Cockroach extract antigen increases
bronchial airway epithelial permeability
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Background: The bronchial epithelial cells of airways are subject
to recurrent environmental injury throughout the life of an indi-
vidual. Recently, a high incidence of asthma has been reported in
inner-city children. The increased incidence of asthma in inner-
city children is thought to be caused, in part, by frequent expo-
sure to allergens of the common household pest the cockroach.
Objective: We sought to investigate whether cockroach extract
antigen (CrAg) induces vascular permeability factor, also
known as vascular endothelial growth factor (VEGF), and
whether it increases permeability in bronchial airway epithe-
lial cells (BAECs).

Methods: We estimated CrAg-induced VEGF release in BAECs
by using an ELISA and VEGF mRNA expression by using an
RT-PCR reaction. The influence of CrAg on BAEC barrier
function was estimated by measuring electrical resistance with
an electric cell substrate impedance-sensing system.

Results: Our results demonstrate that CrAg induces VEGF
release in BAEC:s in a time-dependent manner. The VEGF
induction was also confirmed by means of VEGF mRNA
expression in CrAg-stimulated BAECs. CrAg decreased elec-
trical resistance across BAEC monolayers. The maximum
decrease in electrical resistance was noticed 6 hours after acti-
vation and reached a plateau thereafter. Neutralizing antibod-
ies to VEGF significantly inhibited the decrease in BAEC elec-
trical resistance caused by CrAg.

Conclusions: These data suggest that CrAg induces VEGF
release in BAECs and alters bronchial airway permeability. (J
Allergy Clin Immunol 2002;110:589-95.)
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Allergen exposure causes edema and increased
mucous secretion in bronchial airways. Previous studies
have demonstrated that cockroaches are an important
source of indoor allergens, and cockroach exposure has
been implicated in the increasing prevalence of inner-city
asthma. The phase I National Cooperative Inner-city
Asthma Study found that cockroach allergen was the pre-
dominant allergen within inner-city homes,! and cock-
roach allergens were found in daycare centers in the
United States.? Cockroach sensitivity has been shown to
be associated with asthma for over 30 years.3#
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Abbreviations used
BAEC: Bronchial airway epithelial cell
CrAg: Cockroach extract antigen
ECIS: Electrical cell substrate impedance-sensing system
GAPDH: Reduced glyceraldehyde-phosphate dehydrogenase
SFM: Serum-free medium
VEGEF: Vascular endothelial growth factor

The prominent pathophysiologic features of asthma
are airway edema and inflammation, with an increased
microvascular permeability of bronchial circulation and
airway epithelium and movement of inflammatory cells
into the lumen of the airway.> Allergen exposure in sen-
sitive asthmatic patients causes acute increases in bron-
chovascular permeability.6 Vascular endothelial growth
factor (VEGF), also known as vascular permeability fac-
tor, causes permeability changes in peripheral vascula-
ture.”? The VEGF family of growth factors includes
VEGF-A, VEGF-B, VEGF-C, and VEGF-D, as well as
placenta growth factor.!0 There are 4 splice variants of
VEGF-A: VEGFI21, VEGF165, VEGFI189, and
VEGF206.!! VEGF is widely expressed in normal and
disease!2.13 settings and is upregulated at sites of angio-
genesis and inflammation.!4!5 Recent studies demon-
strate that activated bronchial airway epithelial cells
(BAECs) release VEGF.16 However, it is not clear
whether cockroach allergen causes VEGF release and
induces bronchial epithelial permeability. In the current
study we demonstrate that cockroach allergen induces
bronchial airway epithelial barrier dysfunction through
induction of VEGFE.

METHODS
Reagents, bacteria, and cell cultures

Recombinant VEGF, VEGF antibody, and mouse isotype anti-
body were purchased from Peprotech Inc. FBS was obtained from
Atlanta Biologicals, and Media 199 was obtained from Gibco BRL.
The Human VEGF Quantikine ELISA kit was purchased from
R&D Systems. Human bronchial epithelial cells (BEAS-2 cells,
American Type Culture Collection no. CRL-9609) were purchased
from the American Type Culture Collection.

Cockroach extract antigen and BAEC
stimulation

Cockroach extract antigen (CrAg) purchased from Alk-Abello
Inc was resuspended in serum-free medium (SFM). CrAg used in
this study was from American cockroaches, and it resulted in nega-
tive Limulus amoebocyte assay results for endotoxin. Total protein
in the extract was 1.6 mg/mL, as evaluated with BCA reagent
(Pierce). Cockroaches produce several important allergens; we eval-
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uated Bla g 1 and Bla g 2 content in the extract by using a sandwich
ELISA (Indoor Biotechnologies). The cockroach extract stock has
30 ug/mL Bla g | and 0.33 pug/mL Bla g 2. BAECs were incubated
in the presence of varying concentrations of CrAg in SFM (ie, 8, 16,
32, 64, and 128 pg/mL) and incubated at 37°C in 5% CO,. BAEC
viability was checked by means of trypan blue dye exclusion testing
at 24 hours. The cell viability was greater than 99% in all selected
concentrations. On the basis of a concentration response curve of
VEGEF release, the optimal concentration of the extract (32 pg/mL)
was selected. A 1:500 dilution of cockroach extract has 32 pug/mL
total proteins. The Bla g 1 and Bla g 2 antigen contents in this con-
centration of cockroach extract were 0.06 and 0.007 pg/mL, respec-
tively. BAECs were incubated in the presence of a 32 pug/mL con-
centration of CrAg in SFM to evaluate the response over time. The
cultures were terminated at different time points (3, 6, 12, and 24
hours), and supernatants were collected and stored at —70°C until
estimation of VEGF levels by means of ELISA. The cells were saved
for total RNA extraction for the analysis of VEGF-specific mRNA.

Determination of enzyme activity in CrAg by
using a milk-clotting microtiter plate assay

The enzyme activity in the CrAg preparation was evaluated by
means of a milk-clotting assay, as described previously.!7 Serial dilu-
tions of CrAg samples (20 pUL) were incubated in microtiter wells
with 12% (wt/vol) dried milk in 0.2 mol/L sodium acetate (pH 5.4)
and 10 mmol/L CaCl, (80 uL) and incubated for 1 hour at 37°C. The
plate was inverted to evaluate the presence of milk-clotting activity.
Milk clotting was indicated by curd formation at the bottom of the
well. Pepsin and chymosin were used as standards for the enzyme
activity, and pepstatin and phenylmethylsulfonyl fluoride were used
as inhibitors of aspartic and serine proteinase activities, respectively.

Measurement of VEGF by means of ELISA

VEGEF levels in CrAg-induced BAEC culture supernatants were
measured by using a sandwich enzyme immunoassay (Quantikine
ELISA, R&D System), as previously described.!8 Briefly, the samples
were added to 96-well microtiter plates, which were coated with a
murine mAb to VEGFE. The unbound protein was washed 3 times, and
an enzyme-linked polyclonal antibody specific to VEGF was added.
The plate was washed again 3 times, and substrate solution was added
to the wells. After 30 minutes of incubation, stop solution was added
to each well. The amount of VEGF was determined on the basis of OD
of the samples by comparison with the standards at 450 nm with an
ELISA reader. The detection limit of the kit was 2.0 pg/mL for cell
culture supernatant and 3.0 pg/mL for serum or plasma samples.

Nonradioactive GEArray

VEGF gene expression was evaluated by using a nonradioactive
GEArray (Super Array). Total RNA from resting and CrAg-activated
BAECs was isolated by using the RNeasy Mini Kit (Qiagen), accord-
ing to the manufacturer’s instructions. The RNA was converted to
biotinylated cDNA probes by means of reverse transcription with a
deoxyribonucleoside triphosphate mix containing biotin-16-2"-
deoxyuridine-5"-triphosphate. Biotinylated cDNA probes were
hybridized to gene-specific cDNA fragments spotted on the mem-
branes. The GEArray membrane was then blocked with GEA-block-
ing solution and incubated with alkaline phosphatase—conjugated
streptavidin. The relative expression levels of multiple genes then
were detected on the basis of chemiluminescence signal by using the
alkaline phosphatase substrate CDP-Star, as previously reported.!®
The membrane was exposed to x-ray film, and the relative abundance
of the transcript was estimated by comparing the signal intensity of
the gene of interest with the signal derived from reduced glyceralde-
hyde-phosphate dehydrogenase (GAPDH) as a positive control.
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RT-PCR

Total RNA from resting and CrAg-activated BAECs was isolat-
ed with the RNeasy Mini Kit (Qiagen), according to the manufac-
turer’s instructions. RT-PCR was performed as reported earlier.20
One microgram of total RNA was reverse transcribed into cDNA.
The first strand of cDNA was synthesized in a total volume of 20
uL in the presence of 5 mmol/L MgCl,, 50 mmol/L KCI, 10
mmol/L Tris-HCI (pH 8.3), 1 mmol/L deoxyribonucleoside triphos-
phates, 1 U/uL RNase inhibitor, 15 umol/L primer, and 2.5 U/uL
MuLV reverse transcriptase (Perkin Elmer Cetus). The reverse tran-
scription was conducted at 42°C for 15 minutes, and the reaction
was stopped by means of incubation at 99°C for 5 minutes.

The cDNA was then amplified with specific primers for human
GAPDH as a control. Primers for amplification were synthesized by
using the phosphoroamidite method with a Beckman 200A synthe-
sizer. The primers used were 5-GGTCGGAGTCAACGGATTTG-
GT-3’ (sense) and 5-TGTGGGCCATGAGGTCCACCAC-3’ (anti-
sense) for GAPDH and 5-AGGGCAGAATCATCACGAAG-3’
(sense) and 5"-TTTAACTCAAGCTGCCTCGC-3’ (antisense) for
VEGF (GeneBank accession no. X62568). PCR was performed
with 5 puL of reverse transcription product in a reaction mixture con-
taining 2 mmol/L MgCl,, 50 mmol/L KCI, and 10 mmol/L Tris-HCI
(pH 8.30), specific oligonucleotide primers (15 umol/L), and 2.5 U
of Tag DNA Polymerase (Perkin Elmer Cetus). The samples were
amplified in a thermal cycler (GeneAmp PCR System 9600 Perkin
Elmer Cetus) and preheated for 1.30 minutes at 95°C, followed by
30 cycles. Each cycle was composed of denaturation at 95°C for 15
seconds, primer annealing for VEGF of 55°C for 45 seconds, and
extension at 72°C for 45 seconds. The amplification products were
analyzed by means of agarose gel electrophoresis, and their identi-
ties were confirmed after sequence determination.

Measuring BAEC electrical resistance

BAEC electrical resistance was measured by using an electric
cell substrate impedance-sensing system (ECIS; Applied Bio-
physics), as described previously.20 Briefly, BAECs were cul-
tured on the ECIS electrode array. (The ECIS electrode array has
eight 1-cm2 chambers. Each chamber contains 10 gold electrodes
of 10~4 cm? each, and the culture media functions as the elec-
trolyte.) The cockroach extract was added into the chambers on
confluent cultures. In some of the wells, along with cockroach
extract, either isotype antibody or neutralizing VEGF antibodies
were included. The cockroach extract was dialyzed against PBS
(pH 7.4) with a cut-off membrane of 12,000 to 14,000 d molecu-
lar weight to determine whether the extract retains its permeabil-
ity-inducing ability after dialysis. The extract was boiled for 30
minutes and tested for permeability-inducing activity to evaluate
its sensitivity to heat.

Total electrical resistance was measured dynamically across the
BAEC monolayer and was determined on the basis of the combined
resistance between the ventral surface of the cell and the electrode
reflective to the resistance between the cells. The small gold elec-
trode and the larger counter electrode (1 ¢cm?2) are connected to a
phase-sensitive lock in amplifier (model 5301A, EG and G Instru-
ments) with a built-in differential preamplifier (model 5316A, EG
and G Instruments). A 1-V, 4000-Hz alternating-current signal was
supplied through a 1-m{ resistor to approximate a constant current
source. Voltage and phase data were stored and processed with a
Pentium 400-MHz computer that controlled the output of the ampli-
fier and relay switches to different electrodes. Experiments were
conducted on wells that achieved 5000 €2 of steady-state resistance.
Resistance was expressed by the in-phase voltage (proportional to
the resistance), which was normalized to the initial voltage and
expressed as a fraction of the normalized value.
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Statistical analysis

The significance of differences between the experimental and
control groups was tested by using ANOVA with Sigma-Stat statis-
tical software. The significance of difference between the 2 groups
was tested by using the all-pairwise multiple comparison procedure
(Student-Newman-Keuls method), and a P value of less than .05
was considered significant.

RESULTS

CrAg did not contain serine or aspartic
proteinases

CrAg was tested for proteinases activity by using a
milk-clotting assay. Cockroach extract did not cause milk
clotting, even at 10-fold higher concentrations than those
used for VEGF induction or for ECIS assay in this study.
Inclusion of the serine protease inhibitor phenylmethylsul-
fonyl fluoride or the aspartic protease inhibitor pepstatin
with the cockroach extract in the milk-clotting assay had
no effect. Pepsin and chymosin were used as positive con-
trols. Pepsin and chymosin showed milk clotting at 0.003
and 0.004 pg/well, respectively (data not shown).

CrAg induces VEGF release in BAECs

CrAg induced VEGF release in BAECs in a concentra-
tion- and time-dependent manner (Fig 1). A low concen-
tration of cockroach extract was not effective in VEGF
induction. Optimal response was noticed with 32 pg/mL
protein (1:500 dilution). At higher concentrations, no sig-
nificant increase in VEGF release was noticed. Significant
levels of VEGF were noticed as early as 3 hours. The
VEGEF release reached maximum levels by 12 hours, and
thereafter, the response reached a plateau.

CrAg induced VEGF expression in BAECs

The VEGF family of growth factors consists of several
closely related members, including VEGF-A, VEGF-B,
VEGF-C, and VEGF-D.10 Each of these members dis-
plays different biologic functions. Among these members,
VEGF-A has, predominantly, a permeability-enhancing
ability on epithelial and endothelial cells. A nonradioac-
tive GEArray precoated with VEGF-A, VEGF-B, VEGF-
C, and VEGF-D genes was used to understand the effect
of cockroach extract on the differential response of these
VEGF members. A significant increase in VEGF-A and
VEGF-D expression was noticed in CrAg-induced
BAECs when compared with that seen in resting cells
(Fig 2). CrAg did not induce VEGF-B and VEGF-C genes
in BAECs. A relatively higher expression of VEGF-A
gene was noticed when compared with that of VEGF-D in
CrAg-induced cultures. There was a 2.5-fold increase in
VEGF-A in CrAg-induced BAECs when compared with
that seen in resting cells. VEGF-D gene expression
increased by 1.3-fold in CrAg-induced cultures when
compared with that seen in control resting cells.

CrAg-stimulated BAECs express VEGF mRNA

Alternative splicing of VEG-F mRNA (or VEGF-A)
results in 4 main isoforms: VEGF121, VEGF165,
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VEGF189, and VEGF206.!! Among these, the VEGF165
splice variant is a potent permeability-inducing factor. To
delineate the effect of cockroach extract, we analyzed the
various isoforms of VEGF-A semiquantitatively by means
of RT-PCR. We did not test the VEGF-B, VEGF-C, and
VEGF-D expression by means of RT-PCR. The primer
sequence selected was known to amplify all 4 isoforms of
VEGF-A (ie, VEGF121, VEGF165, VEGF189, and
VEGF206). VEG-F mRNA expression in resting BAECs
was minimal (Fig 3, A). Cockroach antigen induced VEG-
F mRNA expression in a time-dependent manner in
BAECs (Fig 3, B). The peak expression was noticed at 12
hours. In the CrAg-induced BAECs, the VEGF165 (444
bp), VEGF189 (516 bp), and VEGF206 (567 bp) isoforms
were amplified, whereas in resting BAECs these isoforms
were not expressed. In CrAg-induced BAECs, the
VEGF165 (444 bp) isoform was predominantly
expressed. VEGF165 (444 bp) increases permeability in
several types of cells. The VEGF165 (444 bp) isoform
was highly expressed in CrAg-stimulated BAECs, where-
as in resting cells it was marginally expressed.

Cockroach antigen causes a decrease in
resistance of epithelial cell monolayers

Confluent BAEC monolayers exhibited a mean elec-
trical resistance of 5000 Q/cm?. A significant decrease
in electrical resistance was noticed across BAEC mono-
layers that were incubated with CrAg (Fig 4). CrAg
decreased electrical resistance across the confluent
BAEC monolayer in a time-dependent manner. CrAg
induced a significant drop in BAEC barrier function as
early as 3 hours. Inclusion of neutralizing VEGF anti-
body inhibited CrAg-mediated BAEC barrier dysfunc-
tion. However, inclusion of an isotype antibody to irrel-
evant antigen did not show any effect on CrAg-induced
BAEC barrier dysfunction. The cockroach extract did
not lose its permeability-inducing ability on dialysis,
but the activity was decreased on heat inactivation (data
not shown).

DISCUSSION

The bronchial epithelial cells of airways are subject to
recurrent environmental injury throughout the life of an
individual. A number of agents, including infectious
organisms, environmental allergens, and inhaled toxic
substances, affect the bronchial airways. Although cock-
roach allergen exposure has been associated with asthma,
little is known about its effect on bronchial epithelial per-
meability. In the current study we evaluated the BAEC
responses to CrAg in vitro. Our results demonstrated that
CrAg induced VEGF release in BAECs in a time-depen-
dent manner. RT-PCR studies also confirmed the anti-
genic VEGEF release. CrAg significantly decreased the
electrical resistance across the BAEC monolayer. VEGF
production was directly correlated with the decreased
electrical resistance in CrAg-stimulated BAECs. Addi-
tion of neutralizing VEGF antibodies restored the CrAg-
mediated decrease in electrical resistance.
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FIG 1. CrAg-induced VEGF release in BAECs: A, concentration response curve; B, time-dependent response
to 32 pg/mL CrAg. Data represent mean + SE of 3 separate experiments. Asterisk denotes statistical signif-

icance (P < .001) in comparison with control cultures.

Traditionally, asthma has been described as an allergy-
mediated phenomenon. In certain individuals nonspecif-
ic irritation of the airway mucosa might cause bron-
choconstriction. The clinical features of asthma include
bronchial obstruction, cough, and mucus hypersecretion.
Histologic changes that occur in bronchial asthma
include thickening of the subepithelial layer, edema and
cellular infiltration in the lower mucosa, and dilation of
the arterial vessels.2! The mechanisms causing an
increase in the permeability of the airway epithelium and
of the arterial endothelium in asthma are not yet com-
pletely understood. However, plasma exudation in the
airway interstitium and lumen caused by an increase in
the endothelial and epithelial permeability might be due

to the release of inflammatory mediators, which in turn
causes microvascular and epithelial leakage.?? Cock-
roach allergen is recognized as important in the patho-
genesis of asthma, at least among children living in the
inner cities of the United States.423 Several studies
demonstrate that cockroach allergen sensitivity has been
associated with asthma.3# Our findings demonstrating
VEGF production in BAECs suggest that direct exposure
of CrAg causes VEGEF release in BAECs. VEGF causes
endothelial barrier abnormality and increases microvas-
cular permeability.? VEGF is expressed in diseases, such
as Graves disease!? and Castleman disease,!3 and it is
upregulated at the site of inflammation.!4!5 VEGF
induces permeability changes in the endothelial cell?4
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FIG 2. CrAg-induced expression of VEGF family members in BAECs: A, resting BAECs; B, CrAg-induced
BAECs. Lanes 1, 2, 3, and 4 represent VEGFA-, VEGFB-, VEGFC-, and VEGFD-specific genes, respectively.
GAPDH served as a positive control gene. Results are representative of 3 independent experiments.
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FIG 3. CrAg-induced VEGFA mRNA expression in BAECs: A, resting BAECs; B, CrAg-stimulated BAECs. Lane
M indicates molecular weight marker (Hae-lll), and /anes 1-4 indicate 3, 6, 12, and 24 hours, respectively.
GAPDH served as a positive housekeeping gene. Results are representative of 3 independent experiments.

and mesothelial cell monolayers.20 VEGF-D is mitogenic
to endothelial cells.!0 Cockroach extract predominantly
enhanced VEGF-A rather than VEGF-D in BAECs. RT-
PCR analysis demonstrated an increased VEGF165 iso-
form expression, which is a permeability-inducing factor.
The VEGF-B and VEGF-C expression was low. These
findings together demonstrate that cockroach extract pre-
dominantly induces permeability, enhancing VEGF iso-
forms in BAECs. In a similar study with recombinant
cockroach allergen, Alp et al?5 reported an increased
cytokine release in neutrophils.

The mediators released during inflammation influence
both the epithelial and vascular compartments. The air-
way inflammation involves the vascular bed and deter-
mines hyperplasia and dilation of blood vessels.26 The
VEGF expression in nasal polyp stroma cells was
involved in the development of edema in chronic inflam-
mation.2” VEGF antagonism reduced the edema forma-
tion and damage after ischemia-reperfusion injury.28 We
noticed that CrAg significantly (P < .001) decreased the
electrical resistance across BAEC monolayers, indicating
that CrAg exposure results in BAEC barrier dysfunction.
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FIG 4. Real-time electrical resistance across BAEC monolayer. Values represent mean + SE of 3 separate
experiments. Asterisks denote statistical significance (P < .001) in comparison with control (unstimulated)

cultures.

Neutralizing antibodies to VEGF restored the CrAg-
induced decrease in BAEC electrical resistance, suggest-
ing that the permeability changes noticed were due to
VEGEF release in BAECs. Earlier studies demonstrated
that allergen exposure induces an acute increase in bron-
covascular permeability.® The bronchial mucus plugs
from the asthmatic patients show large amounts of albu-
min, suggesting that an inflammatory exudate enters the
airway lumen.2® Taken together, these findings suggest
that the exudate secretion in the atopic allergic patient’s
bronchial airway lumen might be due to the allergen-
induced epithelial permeability. There have been no spe-
cific reports on the airway levels of cockroach antigen in
patients with positive skin test responses. The amount of
Bla g 1 (0.06 ug/mL) present in the cockroach extract
concentration used in our study is comparable with the
median Bla g 2 range of exposure (0.08-0.15 pg/mL)
noticed in schoolchildren.!7-30 Thus it is conceivable that
exposure of the airway epithelium to a range of Bla g pro-
tein, such as that used in our experiments, for a short peri-
od of time would cause changes in airway permeability. A
more permeable airway epithelium would be more sus-
ceptible to further insult from repeated allergen exposure.

Our study demonstrated that cockroach allergen expo-
sure increases bronchial epithelial monolayer permeabil-
ity and results in barrier dysfunction of the bronchial air-
way epithelium. Direct exposure of CrAg causes VEGF
release in BAECs. Thus released VEGF might in turn
facilitate allergen entry into the bronchial airways, caus-
ing sensitization of airways and triggering an allergenic
response. Sensitization to cockroach allergen and contin-
uous exposure to the same allergen might be related to
the development of the characteristic pathologic feature
of asthma, airway edema, and increases in luminal secre-
tions and cells.
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