher Scientific, 33-9100), claudin-2
(ThermoFisher Scientific, 32-5600), claudin-3 (Millipore Sigma,
HPA014361), claudin-5 (ThermoFisher Scientific, 35-2500) primary
antibodies were used for staining. Positive and negative controls are
shown in Supplementary data.

Slides were stained using the Bond RX Automatic Stainer (Leica).
After antigen retrieval (epitope retrieval solution II, AR9640, 20 min for
SP-A, claudin-4, and occludin; epitope retrieval solution I, AR9961,
60 min for claudin-18, Leica Biosystems Inc.), specimens were in-
cubated with antibodies (25 min for SP-A, claudin-4, and claudin-18;
60 min for occludin; 1:1000 for SP-A, claudin-4, and claudin-18; 1:100
for occludin and claudin-3) and washed. Antigen-antibody binding was
detected using BOND polymer horseradish peroxidase detection system
(Leica Biosystems Inc.).

ZO-1, claudin-2, and claudin-5 were stained manually. For these
cases, after antigen retrieval, tissue sections were quenching in 3%
hydrogen peroxide (ThermoFisher Scientific, H325-100) in deionized
water, blocked for 20 min with 2.5% normal horse serum, incubated
with primary antibodies for 60 min (1:200 for ZO-1; 1:100 for claudin-
5; 1:50 for claudin-2), washed and incubated with horse anti-mouse IgG
secondary antibody for 30 min (Vector Laboratories, MP-7401).
Antigen-antibody binding was detected using ImmPACT® DAB
Peroxidase (HRP) substrate kit (Vector Laboratories, SK-4105).

2.3. Quantitative analysis of immunoreactivity

Stained slides were scanned and analyzed using an Aperio
Imagescope System (Leica Biosystems). Regions of interest (always >
10 regions per cell type per slide) were manually circled and quantified
on a 0–3 scale according to the 8 bit intensity using the positive pixel
count algorithm. The darkest brown pixels received a score of 3 and the
lightest brown pixels received a score of 1. The score for a given region
was taken as the average pixel score for the region. For each patient, an
overall score was determined by averaging the scores for all regions of a
particular epithelial type (e.g. bronchiolar or alveolar). For ZO-1,
staining was too focal to circle accurately and staining intensity in
epithelium was quantified semiquantitatively on a 0–3 scale by two
observers.

2.4. Statistics

Student's t-test was used for comparison between two normally
distributed groups. P ≤ 0.05 was considered statistically significant.
ANOVA and Bonferroni's post hoc multiple comparisons tests were used
for comparison between three groups. Data are shown as
mean ± SEM.

Table 1
Patient demographics.

Control IPF

Number 12 10
Age mean (range), years 68.25 (57–79) 59.2 (49–73)
Female:male 7:5 5:5
Race

White percent (n) 83.33% (10) 70% (7)
African American 0 (0) 20% (2)
Other or unknown 16.67% (2) 10% (1)
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Fig. 1. IPF is associated with interstitial
fibrosis and type II cell hyperplasia. a.
Normal lung (1 mm × 1 mm). b. IPF
lung (1 mm × 1 mm). c. High power
inset of normal lung shown in panel a
showing thin-walled alveolar septae
(arrow). d. High power inset from panel
b illustrating prominent type II-like al-
veolar epithelial cells (arrowhead) and
marked interstitial fibrosis (arrow). e.
Immunohistochemial staining for sur-
factant A protein in normal lung
highlights a small percentage of
type II pneumocytes (arrow). f.
Immunohistochemical staining for sur-
factant A in IPF lung illustrates an in-
creased percentage of type II pneumo-
cytes (arrow). g. Quantification shows
increased type II-like pneumocytes in
IPF lung. h. Quantification shows in-
creased surfactant protein A (SPA) po-
sitive type II cells in IPF lung. n = 12;
IPF, n = 10; *** p < 0.001 vs. control.
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3. Results

3.1. IPF fibroblastic foci are associated with type II pneumocyte hyperplasia

We first characterized the histological features of the IPF specimens
using H&E stained slides. Control specimens demonstrated normal al-
veolar features, with thin-walled alveolar septae lined by type I and
type II pneumonocytes (Fig. 1a,c). Patients with IPF showed pathologic
pattern of UIP including patchy fibrosis and architectural distortion, as
well as fibroblastic foci, composed of small dome-shaped collections of
spindle-shaped fibroblasts and myofibroblasts within myxoid stroma
(Fig. 1b,d). By H&E, alveolar epithelium appeared to have more type II-
like pneumocytes, which were most prominent in regions close to fi-
brobastic foci. The percentage of cuboidal type II-like cells in the IPF
group was 24.2 ± 1.5% compared to 11.8 ± 0.7% in control
(p ≤ 0.001, Fig. 1g). To determine if these cells are type II pneumo-
cytes, we performed immunohistochemical staining for surfactant
protein (SP-A; Fig. 1e,f). All type II-like cells were positive for SP-A.
31 ± 2.9% of the alveolar surface was lined by SP-A positive cells in
IPF vs. 13.3 ± 0.6% in our control cases (p ≤ 0.001; Fig. 1h). Thus,
fibroblastic foci of IPF/UIP exhibit increased type II pneumocytes,
consistent with damage and regenerative changes in the alveolar epi-
thelium.

3.2. Occludin expression is elevated in pneumocytes near fibroblastic foci

Tight junction protein expression changes in alveolar epithelial cells
have been demonstrated in many lung diseases, including in the setting
of pulmonary fibrosis [8,23–26] but quantitative analysis of tight
junction localization has not been performed in IPF. In order to assess
for changes in tight junction proteins we performed staining for tight
junction proteins known to be expressed in the lung. Decreased ex-
pression of occludin has been associated with inflammatory diseases,
such as IBD, where it is believed to contribute to increased permeability
of large molecules. [27] Thus, we stained for occludin in control and
IPF samples (Fig. 2a,b). Occludin expression was higher in the bronchus
and bronchiole than in alveolar epithelium. There was no difference of
bronchiolar occludin expression between IPF and control (Fig. 2c,d,h).
In addition, occludin expression in pneumocytes away from fibroblastic
foci had similar expression (Fig. 2e–f,i). In comparison pneumocytes
near fibroblastic foci had higher occludin expression (Fig. 2e–g,i).

3.3. Claudin-4 expression is decreased in type II pneumocytes throughout
the lung with IPF

Since claudin-4 deficient mice demonstrated increased sensitivity to
induced lung injury we next assessed claudin-4 expression in the IPF
patients. As previously shown, claudin-4 is expressed by bronchiolar
epithelial cells and type II pneumocytes (Fig. 3a, b) [23]. No differences
were observed in bronchiolar epithelial cells between IPF and control
groups (Fig. 3c, d, h) However, the average intensity of claudin-4

expression in type II cells was significantly decreased in all type II cells,
both adjacent and far from fibroblastic foci (Fig. 3e,f,g and i).

3.4. Claudin-18 expression is decreased in pneumocytes near fibroblastic
foci

Claudin-18 has two isoforms, one of which is mainly expressed in
the lung [28] and the other is predominantly expressed in the stomach
(claudin-18.2). Deficiency of claudin-18 has been associated with al-
veolar epithelial barrier dysfunction [18]. Thus, we next assessed if its
expression is changed in IPF patients (Fig. 4a, b). Claudin-18 expression
was absent in bronchiolar epithelium (Fig. 4c, d), but was expressed in
alveolar pneumocytes (Fig. 4e). In IPF patients, claudin-18 expression
was significantly lower adjacent to fibroblastic foci than away from
fibroblastic foci and control subjects (Fig. 4e–h).

3.5. Claudin-2 expression is increased in IPF

Claudin-2, a sodium-selective pore forming claudin, is believed to
be important in epithelial barrier dysfunction associated with in-
flammatory bowel disease [29–31], and has also been reported to be
increased in lungs of patients with UIP [23,24]. We examined whether
claudin-2 expression was changed in bronchiolar and alveolar epithelial
cells in IPF patients. Consistent with previous results, claudin-2 was
increased in bronchiolar (Fig. 5a, b, e) as well as alveolar (Fig. 5c, d, f)
epithelium in IPF compared with control lungs.

3.6. ZO-1, claudin-3, and claudin-5 expression are unchanged in IPF

We also examined expression of other tight junction proteins
claudin-3, claudin-5, and ZO-1, that have been reported to be expressed
in the lung. Claudin-3 was expressed only in bronchiolar epithelium
(Fig. 6a, b), and its expression was unchanged in IPF lung (Fig. 6c, d, e).
Claudin-5 was expressed only in endothelial cells (Fig. 7a, b) and its
expression was not changed in IPF tissue (Fig. 7c, d, e). ZO-1 was ex-
pressed in bronchiolar (Fig. 8a, b) and alveolar epithelium (Fig. 8c, d)
and its expression was also unchanged in IPF tissues relative to control
(Fig. 8e, f).

4. Discussion

The pathogenesis of IPF is thought to be related to repeated
wounding and dysregulated repair of alveolar epithelial cells leading to
localized fibrosis [32]. We and others have proposed that tight junction
proteins are important to regulation of the alveolar epithelial barrier
[33–35]. To assess this, we quantified immunohistochemical staining
for tight junction proteins both near and away from areas of fibroblastic
foci. We focused our analysis on the transmembrane tight junction
protein occludin, because of its direct association with inflammation-
induced tight junction leakiness, as well as claudins-2, -3, -4, -5 and -18,
which have been previously shown to be important to alveolar

Fig. 2. IPF is associated with upregulation of occludin expression in pneumocytes overlying fibroblastic foci. a. Occludin staining in normal lung (1 mm × 1 mm). b.
Occludin staining in IPF lung (1 mm × 1 mm). c. Bronchiolar epithelial cells stain strongly for occludin in normal lung. d. Bronchiolar epithelial cells stain strongly
for occludin in IPF lung (similar to c. control lung). e. High power inset of normal lung showing occludin staining in pneumocytes (arrow). f. High power inset from
panel b illustrating occludin staining in pneumocytes (arrowhead) away from fibroblastic foci is not different when compared to control (e.g. panel f v.s e). g. High
power inset from panel b illustrating prominent occludin staining in type I (arrowhead) and II (arrow) pneumocytes overlying fibroblastic foci. h. Quantification
shows similar high occludin staining in bronchiolar epithelial cells of control and IPF lung. Control, n = 12; IPF n = 10; **p < 0.01 vs. control. i. Quantification
shows increased occludin staining in pneumocytes overlying fibroblastic foci.
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Fig. 3. IPF is associated with reduced
expression of claudin-4 in type II
pneumocytes throughout the lung. a.
Claudin-4 staining in normal lung
(1 mm × 1 mm). b. Claudin-4
staining in IPF lung (1 mm × 1 mm).
c. Bronchiolar epithelial cells stain
strongly for claudin-4 in normal lung.
d. Bronchiolar epithelial cells stain
strongly for claudin-4 in IPF lung
(similar to c. control lung). e. High
power inset of normal lung showing
claudin-4 staining in type II pneu-
mocytes (arrow). f. High power inset
from panel b illustrating reduced
claudin-4 staining in type II pneu-
mocytes away from fibroblastic foci
(arrows). g. High power inset from
panel b illustrating reduced claudin-4
staining in type II alveolar epithelial
cells overlying fibroblastic foci
(compare to e). h. Quantification
shows similar high claudin-4 staining
in bronchiolar epithelial cells of con-
trol and IPF lung. Control, n = 12;
IPF n = 10; ***p < 0.001 vs. con-
trol. i. Quantification shows de-
creased claudin-4 staining in type II
pneumocytes irrespective of spatial
proximity to fibroblastic foci.

J. Zou, et al. BBA - Biomembranes 1862 (2020) 183205

6



IPF
g 

f 

d

normal

c 

e

b. a. 

Control IPF FFIPF away 
from FF

0.0

0.5

1.0

1.5

2.0

claudin-18 expression in alveolar
pneumocytesh. 

In
te

n
si

ty

***

200 μm 

e. g. f. 

c. d. 

(caption on next page)

J. Zou, et al. BBA - Biomembranes 1862 (2020) 183205

7



epithelial barrier function.
Occludin expression was increased in pneumocytes located in the

vicinity of fibrobastic foci in IPF patients. Occludin is an important
transmembrane tight junction protein which has been directly tied to
altered paracellular permeability of macromolecules [27,36,37]. Stu-
dies in inflammation bowel disease show the intestinal barrier dys-
function is associated with a down-regulation of occludin expression
[38]. In the lung, decreased tight junction occludin has been reported in
several conditions known to promote pulmonary edema in animal
models or in vitro studies, including hyperoxia, [39] ventilation-in-
duced lung injury, [40] environmental toxins, [41,42] and chronic al-
cohol ingestion [17,43]. In contrast, our data show increased occludin
expression adjacent to fibroblastic foci. We speculate that increased
occludin expression may be an adaptive mechanism to tighten the
epithelial barrier.

Claudin-4 is known to be expressed in bronchus and bronchiolar
epithelium throughout the airway, as well as type II alveolar cells [23].
Its expression has been shown to correlate with barrier function in both
in vitro and in vivo studies. Overexpression of claudin-4, using an
adenoviral expression system, increased barrier function in primary rat
alveolar epithelial cell [19]. Conversely, downregulation of claudin-4
expression by siRNA decreased barrier function in human alveolar
epithelial cells [20]. Furthermore, claudin-4 knockout mouse showed
increased sensitivity to the lung injury induced by ventilation and hy-
peroxia than wild type [21]. In patients, increased claudin-4 was as-
sociated with decreased physiological respiratory impairment [44].
Claudin-4 levels have also been shown to be depressed in the in-
traperitoneal blemomycin administration induced mouse lung fibrosis
model [16]. We demonstrate that claudin-4 expression was decreased in
type II pneumocytes throughout the lung in IPF patients. Such global
loss could contribute to alveolar epithelial dysfunction throughout the
lung in IPF, as observed in claudin-4 knockout mice [21].

Alveolar epithelial fluid accumulation and barrier dysfunction has
been observed in claudin-18 knockout mice [17,18]. Bleomycin in-
duced lung injury in mice also correlates with depressed claudin-18
mRNA, [16] consistent with a potential role for claudin-18 in fibrosing
lung disease. Likewise, we demonstrated that claudin-18 expression
was significantly lower near fibroblastic foci, suggesting that local
barrier defects may be important to the pathogenesis of IPF, potentially
contributing to the spatial heterogeneity of the disease. We further
speculate that depressed claudin-18 expression local to areas of in-
flammation may relate to the release of inflammatory cytokines. For
example, in claudin-18 knockout mice, plasma IL-1β was increased,
[45] and IL-1β has been shown to decrease claudin-18 incorporation
into alveolar epithelial tight junctions in primary cultured human type
II alveolar epithelial cells [46]. Other inflammatory cytokines such as
IL-13 [47–50], or TGF-β, [7,51,52] that have also been suggested to be
important in lung fibrosis, could also contribute to the dysregulation of
claudin-18.

Increased claudin-18 expression has been demonstrated to

negatively correlate with epithelial cell proliferation in vitro [53,54].
Knockout of claudin-18 resulted to increased lung size in mice [55].
These studies suggest that claudin-18 may play a role in regulating
alveolar cell proliferation. Our study showed fibroblastic foci of IPF/
UIP exhibit increased type II pneumocytes and reduced claudin-18 ex-
pression. The mechanism of this regulation is unclear, but could relate
to the proinflammatory cytokine TGF-β which is known to activate the
PI3K/Akt pathway in the lung [56], which also mediates claudin-18-
dependent proliferation [53,54].

Claudin-2 is a cation pore forming claudin [57,58] expressed in
bronchiolar and alveolar cells that is known to be important to barrier
regulation in pulmonary epithelium [59]. In addition, claudin-2 has
also been shown to correlate to cell proliferation and migration [60,61]
in lung cancer cell lines. We demonstrated a significant increase in
claudin-2 expression in both bronchiolar and alveolar epithelium in
IPF, which is consistent with previous studies [23,24]. In rat hepato-
cytes high dose TGF-β is known to induce claudin-2 expression [62],
and in intestinal epithelial cells, claudin-2 expression is increased in
response to the pro-inflammatory cytokine IL-13 [31]. If TGF-β, IL-13,
or other pro-inflammatory cytokines are important for claudin-2 upre-
gulation in IPF remains to be determined.

In our study we also assessed claudin-3, claudin-5 and ZO-1 ex-
pression in IPF. No statistically significant differences were detectable
in our cases. However, one previous study described elevated claudin-3
and claudin-5 in metaplastic alveolar epithelium and remodeled ar-
teries, respectively [23,24]. Overexpression of claudin-3 in cultured
mouse alveolar epithelium cells could decrease alveolar epithelial
barrier function [19]. Thus further study of these claudins in the setting
of pulmonary fibrosis is warranted. While we did not detect changes in
ZO-1 expression, future studies are needed to consider a role for ZO-1 to
control dynamic interactions between claudins and the cytoskeleton
[63].

The data suggest a model for IPF whereby cytokines or other un-
defined stimuli can affect epithelial barrier function and passage of
molecules through leaky tight junction barriers, and that the leaky
barrier could contribute to the interstitial fibroblastic response. Such a
positive feedback model is analogous to what occurs in inflammatory
bowel disease [64]. Like the IBD model, it is unclear what initiates the
cycle for idiopathic pulmonary fibrosis. Understanding how to break
the cycle of disease progression may be critical to finding novel ap-
proaches to treat IPF.

5. Conclusion

In summary, we observed increased occludin and decreased claudin-
18 expression in pneumocytes near fibroblastic foci as well as increased
claudin-2 and reduced claudin-4 expression throughout the lung in IPF
patients. The findings suggest epithelial barrier alterations may be
present in IPF, even in the absence of overt defects in the epithelial
layer. Furthermore, the observation that tight junction protein

Fig. 4. IPF is associated with reduced expression of claudin-18 in pneumocytes overlying fibroblastic foci. a. Claudin-18 staining in normal lung (1 mm × 1 mm). b.
Claudin-18 staining in IPF lung (1 mm × 1 mm) c. Bronchiolar epithelial cells do not stain for claudin-18 in normal lung. d. Bronchiolar epithelial cells do not stain
for claudin-18 in IPF lung (similar to c. control lung). e. High power inset of normal lung showing claudin-18 staining in pneumocytes (arrow). f. High power inset
from panel b illustrating normal claudin-18 staining in alveolar epithelial cells away from fibroblastic foci (compare to e). g. High power inset from panel b
illustrating reduced claudin-18 staining in pneumocytes overlying fibroblastic foci (arrows). h. Quantification shows decreased claudin-18 staining in pneumocytes
near fibroblastic foci. Control, n = 12; IPF n = 10; ***p < 0.001 vs. control.
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Fig. 5. IPF is associated with increased bronchiolar and alveolar expression of claudin-2. a. Claudin-2 staining in bronchiolar epithelial cells of normal lung. b.
Claudin-2 staining increased in bronchiolar epithelial cells of IPF lung (compared to a). c. High power inset of normal lung showing claudin-2 staining in alveolus. d.
High power inset illustrating increased claudin-2 staining in alveolus of IPF lung (compare to c). e. Quantification shows increased claudin-2 staining in bronchiolar
epithelial cells of IPF lung compared to control. f. Quantification shows increased claudin-2 staining in alveolar epithelium of IPF compared to control. Control,
n = 12; IPF n = 10; ***p < 0.001 vs. Control; *p < 0.05 vs. Control.
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Fig. 6. Claudin-3 is expressed in bronchiolar epithelial cells and its expression is unchanged in IPF. a. Claudin-3 staining in normal lung. b. Claudin-3 staining in IPF
lung. c. Bronchiolar epithelial cells stain strongly for claudin-3 in normal lung. d. Bronchiolar epithelial cells stain strongly for claudin-3 in IPF lung (similar to c.
control lung). Control, n = 12; IPF n = 10; n.s. vs. control. e. Quantification shows similar expression of claudin-3 in bronchiolar epithelium of control and IPF lung.
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expression was altered even away from fibroblastic foci, in the case of
claudin-2 and claudin-4, suggests that there could be generalized bar-
rier dysfunction in the lungs of IPF patients. In the future, it will be

important to determine if tight junction alterations are an early event in
disease or if the changes represent regenerative changes secondary to
the ongoing chronic disease process.
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Fig. 7. Claudin-5 expression is unchanged in IPF. a. Claudin-5 staining is positive in vasculature endothelial cells but negative in epithelial cells of normal lung. b.
Claudin-5 staining is positive in capillaries and vasculature endothelial cells of IPF without altered expression (compared to a). c. High power inset from panel a
showing claudin-5 staining in vasculature endothelial cells. d. High power inset from panel b illustrating claudin-5 staining in vasculature endothelial cells of IPF
(similar to c). e. Quantification shows similar claudin-5 staining in capillary endothelial cells of control and IPF lung. Control, n = 12; IPF, n = 10.
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Fig. 8. ZO-1 is expressed in bronchiolar and alveolar epithelial cells and is its expression is unchanged in IPF. a. ZO-1 staining in bronchiolar epithelial cells of normal
lung. b. ZO-1 staining in bronchiolar epithelial cells of IPF lung (similar to a control lung). c. ZO-1 staining in alveolar epithelial cells of normal lung. d. ZO-1 staining
in alveolar epithelial cells of IPF (similar to C. control lung). e. Quantification shows similar expression of ZO-1 in bronchiolar epithelium of control and IPF lung. f.
Quantification shows similar expression of ZO-1 in alveolar epithelium of control and IPF lung. Control, n = 12; IPF, n = 10; n.s. vs. Control.
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