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Defective epithelial barrier function in asthma

Chang Xiao, PhD,? Sarah M. Puddicombe, PhD,? Sarah Field, PhD,? Joel Haywood, BSc,? Victoria Broughton-Head, PhD,?
llaria Puxeddu, MD, PhD,® Hans Michael Haitchi, MD, PhD,® Elizabeth Vernon-Wilson, PhD,? David Sammut, MD,”
Nicole Bedke, PhD,® Catherine Cremin, BSc,? Jody Sones, BSc,? Ratko Djukanovié¢, MD, DM, Peter H. Howarth, MD, DM,®
Jane E. Collins, PhD,® Stephen T. Holgate, MD, DSc,® Phillip Monk, PhD,? and Donna E. Davies, PhD®  Southampion,

United Kingdom

Background: Asthma is a complex disease involving gene and
environment interactions. Although atopy is a strong
predisposing risk factor for asthma, local tissue susceptibilities
are required for disease expression. The bronchial epithelium
forms the interface with the external environment and is
pivotally involved in controlling tissue homeostasis through
provision of a physical barrier controlled by tight junction (TJ)
complexes.

Objectives: To explain the link between environment exposures
and airway vulnerability, we hypothesized that epithelial TJs
are abnormal in asthma, leading to increased susceptibility to
environmental agents.

Methods: Localization of TJs in bronchial biopsies and
differentiated epithelial cultures was assessed by electron
microscopy or immunostaining. Baseline permeability and the
effect of cigarette smoke and growth factor were assessed by
measurement of transepithelial electrical resistance and passage
of fluorescently labeled dextrans.

Results: By using immunostaining, we found that bronchial
biopsies from asthmatic subjects displayed patchy disruption of
TJs. In differentiated bronchial epithelial cultures, TJ
formation and transepithelial electrical resistance were
significantly lower (P <.05) in cultures from asthmatic donors
(n = 43) than from normal controls (n = 40) and inversely
correlated with macromolecular permeability. Cultures from
asthmatic donors were also more sensitive to disruption by
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cigarette smoke extract. Epidermal growth factor enhanced
basal TJ formation in cultures from asthmatic subjects (P <.01)
and protected against cigarette smoke-induced barrier
disruption (P <.01).

Conclusions: Our results show that the bronchial epithelial
barrier in asthma is compromised. This defect may facilitate the
passage of allergens and other agents into the airway tissue,
leading to immune activation and may thus contribute to the
end organ expression of asthma. (J Allergy Clin Immunol
2011 ;mEN:EEN-NEN,)

Key words: Tight junction, epidermal growth factor, cigarette
smoke, asthma, epithelial barrier

Individuals with asthma often have a genetic predisposition, but
interactions with environmental factors are critical for disease
expression.1 As a barrier to the external environment, the bron-
chial epithelium is in a key position to translate these gene-
environment interactions in asthma. The physical barrier function
of epithelia is dependent on cellular integrity and the coordinate
expression and interaction of proteins in cell-cell junctional com-
plexes, especially tight junctions (TJs).>® TJs are situated at the
subapical regions of polarized epithelial cells where they selec-
tively regulate the paracellular passage of molecules and ions’
and restrict the lateral movement of molecules in the cell mem-
brane.®* They comprise the integral membrane proteins: claudins,
occludin, tricellulins, and junctional adhesion molecules, cyto-
plasmic cytoskeletal linker proteins zonula occludens (ZO)-1,
Z0-2, and ZO-3, and associated signaling molecules and cell cy-
cle regulators that control proliferation and differentiation.>*°

Many diseases are exacerbated by, or may develop as a
consequence of, loss of epithelial barrier function. Filaggrin, a
key protein involved in epidermal differentiation and maintaining
skin barrier function, is affected by loss-of-function mutations
that are strong predisposing factors for atopic dermatitis (AD)."°
More recent studies have also implicated the claudin-1 gene
(CLDNTI) as a novel susceptibility gene for AD, where it may
play a role in barrier dysfunction and T2 polarization.“ Other
diseases, such as food allergy, appear to be driven by changes
in gut epithelial permeability due to environmental stress.'* Al-
though in vitro exposure of airway epithelial cells to the dust
mite allergen Dermatophagoides pteronyssinus 1'3 or inhalation
exposure of ovalbumin in sensitized mice'*'> both cause epithe-
lial TJ disruption, there are limited studies of TJs in asthma in hu-
mans. It has been reported that expression of ZO-1 and E-cadherin
is lower in subjects with asthma,'® suggesting a broad defect in
adhesion mechanisms. However, the functional consequences of
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Abbreviations used

AD: Atopic dermatitis

ALI: Air-liquid interface

BEC: Bronchial epithelial cell

CSE: Cigarette smoke extract

EGF: Epidermal growth factor

TER: Transepithelial electrical resistance
TJ: Tight junction
Z0: Zonula occludens

these differences have not been explored. Here, we compared TJ
protein expression in bronchial biopsies from healthy and asth-
matic subjects and used differentiated epithelial cultures grown
from bronchial brushings to evaluate barrier function ex vivo. As
smoking is common in asthma and associated with poor symptom
control,!” we applied cigarette smoke extract (CSE) to these
models to investigate whether defective barrier function might
contribute to epithelial susceptibility in asthma and we assessed
the ability of epidermal growth factor (EGF) to improve epithelial
integrity as proof-of-concept for a novel therapeutic approach.
Parts of this work have been presented in abstract form.'*2°

METHODS

This article has supplementary methodologic data accessible at this
article’s Online Repository at www.jacionline.org.

Human wild-type EGF was expressed in Escherichia coli (SinoBio Bio-
tech, Shanghai, China).

Clinical characterization of subjects and

bronchoscopy

Following ethical approval and written informed consent, subjects were
clinically characterized (see Table El in this article’s Online Repository at
www.jacionline.org) and then underwent fibreoptic bronchoscopy under local
anesthesia”! for collection of bronchial biopsies and brushings. All volunteers
were nonsmokers and had been free from respiratory tract infections for at
least 4 weeks prior to the study.

Immunohistochemistry

Bronchial biopsies were immunostained with mAbs against ZO-1 and
occludin (Zymed Laboratories, Inc, San Francisco, Calif) using standard
protocols.?? In all cases, analyses were restricted to areas of well-orientated
and structurally normal epithelium.

Differentiation of primary bronchial epithelial cell
cultures and exposure studies

Bronchial epithelial cells (BECs) were grown from bronchial brushings®
and differentiated at an air-liquid interface (ALI) for 21 days, following a mod-
ification of the method of Gray et al.>* Before challenge with freshly prepared
CSE, cultures were starved for 24 hours; where indicated, cultures were trea-
ted apically with 0.8 nM of EGF prior to and/or after CSE treatment.

Immunocytochemistry

Cultures were trypsinized and cytospins immunostained with antibodies
against (3-tubulin (Sigma, Poole, United Kingdom), MUCSAC, Ki67, CKS5,
and CKI14 (Abcam, Cambridge, United Kingdom) according to standard
protocols. Positively stained cells were quantified using a Leica DMIRB
microscope and Qwin software (Leica Camera AG, Solms, Germany).
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Ultrastructural analysis using electron microscopy

Transwell cultures were fixed and embedded and sections stained with
uranyl acetate followed by Reynolds lead stain and viewed on a Hitachi H7000
transmission electron microscope.

Whole mount confocal microscopy of ALI cultures
and bronchial biopsies

Cultures were fixed in methanol and permeabilized in PBS/0.1% Triton
X-100. Whole mount bronchial biopsies were fixed overnight in 4% parafor-
maldehyde and cleared in dimethyl sulfoxide before permeabilization.
Antibodies against ZO-1, occludin, MUCS5AC, or B-tubulin were labeled
with Alexa Fluor 488, 555, or 647 (Invitrogen, Paisley, United Kingdom).
Nuclei were counterstained with Sytox orange or Sytox blue (Invitrogen).

FITC-dextran flux assay

Two milligrams per milliliter of FITC-dextran 4 kDa or 20 kDa (Sigma) was
applied to the apical surface of cultures and incubated for 24 hours at 37°C. The
dextran passage into the basolateral medium was measured using a Fluoroskan
Ascent FL2.5 reader (Thermo Fisher, Loughborough, United Kingdom).

RT-qPCR

Samples were processed into Trizol reagent or RNeasy kit (Qiagen,
Crawley, United Kingdom); total RNA was DNase treated (Ambion,
Huntingdon, United Kingdom) before cDNA synthesis. Probe and primers
for ZO-1, occludin, and the housekeeping genes Ubiquitin C (UBC) and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) (see Table E2 in this arti-
cle’s Online Repository at www.jacionline.org) were from PrimerDesign
(Southampton, United Kingdom). Data were analyzed using the AACt method.

Western blotting

Lysates were subjected to SDS-PAGE and Western blotting using anti—
ZO-1 or anti-occludin mAbs (Invitrogen, Paisley, United Kingdom), using
B-actin as a loading control.

Statistics

For normally distributed data, mean = standard error of the mean are used
and differences between groups analyzed using Student’s ¢ test. Where not
normally distributed, data are summarized using the median and interquartile
range and were evaluated using nonparametric Wilcoxon rank sum or Mann-
Whitney U tests. All the data were analyzed using Prism (GraphPad Software,
La Jolla, Calif).

RESULTS
TJs are disrupted in airways of asthmatic subjects
Immunohistochemical analysis of occludin, which plays an
indispensible role in the regulation of barrier tightness, and ZO-1,
which plays a critical role in the establishment of the beltlike
TJ s,(”7 was undertaken on bronchial biopsies obtained from nor-
mal subjects (n = 7) and asthmatic subjects (n = 19) (Table
El). In well-orientated sections from normal subjects where a
clear brush border was evident, occludin and ZO-1 were localized
close to the apical surface of the epithelium, forming discrete fo-
cal areas of staining between individual columnar cells (Fig 1, A).
In biopsies from asthmatic subjects, TJ staining was also evident
but this was patchy and irregular with areas of epithelium lacking
intercellular staining while other areas appeared normal. In some
instances, TJ proteins were missing or reduced in size in areas
where a clear brush border was evident; however, in other cases,
they were absent from areas of poorly differentiated epithelium.
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FIG 1. Analysis of TJs in bronchial biopsies of normal and asthmatic subjects. Representative photomi-
crographs showing ZO-1 and occludin localization as detected by immunohistochemical staining of 2-um
thin sections of bronchial biopsies using light microscopy (A, arrows indicate positive staining) orimmuno-
fluorescence staining of whole mount bronchial biopsies by using confocal microscopy (B, ZO-1 stained
green, nuclei stained blue).
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FIG 2. Analysis of TJs in differentiated BEC cultures. Cultures from nonasthmatic or asthmatic donors
(21 days post-ALl) were assessed by transmission electron microscopy (A), confocal microscopy of whole
mount cultures (B, C), or Western blotting and densitometry (D). In Fig 2, A, the letters indicate basal cells
(b), goblet cells (g), and ciliated cells (c). In Fig 2, B, goblet cells, ciliated cells, and TJs were detected by
using immunofluorescent staining for MUC5AC (green), B-tubulin (blue), and ZO-1 (green), respectively.

Horizontal bars represent median values.

We also observed an increase in cytoplasmic and perinuclear
staining in some biopsies. Disruption of TJ staining was observed
in biopsies from asthmatic subjects with mild, moderate, and se-
vere asthma, irrespective of treatment or disease severity (Fig 1,
A). Semiquantitative scoring of TJs in biopsies containing quan-
tifiable epithelium revealed that those from normal subjects
tended to score higher for the presence of TJs (median score
2+) whereas only 3 of 13 interpretable biopsies from asthmatic
subjects scored >2+. However, as TJ proteins form a circumfer-
ential band around each epithelial cell to enable formation of an
integrated epithelial barrier, we were concerned that quantitation
of TJ proteins based on point counting in the biopsies would be
compromised in any sections that were not sufficiently well orien-
tated. Therefore, we analyzed TJ protein distribution across the
epithelial surface of whole mounts of bronchial biopsies by using
confocal microscopy. As suggested by the immunohistochemical
analysis, biopsies from normal subjects displayed strong immu-
nofluorescent staining that clearly demarcated each intercellular
border, whereas biopsies from asthmatic subjects exhibited a
more patchy and irregular pattern of staining (Fig 1, B; see
Table E3 in this article’s Online Repository at www.jacionline.
org). Although TJ proteins were reduced in asthma, expression
levels of ZO-1 and occludin mRNA were comparable in bronchial
brushings from normal or asthmatic subjects (see Fig E1 in this
article’s Online Repository at www.jacionline.org), suggesting

that the effect on TJ proteins involves a posttranscriptional
mechanism.

TJs are disrupted in epithelial cultures from
asthmatic subjects differentiated in vitro

To assess whether the disrupted TJs seen in asthma may be a
consequence of inflammatory cell damage or the cytokine milieu,
we investigated the formation of TJs in fully differentiated BEC
cultures grown from bronchial brushings. Irrespective of the
clinical group, cultures formed a fully differentiated pseudos-
tratified secretory epithelium with functionally active cilia by 21
days, which was confirmed by electron microscopy (Fig 2, A).
Confocal microscopy showed that differentiated cultures from
normal subjects had continuous TJ protein staining, whereas cul-
tures from asthmatic subjects had discontinuous TJs and altered
localization of proteins (Fig 2, B and C), thus reproducing the ob-
servations in bronchial biopsies. Colabeling experiments to iden-
tify goblet cells and ciliated cells did not identify differences in TJ
protein distribution linked to a specific subtype of cell (Fig 2, B).
Analysis of ZO-1 and occludin mRNA levels failed to show a dif-
ference in expression levels between the cultures (see Fig E2 in
this article’s Online Repository at www.jacionline.org), consis-
tent with our findings in bronchial brushings. However, Western
blots of whole cell lysates indicated that cultures from asthmatic
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FIG 3. Analysis of barrier function in differentiated BEC cultures. Barrier function was determined by TER
(A-D) and permeability to FITC-dextrans (E, F). Day 21 data from panel A were subjected to a post hoc anal-
ysis of TER as a function of asthma severity (B). The effect of 24-hour submersion of ALl cultures on TER was
measured (C) and subjected to post hoc analysis based on asthma severity (D). The relationship between
TER and macromolecular permeability (E) and the permeability of cultures from nonasthmatic and asth-
matic subjects to 4-kDa or 20-kDa FITC-dextran was compared (F). Horizontal bars represent median values.

subjects had significantly reduced levels of ZO-1 protein and a
trend for lower levels of occludin (Fig 2, D), consistent with a
posttranscriptional defect, although we could not determine
whether this was due to decreased translation or increased degra-
dation. Of interest, the 3 cultures that showed lowest ZO-1 expres-
sion also had the lowest transepithelial electrical resistance (TER)
readings on day 21.

Consistent with TJ disruption, cultures from asthmatic donors
had significantly lower TERs by 21 days of differentiation (Fig 3,
A). Extending the differentiation period to 28 days did not im-
prove either TER or TJ staining, suggesting that the barrier defect
in the cultures from asthmatic subjects was unlikely to be due to
slower differentiation. Post hoc subanalysis of the data based on
asthma severity revealed that TER was significantly decreased
as a function of disease severity (Fig 3, B). Since previous studies
using 16HBE 140- cells have shown that ZO-1 staining is local-
ized only into a zonula-occludens—like belt in a submerged liquid
culture,25 we also evaluated TERs of ALI cultures that were then
placed in a submerged culture. Consistent with the previous re-
port, we found that submersion for 24 hours in minimal medium
lacking EGF caused the TER to increase in most cultures tested;
however, there remained a significant disease- and severity-
related difference between the groups (Fig 3, C and D). Submer-
sion of ALI cultures in the absence of EGF for longer than 24
hours did not change ZO-1 or occludin expression in immunos-
taining of whole mount ALI cultures (see Fig 4, B).

As TJs control both ion and solute permeability,” we investi-
gated the relationship between TER and the passage of 4-kDa
and 20-kDa fluoresceinated dextrans across the differentiated epi-
thelial layer in vitro. There was a strong relationship between TER
and solute permeability (Fig 3, E; see Fig E3 in this article’s Online
Repository at www.jacionline.org) and, as a group, bronchial
epithelial cultures from asthmatic subjects were more permeable
to macromolecules than those from normal controls (Fig 3, F).

EGF can restore TJs in epithelial cultures from
asthmatic subjects without affecting proliferation
or goblet cell numbers

EGF is a pleiotropic cytokine that can promote cell prolifer-
ation, differentiation, or migration26 and improve epithelial bar-
rier function.”” As epithelia are polarized structures, we first
established whether the route of administration of EGF affected
its ability to improve epithelial barrier function. When applied
to the apical surface of differentiated cultures, EGF caused a
dose-dependent, significant improvement in TERs of cultures
from asthmatic subjects (Fig 4, A; see Fig E4 in this article’s
Online Repository at www.jacionline.org), yet it did not affect
proliferation (median [interquartile range]; 100% [99%-102%]
of control; n = 10; P > .05) or goblet cell numbers (107%
[64%-125%] of control; n = 10; P > .05) (see Fig E5 in this
article’s Online Repository at www.jacionline.org). In contrast,
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FIG 4. The effect of EGF on epithelial barrier function. Differentiated BEC cultures were treated apically with
medium alone or EGF (0.8 nM) applied daily for 4 days and then TERs measured (A); horizontal bars repre-
sent median values. Panel B compares immunofluorescent staining of TJs in ALl cultures that were un-
treated (healthy, asthmatic) or after 4 days of treatment with EGF (asthmatic/EGF) (B). Data are
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representative of 6 individual experiments using 4 to 6 transwells per condition in each experiment.

apically applied EGF had no effect on either TER or proliferation
of normal cultures (100% [91%-173%] of control; n = 10; P >.05;
Fig 4, A; see Fig ES in this article’s Online Repository at www.
jacionline.org), suggesting that the mature epithelial barrier is in-
sensitive to EGF stimulation. The improvement in barrier func-
tion in cultures from asthmatic subjects was accompanied by an
increase in TJ protein staining (Fig 4, B). Even though apically ap-
plied EGF stimulated TJ formation and improved barrier function
of fully differentiated epithelial cultures from asthmatic subjects,
application of EGF to the basolateral surface of the epithelium
failed to improve TER (see Fig E6 in this article’s Online Repos-
itory at www.jacionline.org) and there was a 15% (3%-29%)
(P<.05,n = 3) increase in the number of CK14* cells, suggesting
squamous differentiation (see Fig E7 in this article’s Online
Repository at www.jacionline.org).

EGF enhances recovery after cigarette smoke—
induced injury

To determine whether fully differentiated cultures from asth-
matic donors were more susceptible to environmental insults, we
exposed the apical surfaces of cultures to dilutions of freshly
prepared CSE. This revealed that BEC cultures derived from
asthmatic subjects were much more susceptible to CSE, showing
a 50% drop in TER following exposure to 15% CSE whereas the
TER of cultures derived from normal controls was unaffected up
to 23% CSE (Fig 5, A). Following disruption by exposure to 15%
CSE, treatment of cultures from asthmatic subjects with apical
EGF accelerated recovery of barrier function as early as 24 hours
when compared with treatment of cultures from untreated con-
trols (Fig 5, B). Comparable results were obtained with cultures
from normal controls; however in this case, it was necessary to ex-
pose the cultures to 30% CSE to achieve a significant drop in base-
line TER to allow assessment of recovery (data not shown). In
some experiments, cultures were pretreated with apical EGF prior
to exposure to CSE as well as during the recovery period (Fig 5,
O). In this case, the pretreatment protected the cells against the

damaging effect of the CSE and recovery was improved. In all
cases, improvement in barrier function was accompanied by res-
toration of TJs (Fig 5, D), which had been disrupted by CSE
exposure (Fig 5, D, panel b).

DISCUSSION

We report a disease-related deficiency in epithelial TJs in
asthma, both in vivo and in vitro, involving reduced TJ protein lo-
calization in junctional complexes and an associated increased
permeability of the epithelium to ions and macromolecules. Since
the airway epithelium is the first barrier to inhaled insults, such a
defect may contribute to the susceptibility of epithelium in asth-
matic subjects to environmental stimuli and may help explain
bronchial hyperresponsiveness through enhanced penetration of
bronchoconstrictor agonists.”® Our observations extend those of
de Boer et al, who have previously reported that expression of
both ZO-1 and E-cadherin was lower in airway biopsies from
asthmatic subjects than from normal subjects.'® Taken together,
these studies suggest that a more detailed analysis of TJ and adhe-
rens junction proteins and their functionality in bronchial epithe-
lium in asthma is warranted. This should include analysis of
claudins in view of the recent finding that reductions in claudin-
1 have been observed in AD in association with a defect in bio-
electric barrier function."'

Several in vitro studies have demonstrated that proinflamma-
tory cytokines cause disruption of TJs.** Most notably, IL-13 re-
duces TJ integrity in BEC cultures® while TNF-a and IFN-vy
disrupt TJs in gastrointestinal epithelial cells, although it appears
that their mode of action is different.’* While IL-13 might be im-
plicated as a mediator of TJ disruption in asthma, our in vitro data
suggest an IL-13—-independent effect, as baseline barrier function
was lower in cultures from asthmatic subjects. In support of this,
expression of IL-13 mRNA was low in ALI cultures regardless of
the severity of the disease (data not shown); however, further ex-
periments would be required to determine whether endogenous
IL-13 protein levels are higher in cultures from asthmatic subjects
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FIG 5. The sensitivity of BEC cultures to CSE and protection by EGF. To determine the half maximal
inhibitory concentrations (ICso), differentiated BEC cultures were exposed to CSE and TERs measured after 5
hours (A). To assess protection by EGF, cultures from asthmatic donors were exposed to 15% CSE and the
effect of 0.8 nM EGF on TER recovery was determined 24-hour post-CSE removal (B); in C, cultures were
pretreated with EGF () or left untreated (<) for 48 hours before being exposed to 15% CSE + EGF and as-
sessed for barrier recovery as in Fig 5, B. In D, TJ integrity was examined by immunostaining for ZO-1:
untreated (a), CSE-treated (b), CSE followed by EGF (c), or EGF treated before, during, and after CSE (d).

and whether this makes a functional contribution to epithelial bar-
rier permeability.

While the asthma group was characterized by increased
permeability, there was considerable overlap between the groups,
with some cultures from asthmatic donors showing TERs in the
normal range. Subgroup analysis revealed that these tended to be
from subjects with milder asthma while those in the moderate-
severe group had lower TERs irrespective of inhaled corticoste-
roid use. We also found that as a group, BEC cultures from
asthmatic subjects were more permeable to macromolecules than
those from normal subjects. However, in the majority of cultures,
permeability to 20 kDa dextrans was low, suggesting that for
allergens (or their fragments) to penetrate the barrier they must
have relatively low molecular weights.

The ability of growth factors such as EGF and keratinocyte
growth factor to restore barrier function after injury has been
demonstrated in a number of in vitro and in vivo models.'>’ We
have demonstrated that EGF not only restores barrier function af-
ter CSE-induced injury but also enhances baseline barrier func-
tion of asthma-derived cultures. The effect of EGF when
applied apically was dose dependent, but the optimal dose was
higher than used in the basolateral differentiation medium. Al-
though a recent article suggests that basolaterally applied EGF
enhances barrier formation through an epidermal growth factor
receptor (EGFR)/Racl/JNK pathway,”' it remains to be deter-
mined whether the same pathway is activated by apically applied
EGF either at baseline or when it confers protection against CSE.

On the basis of our results, we propose that growth factor
treatment may offer a new therapeutic approach for treating

asthma by enhancing the ability of the epithelium to withstand
environmental challenges. Our studies have highlighted that the
effects of EGF are determined by its route of administration.
Apically applied EGF (= topical delivery) was found to improve
barrier function without affecting proliferation of BEC cultures
from asthmatic subjects, whereas basolateral administration of
EGF (= systemic delivery) increased proliferation without any
beneficial effect on barrier function. To explain this, we propose
that basolateral application of EGF activates EGFRs on basal cells
to trigger proliferation, whereas apical application of EGF
activates differentiated columnar cells to promote TJ formation.
Since TJ formation restricts the lateral movement of molecules in
the cell membrane,® the resultant epithelial polarization will con-
fine EGFRs to the basolateral compartment, as observed
in vivo.3>% Thus, stimulation via the apical route should become
self-limiting as the epithelium becomes fully mature and the re-
ceptor and the ligand become spatially separated. This could ex-
plain why we observed that apical application of EGF did not
have an effect on mature, fully differentiated normal BEC cul-
tures. A similar spatial separation between epithelial growth fac-
tors and their receptors by TJ function has been elegantly
demonstrated by Vermeer et al.** From a therapeutic perspective,
topical (inhaled) application of EGF is likely to maximize resto-
ration of barrier function in asthma while minimizing unwanted
side effects such as increased proliferation. However, further
work would be required to optimize the formulation, dose, and
method of delivery of EGF to the airways.

Defects in epithelial barrier function have been observed in
Crohn disease and ulcerative colitis.**>> The potential of EGF as
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a novel treatment for inflammatory bowel disease has been dem-
onstrated in a study involving 12 patients with ulcerative colitis
who were given EGF (5 pg) as an enema daily for 14 days.
This led to disease remission and improvement in disease-
activity scores for up to 12 weeks posttreatment,36 suggesting
that restoration of the epithelial barrier normalized tissue re-
sponses and downregulated inflammation. Although the study
was criticized for a perceived risk that EGF may contribute to hy-
perproliferation and malignant transformation,®’ our data suggest
that the risk would be minimal since the EGF was topically ad-
ministered. Furthermore, EGF is expressed in the airway submu-
cosal glands®? and it is well established that it is present normally
in many body fluids (including saliva, gastric secretions, tears,
breast milk, urine)**° where it plays a role in maintenance of
the epithelial barrier and in healing of damaged mucosa. The re-
striction of EGF receptors to the basolateral surfaces of nonin-
jured epithelia32 ensures that the receptor and the ligand are
spatially separated to prevent inappropriate activation until epi-
thelial damage allows access of the ligand to induce a rapid repair
response that is independent of the influx of inflammatory cells or
the activation of local tissue resident cells. A number of studies
have identified deficiencies in EGF production in diseases with
persistent mucosal damage. These include reduced levels of sali-
vary EGF in diabetic patients linked to the development of oral
and systemic complications of diabetes,*” reduced gastric and sal-
ivary EGF linked to delayed ulcer healing caused by cigarette
smoke,*! and diminished levels of salivary and serum EGF in pre-
mature infants with necrotizing enterocolitis.**

In conclusion, we have identified a lesion in the epithelial
barrier in asthma that may explain the susceptibility of airways in
asthmatic subjects to environmental agents and bronchoconstric-
tor agonists and could account for the end-organ expression of
asthma. We have also established an in vitro model system that
mimics the in vivo phenotype and have used this to study barrier
susceptibility and its protection by EGF. We propose that agents
that restore epithelial integrity in asthma may offer novel thera-
peutic approaches for those difficult-to-treat asthmatic subjects
who fail to respond to conventional therapy.

We acknowledge Dr Anton Page, Biomedical Imaging Unit, for electron
microscopy and Dr Susan Wilson and members of the Histochemistry
Research Unit, Southampton General Hospital.

Clinical implications: This work suggests that targeting the bar-
rier defect in asthma may offer a novel therapeutic approach for

difficult-to-treat asthmatic patients who fail to respond to con-
ventional therapy.
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MATERIALS AND METHODS

Unless otherwise stated, all reagents were obtained from Sigma (Poole,
United Kingdom). Human wild-type EGF was expressed in Escherichia coli
(SinoBio Biotech, Shanghai, China).

Clinical characterization of subjects and

bronchoscopy

Following ethical approval by the Southampton and South West Hampshire
Local Research Ethics Committees and written informed consent, subjects
underwent clinical characterization and fibreoptic bronchoscopy under local
anesthesia as previously described,®" allowing collection of bronchial biopsies
and brushings. Subjects were characterized according to symptoms, lung func-
tion, airway responsiveness to inhaled methacholine (PC,(), medication, and
skin prick test to common aero-allergens. Asthma severity was assessed ac-
cording to the Global Initiative for Asthma guidelines.”*> All volunteers
were nonsmokers and free from respiratory tract infections for a minimum
of 4 weeks prior to inclusion in the study. The clinical details of the subjects
involved in each part of the study are shown in Table E1.

Immunohistochemistry

Bronchial biopsies from 7 normal subjects and 19 asthmatic subjects (9 mild;
3 moderate; 7 severe) were processed into glycol methacrylate resin for
immunohistochemistry.®* Semithin 2-pm sections were stained with primary
mouse mAbs against ZO-1 (dilution 1/250; clone 1A12; Zymed Laboratories,
Inc, San Francisco, Calif) and occludin (dilution 1/250; clone 3F10; Zymed
Laboratories, Inc) using standard protocols. Immunostaining was recorded us-
ing an Open Zeiss KS 400 Image analysis system (Carl Zeiss, Jena, Germany).
In all cases, analyses were restricted to areas of structurally normal and well-
orientated epithelium, that is, avoiding tangentially cut epithelium. The extent
of staining was assessed by using a semiquantitative score as follows: 3+
(strong and regular punctuate staining of TJs along the epithelial surface), 2+
(irregular staining along the epithelial surface, but clear TJs evident), 1 + (patchy
staining, only a few TJs evident), and O (no staining evident). The analysis was
done by one investigator who was blinded to the identities of the specimens.

Primary BEC cultures and ALI cultures

Primary BEC cultures were grown from brushings, as previously descri-
bed.®* BECs were cultured in flasks precoated with collagen I (Vitrogen-100,
Nutacon, The Netherlands). Bronchial epithelial growth medium (Lonza, Wo-
kingham, United Kingdom) was replenished daily for the first 3 days and there-
after every 2 days. BECs were expanded in culture over 2 to 3 weeks up to
passage 2 (p2). To induce differentiation, BECs (p2) were seeded in bronchial
epithelial growth medium onto culture inserts (Transwell, 6.5 mm, 0.4 m pore
size; Corning Costar, Bucks, United Kingdom) coated with collagen I. The cells
were grown submerged until 90% to 100% confluent, before being taken to the
air-liquid interface (ALI). Apical medium was removed (day 0), and basal me-
dium replaced with 300 pL of ALI medium (1:1 DMEM,; Invitrogen, Paisley,
United Kingdom): bronchial epithelial basal medium (BEBM; Lonza, Woking-
ham, United Kingdom) supplemented with final concentrations of 52 pg/mL of
bovine pituitary extract, 5 wg/mL of insulin, 0.5 pwg/mL of hydrocortisone, 10
wg/mL of transferrin, 6.5 ng/mL of triiodothyronine, 0.5 wg/mL of epinephrine,
0.08 nM EGF (0.5 ng/mL), 50 nM retinoic acid, and 1.5 pg/mL of BSA in a
modification of the method of Gray et al.%> The ALI medium was changed daily,
and the apical surface of the cell layer was washed briefly with sterile HBSS to
remove apical secretions. Transepithelial resistance was determined using a
volt-ohm meter and chopstick electrodes (World Precision Instruments, Sara-
sota, Fla) at day 7, 14, and 21 post-ALI according to manufacturer’s instruc-
tions. Transwells were processed for mRNA and protein extraction, cytospin
preparations, electron microscopy, whole mount immunofluorescence staining,
and glycol methacrylate resin embedding, as required.

EGF treatment

After differentiation had proceeded for 21 days, cultures were starved for 24
hours in BEBM containing insulin/transferrin/sodium selenite (Sigma, Poole,
United Kingdom, 1/100 dilution) and BSA (1.5 pg/mL) (minimal medium) by
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adding 100 p.L onto the apical surface and 300 wL into the basal compartment.
Where indicated, cultures were treated with 0.8 nM EGF (5 ng/mL) either
apically in 100 wL of minimal medium or basolaterally in 300 L of medium.
The treatments were renewed every day up to 4 days, and TER was monitored
daily. At the end of treatment, transwells were processed for further analysis.

CSE exposure and protection by EGF

Smoke from Kentucky research cigarettes #2R1 without filters (Kentucky
Tobacco R&D Center, Lexington, Ky) was drawn into 25 mL of BEBM under
vacuum over a period of 1 to 2 minutes. The CSE was then passed through a
0.22-pm Millex-GS (Millipore, Watford, United Kingdom) filter and used
immediately. At day 21, differentiated cultures were starved for 24 hours in
minimal medium and cultures were exposed to different concentrations of
CSE applied to the apical surface in 100 pL of minimal medium; TER was
monitored until CSE-treated groups showed a significant drop to basal levels.
CSE was then removed, and cells were washed once with minimal medium
and treated apically with minimal medium with or without 0.8 nM EGF for
another 24 hours. Alternatively, where indicated, cultures were pretreated for
48 hours with apically applied EGF (0.8 nM) prior to and after CSE treatment.

Ultrastructural analysis by using electron

microscopy

Cultures on transwell inserts were fixed for 1 hour in 3% glutaraldehyde, 4%
formaldehyde in 0.1 mol/L PIPES buffer (pH 7.2), rinsed, and then postfixed for
1 hour in 1% buffered osmium tetroxide. The cultures were rinsed and cut from
the transwell insert before dehydration in an ethanol series. For transmission
electron microscopy, membranes were embedded in Spurr resin and following
polymerization of the blocks, silver sections were cut on a Leica OMU 3
ultramicrotome. Sections were stained with uranyl acetate followed by Reynolds
lead stain and viewed on a Hitachi H7000 transmission electron microscope.

Whole mount confocal microscopy of ALI cultures

and bronchial biopsies

Transwell cultures were fixed in methanol and permeabilized in PBS/0.1%
Triton X-100. Whole mount bronchial biopsies were fixed overnight in 4%
paraformaldehyde and cleared in dimethyl sulfoxide before permeabilization.
Antibodies were labeled with Alexa Fluor 488, 555, or 647 (Invitrogen).
Nuclei were counterstained with Sytox orange or Sytox blue. Confocal
microscopy was performed using a TCS SP2 or SP5 confocal microscope
(Leica, Mannheim, Germany).

RT-qPCR

Bronchial brushings or BEC cultures were processed into Trizol reagent or
RNeasy kit (Qiagen, Crawley, United Kingdom) and total RNA prepared
according to manufacturer’s instructions. Samples were treated with RNase-free
DNase (Ambion, Huntingdon, United Kingdom) to eliminate contaminating
genomic DNA and cDNA synthesized using RT Kit (PrimerDesign, Southamp-
ton, United Kingdom) according to manufacturer’s instructions. Probe and
primers for ZO-1, occludin, and the housekeeping genes Ubiquitin C (UBC)
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were from Primer-
Design; their sequences are shown in Table E2. Reactions were set up according
to manufacturer’s instructions and analyzed using an iCycler (BioRad, London,
United Kingdom). Target mRNA was calculated using the AACt method.

Western blotting

Cell lysates were subjected to SDS-PAGE on a 4% to 15% gradient
polyacrylamide gel followed by Western blotting using anti—ZO-1 or anti-
occludin mAbs (Invitrogen, Paisley, United Kingdom), with B-actin used as a
loading control. The quantification of protein was completed via computer
image analysis (Scion Image, Scion Corp, Frederick, Md).

Statistics
For normally distributed data, mean * standard error of the mean values
are used and differences between groups analyzed using Student’s ¢ test.
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Where not normally distributed, data are summarized using the median and
interquartile range and were evaluated using nonparametric Wilcoxon rank
sum or Mann-Whitney U tests. All the data were analyzed using Prism (Graph-
Pad Software, La Jolla, Calif).
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FIG E1. mRNA Expression of TJ components in bronchial epithelial
brushings. mRNA Expression of ZO-1 and occludin in bronchial brushings
from normal or asthmatic volunteers was quantified by RT-qPCR. Filled cir-
cles, Asthmatic subjects; open circles, healthy, nonasthmatic subjects. BBR,
Bronchial brushings; horizontal bars represent median values. There was
no significant difference between the groups for mRNA expression of
Z0-1 or occludin.
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FIG E2. mRNA Expression of TJ components in BEC cultures. mRNA
Expression of ZO-1 and occludin in day 21 ALI cultures from normal or
asthmatic volunteers was quantified by RT-qPCR. Filled circles, cultures
from asthmatic subjects; open circles, cultures from healthy, nonasthmatic
subjects. Horizontal bars represent median values. There was no significant
difference between the groups for mRNA expression of ZO-1 or occludin.
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FIG E3. Correlation between TER and permeability to 4-kDa FITC-dextran.
The relationship between TER and permeability to 4-kDa FITC-dextran was
measured in transwells whose TER ranged from low to high regardless of
subject group. Horizontal bars represent median values.
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FIG E4. Dose effect of EGF on epithelial barrier properties. Dose depen-
dency for the effect of apically applied EGF on TERs of cultures from
asthmatic subjects (n = 24 wells from 4 subjects); EGF was applied apically
for 4 days. There was a dose-dependent increase in TER in response to EGF
up to 1.6 nM.
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FIG E5. The effect of apically applied EGF on epithelial proliferation and
differentiation. The effect of 4 days of exposure to apically applied EGF (0.8
nM) was analyzed on markers of proliferation (Ki67) and differentiation
(MUCS5AC and B-tubulin); data are expressed as fold change versus control.
Apically applied EGF did not significantly affect the proliferation or differ-
entiation markers.
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FIG E6. The effect of basolaterally applied EGF on epithelial barrier prop-
erties. The effect of basolateral administration of EGF (0.8 nM) on TERs of
fully differentiated BEC cultures from asthmatic subjects (n = 8) was
determined after 4 days. Horizontal bars represent median values. There
was no significant effect of EGF on TER when applied via the basolateral
compartment.
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FIG E7. The effect of apical or basolaterally applied EGF on cytokeratins
expression. The effect of apically or basolaterally applied EGF (0.8 nM) on
expression of squamous cell markers (CK5/CK14) was determined by
immunohistochemical staining of cytospins prepared from BECs from
asthmatic subjects after 4 days of daily treatment. There was a 15% (3% to
29%; P < .05; n = 3) increase in numbers of CK14™ cells, suggesting squa-
mous differentiation when EGF was applied basolaterally. CK, Cytokeratin.
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TABLE E1. Subject details presented for the whole study group and for each separate study group
Gender Age (y), FEV, PC> (SEM)
Study and patient groups Subject no. (M/F) mean (range) (% predicted), mean (SEM) (mg/mL)
Biopsies
Healthy controls 13 7/4 35 (20-55) 110.00 (3.44) >16
Mild asthma 11 6/5 36 (19-54) 100.54 (4.37) 2.89 (0.70)
Moderate asthma 6 2/4 33 (22-50) 99.00 (3.66) 1.89 (0.90)
Severe asthma 8 2/6 41 (22-71) 68.41 (6.73) 1.20 (0.92)
Brushings
Healthy controls 6 5/1 42 (19-64) 106.00 (6.49) >16
Moderate asthma 2 0/2 44 (20-67) 103.00 (2.35) 4.40, 17.00
Severe asthma 9 3/6 47 (17-63) 64.00 (9.64) NA
In vitro culture
All subjects
Healthy controls 56 36/20 25 (18-60) 106.94 (1.59) >16
Mild asthma 11 6/5 28 (20-54) 106.27 (3.99) 3.13 (0.99)
Moderate asthma 30 16/14 29 (18-52) 97.65 (2.23) 3.49 (1.02)
Severe asthma 8 5/3 35 (21-64) 68.13 (4.45) 5.2%-26% reversibility
TER study
Healthy controls 52 32/20 25 (18-60) 107.24 (1.66) >16
Mild asthma 11 6/5 28 (20-54) 106.27 (3.99) 3.13 (0.99)
Moderate asthma 28 15/13 29 (19-52) 93.95 (2.24) 2.94 (0.85)
Severe asthma 8 5/3 35 (21-64) 68.13 (4.45) 5.2%-26% reversibility
Gene expression
Healthy controls 11 9/2 23 (19-31) 109.64 (4.90) >16
Mild asthma 4 3/1 35 (22-54) 106.00 (1.96) 2.92 (1.40)
Moderate asthma 4 3/1 27 (18-43) 104.50 (2.99) 5.58 (2.95)
Severe asthma 2 171 28 (21-35) 69.50 (4.50) NA
Protein expression
Healthy controls 9 6/3 23 (19-31) 107.78 (6.13) >16
Mild asthma 3 2/1 35 (22-54) 107.33 (3.51) 3.06 (1.97)
Moderate asthma 4 2/1 29 (18-43) 101.67 (1.33) 5.65 (5.12)
Severe asthma 2 171 28 (21-35) 69.5 (4.5) NA
CSE study
Healthy controls 5 3/2 27 (20-42) 110.00 (4.1) >16
Mild asthma 4 2/2 36 (26-54) 111.00 (7.18) 1.61 (0.54)
Moderate asthma 3 172 33 (22-52) 99.33 (1.45) 0.66 (0.21)

F, Female; FEV), forced expiratory volume in 1 s; M, male; NA, not available; PC,, the concentration of methacholine that causes a 20% decline in FEV; SEM, standard error of

the mean.
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TABLE E2. Primer and probe sequences used for real-time RT-PCR

XIAO ET AL 8.e11

Gene Primer and probe Sequence
Z0-1 Sense primer AAACAAGCCAGCAGAGACC

Antisense primer CGCAGACGATGTTCATAGTTTC

Probe CCTCGAGCAGCCCACATACAGATACGAGTtcgagg
Occludin Sense primer AGCAGCGGTGGTAACTTTG

Antisense primer
Probe

AGTTGTGTAGTCTGTCTCATAGTG
CACGTTGCTCTGTTCTCTTTGACCTTCCTGCTCTTCCAACGTG
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TABLE E3. Analysis of TJ immunostaining for ZO-1 using whole mount confocal microscopy
Subject no. showing

Subject group Staining Total no. Intact TJs Intact + disrupted TJs Disrupted TJs
Healthy Z0-1 6 5 1 0
Asthma (mild) Z0-1 2 1 1 0
Asthma (moderate) Z0O-1 3 0 0 3
Asthma (severe) Z0-1 1 0 1 0
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