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Background: Human rhinoviruses, major precipitants of

asthma exacerbations, infect the lower airway epithelium

inducing inflammation. The possibility that viral infection may

mediate angiogenesis, thus contributing to airway remodeling,

has not been evaluated.

Objective: To investigate whether epithelial infection with

rhinovirus mediates angiogenesis in vitro, evaluate possible

modulation by an atopic environment, and confirm angiogenic

factor induction after in vivo rhinovirus infection.

Methods: Bronchial epithelial cells were infected with

rhinovirus and levels of vascular endothelial growth factor

(VEGF), and angiopoietins were measured. The angiogenic

effect of epithelial products was assessed in in vitro models of

angiogenesis. PBMCs, obtained from patients with atopic

asthma and normal controls, were exposed to rhinovirus; the

ability of supernatants from these cultures differentially to

affect rhinovirus-mediated epithelial VEGF production was

evaluated. VEGF levels were measured in respiratory

secretions from patients with asthma, before and during

rhinovirus-induced exacerbations.

Results: Epithelial infection with rhinovirus specifically

stimulated mRNA expression and release of VEGF, but not

angiopoietins, in a time-dependent and dose-dependent manner.

Supernatants from these cultures were able to induce

angiogenesis in vitro, significantly inhibited by a neutralizing

anti-VEGF antibody. When bronchial cells were exposed to

supernatants of rhinovirus-infected mononuclear cells from

normal subjects or atopic patients with asthma, VEGF

induction was significantly higher under the influence of the
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atopic environment. VEGF was elevated during rhinovirus-

associated asthma exacerbations.

Conclusion: Rhinovirus infection, a frequent event, induces

VEGF production in bronchial epithelial cells and human

airways, an effect enhanced in an atopic environment.

Rhinovirus-associated, VEGF-mediated angiogenesis may

contribute to airway remodeling in asthma. (J Allergy Clin

Immunol 2006;117:291-7.)
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Although chronic inflammation is considered the hall-
mark of asthma, airway remodeling is being increasingly
recognized as a key feature of the disease. Being poorly
responsive to current asthma treatments and probably
leading to irreversible abnormalities in the lung,1,2 airway
remodeling represents an important target for future ther-
apeutic interventions.

Alterations of the vascular compartment, including
increased vascularity accompanied by vasodilatation and
microvascular leakage, are also observed, and angiogen-
esis is acknowledged as an important component of the
airway remodeling in asthma.1,3,4 The vessel number, oc-
cupied area, and size have all been reported to be increased
in cohorts of patients with asthma compared with control
subjects, but also over patients with chronic obstructive
pulmonary disease.5-7 In addition, the degree of vascular-
ity significantly correlates with bronchial hyperrespon-
siveness in asthma.8

Vascular endothelial growth factor (VEGF), the major
angiogenic growth factor mediating vascular remodeling,
promotes proliferation and differentiation of endothelial
cells and induces vascular leakage and increased perme-
ability, and alterations in its expression may lead to
abnormal vessel formation.9 VEGF is involved in vascular
remodeling in asthma, correlating to disease outcomes:
in the airway mucosa of patients with asthma, VEGF-
expressing cells are significantly more abundant than in
control subjects,10 and the degree of vascularity in asthma
correlates to the number of VEGF-positive cells and
inversely correlates to airway caliber.4,10

Human rhinoviruses, the precipitants of the majority of
common colds, are implicated in the induction of acute
asthma exacerbations.11 Rhinoviruses are able to reach
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Abbreviations used

CM: Conditioned medium

DAPI: 4#,6-Diamidino-2-phenylindole, dihydrochloride

HUVEC: Human umbilical vein endothelial cell

MOI: Multiplicity of infection

RV: Rhinovirus

VEGF: Vascular endothelial growth factor

and replicate in the bronchial epithelium,12 inducing
release of proinflammatory mediators,13-15 thereby medi-
ating local inflammation. Furthermore, the rate of lower
respiratory infection is similar to that of rhinovirus in-
fection of the upper airways,12,16 suggesting that bron-
chial rhinovirus infection, and subsequent inflammatory
response, is probably a frequently occurring event.

On this basis, we hypothesized that rhinovirus infection
may be able to elicit angiogenic responses in the human
airways, thus contributing to the vascular component of
airway remodeling. We evaluated the ability of RV to
induce angiogenesis by stimulating production of VEGF
by bronchial epithelium in vitro. To establish further the
relevance of this concept in atopic asthma, the effect of
an atopic environment on rhinovirus-mediated VEGF pro-
duction and the in vivo production of VEGF on rhinovirus-
associated asthma exacerbations were also assessed.

METHODS

Virus infection and collection of
conditioned media

Ohio-HeLa cells were used for propagation and titration of minor

(RV1b) and major (RV9, RV16) rhinoviruses, and low passage

(8-15) BEAS-2B cells were grown and infected by rhinovirus as

described,12,13 at multiplicity of infection (MOI) of 1, unless other-

wise specified. Primary human bronchial epithelial cells were derived

from an adult volunteer without asthma after informed consent in the

course of another ongoing study approved by the hospital’s ethics

committee. They were isolated and used at passage 2 for rhinovirus

infection (n 5 6) as described.12

Supernatants (conditioned media [CMs]) were collected 48 hours

after infection (unless otherwise specified), clarified by centrifugation

(10 minutes/3000g/4�C), and stored at270�C until used in immuno-

assays. Control CMs were collected from parallel cultures exposed to

heat-inactivated (for 1 hour at 58�C) or noninfected HeLa cell lysates.
In some experiments (n 5 6), rhinovirus-infected BEAS-2B were

treated with 10 mg/mL cycloheximide in comparison with diluent

control (DMSO). Cycloheximidewas not cytotoxic to epithelial cells,

assessed microscopically.

Endothelial cell proliferation and
angiogenesis assays

Human umbilical vein endothelial cells (HUVECs; American

Type Culture Collection, Manassas, Va) were grown on rat tail

collagen type I–coated plastic surfaces in M199 medium (Gibco

Invitrogen, Carlsbad, Calif), containing 15% FCS, 30 mg/mL endo-

thelial cell growth supplement, and 0.1 mg/mL heparin and used

between passages 3-6.
To assess angiogenic activity, CMs obtained as described were

further clarified (60 minutes/12,000g/4�C) to remove residual virus

partially. Indeed, titration of the clarified supernatants revealed

the presence of only limited amounts of rhinovirus (titer � 1).

HUVECs grown to 80% to 90% confluence in complete growth

medium (15% FCS) were serum-starved (5% FCS) for 16-18 hours

and subsequently exposed to a 1:1 mixture of BEAS-2B CM with

M199-starvation medium. Exposure to complete or starvation

medium served as positive and negative control, respectively.

Forty-eight hours later, cell numbers were determined. Six experi-

ments in duplicates were used.

For the VEGF neutralization experiments, BEAS-2B CM or

medium containing 15 ng/mL human recombinant VEGF165 (R&D

Systems, Abingdon, United Kingdom), serving as a positive control,

were incubated with 5 mg/mL antihuman VEGF polyclonal antibody

(R&D Systems) for 45 minutes at 37�C before their addition to

HUVEC monolayers (n 5 6).

For the tube formation assay (n 5 4; modification of that

described in Montesano and Orci17), confluent HUVEC monolayers

were replated on collagen type I gels preformed as described,17 and

24 hours later, 50% of the medium was replaced with either

BEAS-2B CM or M199 complete medium containing increasing

concentrations of VEGF (positive control). On formation of tube-

like structures, the collagen gels were fixed, stained with 4#,6-
diamidino-2-phenylindole, dihydrochloride (DAPI; a DNA-binding

dye), and transferred onto glass slides, and phase-contrast and UV

imageswere captured under a fluorescentmicroscopeusing aCharged

Coupled Device camera connected to a PC with the ImagePro plus

software (Media Cybernetics; Silverspring, Md). Slides were blinded

to the nature of the sample, and at least 8 microscopic fields per

gel slide were randomly scanned in a manual manner to measure

the number of DAPI-stained nuclei and the length of the tubular

structures.

Infection of epithelial cells under exposure
to PBMC supernatants

Venous blood was drawn from 7 healthy donors and 7 patients

with asthma, diagnosed according to the Global Initiative for Asthma

guidelines. The study was approved by the hospital’s Ethics

Committee, and written informed consent was obtained in each

case. Inclusion criteria for the patient group consisted of a positive

skin prick test to at least 1 allergen, absence of symptoms of common

cold, and abstinence from any inhaled corticosteroids or antileukotri-

enes as preventive asthma therapy during the last 4 weeks before

enrollment. The 2 groups had comparable age and sex distribution

(atopic/asthmatic group: 6 male subjects, mean age 32.1 years, range

29-37; control group: 5 male subjects, mean age 33.1, range 27-41).

Blood sampling was conducted in parallel for 1 normal and 1 atopic

subject with asthma.

PBMCs were isolated from whole blood as described,18 resus-

pended in RPMI medium supplemented with 2.5% (vol/vol) FCS

and 2.5% (vol/vol) human AB serum (Sigma, St Louis, Mo), and

plated at a concentration of 1.5 3 106 cells/mL. Twenty-four hours

later, the cells were infected by rhinovirus at MOI 1 as described.18

After a 24-hour incubation at 33�C, supernatants were harvested and
clarified by centrifugation. PBMC supernatants did not contain any

titratable rhinovirus.

PBMC supernatant (0.6mL per well) was added to BEAS-2B cells

prepared for rhinovirus infection in 24-well plates as described. After

24 hours at 37�C, PBMC supernatants were removed, and BEAS-2B

were infected with rhinovirus at MOI 1. Forty-eight hours later,

the BEAS-2B supernatants were removed, and VEGF levels were

determined.
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Nasopharyngeal wash samples

Samples from 9 atopic children with asthma (4 boys, mean age

10.2 years, range 7-16), obtained in the course of a prospective

clinical study conducted at the P&A Kyriakou Children’s Hospital

and approved by the hospital’s Ethics Committee, were collected at a

symptom-free period (baseline) and subsequently during a rhino-

virus-associated asthma exacerbation; informed consent was ob-

tained in all cases. Subjects with intermittent or mild persistent

asthma according to the GINA guidelines and positive skin prick tests

to at least 1 of a panel of locally relevant allergens were included. The

presence of rhinovirus in the nasopharyngeal washes during the

exacerbations (and absence at baseline) was identified by rhinovirus-

specific RT-PCR.19

ELISA assays

Levels of VEGF, angiopoietin-2, and IL-6 were measured by

use of commercially available ELISA assays (R&D Systems).

Angiopoietin-1 levels were measured with a previously described

ELISA.20

RT-PCR analysis

cDNA was prepared from rhinovirus-infected and noninfected

BEAS-2B cells and subjected to semiquantitative RT-PCR against

b-actin as described.13 VEGF-specific PCR primers used were able

to discriminate the VEGF 121, 145, 165, 189, and 206 transcripts

(predicted amplicon length of 516, 588, 648, 720, and 771 bp,

respectively).21

Statistical analysis

Data are expressed as means 6 SEMs. Statistical analysis was

conducted with the SPSS 10.0 for Windows software (SPSS Inc,

Chicago, Ill). Distribution normality was assessed by the

Kolmogorov-Smirnov test. Means were compared with the t test.
For multiple comparisons, ANOVA was used, and subsequent

between-group effects were evaluated with the least significant dif-

ference test. P values less than 5% were considered significant.

RESULTS

Rhinovirus infection stimulates VEGF
production by human bronchial
epithelial cells

BEAS-2B cells, a human bronchial epithelial cell line,
were infected with major (RV9 and RV16) and minor
(RV1b) rhinovirus serotypes. Control cells, exposed
to HeLa cell extract alone, produced considerable
amounts of VEGF (450.1 6 35.4 pg/mL corresponding
to 3592.86 285.2 pg of VEGF per 106 cells at 48 hours).
Infection by RV1b and RV9 induced a moderate yet
significant upregulation of VEGF production (P < .0001
and P 5 .002, respectively) by 48 hours. RV1b infection
resulted in higher induction than both RV9 (Fig 1, A) and
RV16 (not shown), and thus, this serotype was used for
further experimentation. Exposure of BEAS-2B cells to
heat-inactivated rhinovirus resulted in complete abroga-
tion of VEGF induction, suggesting that the effect is
virus-specific (Fig 1, A; P 5 .019). Furthermore, RV1b
was shown to upregulate VEGF production significantly
in a dose-dependent manner at a range of 0.2-5 MOI
(Fig 1, B). Time-course experiments showed that VEGF
upregulation appears 24 hours after rhinovirus exposure,
reaching its peak by 72 hours (Fig 1, C). Similar kinetics
was observed for IL-6, measured to control for themodel’s
compatibility with rhinovirus-mediated proinflammatory
cytokine induction13 (not shown).

Primary human bronchial epithelial cells were also
infected atMOI 1with RV1b andRV16, and in both cases,
a statistically significant induction of VEGF release was
triggered compared with control (Fig 1, D; P 5 .034 for
RV16 and .0011 for RV1b). The levels of induction
were almost identical to that observed with BEAS-2B
cells, suggesting that the response is not restricted to this
continuous cell line.

In contrast, there were no detectable levels of the
endothelial-selective receptor tyrosine kinase ligands
angiopoietin-1 and angiopoietin-222 in control and rhino-
virus-infected BEAS-2B cells (data not shown).

Rhinovirus infection upregulates
VEGF mRNA

Treatment of BEAS-2B cells with cycloheximide, a
protein synthesis inhibitor, resulted in almost complete
abrogation of VEGF levels in both rhinovirus-infected and
uninfected cells (not shown), showing that VEGF induc-
tion depends on newly formed proteins in this system.

Using a PCR primer pair able to distinguish between the
5 known alternative transcripts of VEGF, we showed that
all but the VEGF-145 variable are constitutively expressed
(Fig 2, A). Rhinovirus infection induced an upregulation
of total VEGF mRNA at both early (6 hours) and later
(24 hours) time points (Fig 2, B). Rhinovirus-mediated
upregulation was observed for all 4 transcripts present,
whereas the relative proportion of transcripts did not
change by rhinovirus infection (not shown). These find-
ings indicate that VEGF induction in BEAS-2B cells by
rhinovirus reflects upregulation of VEGF mRNA.

FIG 1. Rhinovirus infection induces VEGF release by human

bronchial epithelial cells.A, VEGF production by BEAS-2B superna-

tants exposed to RV9 (n5 6), RV1b (n5 12), heat-inactivated RV1b

(hRV; n 5 5) or HeLa lysate (control). **P < .01; *P < .05. B, VEGF

production by BEAS-2B infected by RV1b at different MOIs.

*P < .05; **P < .001. C, Time course of VEGF production on

infection by RV1b (RV). *P < .01; **P < .001. D, VEGF production

by primary bronchial epithelial cells infected by RV16 or RV1b.

**P < .01; *P < .05.



J ALLERGY CLIN IMMUNOL

FEBRUARY 2006

294 Psarras et al

M
e
ch

a
n
ism

s
o
f
a
sth

m
a
a
n
d

a
lle

rg
ic

in
fl
a
m
m
a
tio

n

Rhinovirus epithelial infection induces
endothelial cell proliferation, partly
mediated by VEGF

Conditioned media from rhinovirus-infected and con-
trol BEAS-2B cultures were applied to serum-starved
HUVECs. Control CMs were able to stimulate prolifer-
ation of endothelial cells significantly (157.0 6 23.9% of
control quiescent cultures; P 5 .049), in accordance with
previous data.23 Supernatants from rhinovirus-infected
cultures induced a further increase of endothelial number
(214.2 6 24.4% over negative control), to levels signifi-
cantly higher than those obtained by control CM and sim-
ilar to those achieved by the positive control (Fig 3, A),
thus indicating that products of rhinovirus-infected
epithelial cells are able to stimulate endothelial cell
proliferation.

To evaluate the contribution of VEGF in the rhinovirus-
mediated angiogenic activity, the CMs were incubated
with neutralizing concentrations of an anti-VEGF anti-
body. Antibody treatment partially reduced the nonin-
fected epithelium-mediated proliferation of endothelial
cells, and completely inhibited endothelial proliferation
induced by recombinant VEGF (Fig 3, B). Similarly, pre-
treatment with this antibody significantly reduced rhino-
virus-mediated endothelial cell proliferation by 42.4 6

12.9% (P 5 .028; Fig 3, B).

Rhinovirus-infected epithelial cells
induce tube-like structure formation
by endothelial cells

To confirm functionally the angiogenic activity of
rhinovirus-infected epithelial cells, we used an in vitro

FIG 2. RV-mediated induction of VEGF reflectsmRNA upregulation.

A, RT-PCR of VEGFmRNA in BEAS-2B cells infected or not with RV.

B, Relative abundance of VEGF mRNA in comparison to b-actin

after RV infection. *P < .05; **P < .01.
model of angiogenesis in which capillary-like structure
formation after exposure to the stimulus in question is
quantified.17 Extensive endothelial cell network formation
was observed in cultures exposed to the rhinovirus-
infected BEAS-2B CM, as well as to VEGF containing
media (positive controls; Fig 4, A). Tube-like structures

FIG 3. RV-mediated induction of endothelial cell proliferation.

HUVEC cell counts after exposure to supernatants from (A) control

BEAS-2B, RV-infected BEAS-2B (BEAS RV), complete growth

medium (1), or control starvation medium (–) set at 100%.

*P 5 .05; **P < .05; (B) control BEAS-2B (Control), RV-infected

BEAS-2B (RV), or 15 ng/mL VEGF, pretreated or not with neutrali-

zing antibody (AbVEGF). Cell counts obtained by HUVEC main-

tained in starvation medium were set at 100% (*P < .05).

FIG 4. RV infection is able to induce angiogenesis in vitro. A, Tube-

like structure formation (arrows) in HUVEC cultures exposed to su-

pernatants from control BEAS-2B, RV-infected BEAS-2B (RV), 5, 50,

or 500 ng/mL VEGF. Original magnification 5003. B, DAPI-stained

nuclei counts per microscopic field. **P < .01. C, Total length of

tubular structures per field, calculated on the basis of bar length

as shown in A. **P < .01.
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FIG 6. VEGF levels in human airways during RV-associated asthma

exacerbations. Nasal aspirates were collected from 9 patients with

asthma at a stable period (baseline) and subsequently, during a

virologically confirmed RV-associated asthma exacerbation. VEGF

levels were measured with ELISA. Horizontal bars represent mean

values. *P < .05.

FIG 5. Exposure to PBMC supernatant affects VEGF production by

bronchial epithelial cells. VEGF release by BEAS-2B cells pre-

exposed to supernatants from RV-infected PBMCs isolated from

atopic/asthmatic or normal subjects or left untreated (no addition)

and subsequently infected with RV at MOI1. *P < .05.
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were also present in HUVEC cultures exposed to
uninfected CM; however, these were limited. Rhinovirus-
infected BEAS-2B CM resulted in a significantly in-
creased number of endothelial cells in comparison with
CM from uninfected control cultures (P < .01; Fig 4, B).
Using suitable software, we were also able to calculate
the total length of the endothelial network per microscopic
field. Rhinovirus infection triggered the formation of cap-
illary-like tubular structures of significantly greater total
length than that obtained by CM from control, uninfected
BEAS-2B (P < .01; Fig 4, C).

Epithelial VEGF release is stimulated by
rhinovirus-induced PBMC products and is
more pronounced in the context of an
atopic environment

To model rhinovirus-mediated epithelial VEGF induc-
tion in an atopic asthmatic context, we isolated PBMCs
from atopic patients with asthma and matched normal
subjects, and stimulated them with rhinovirus. Superna-
tants from PBMCs derived from atopic subjects have
reduced concentrations of TH1 cytokines18,24 and were
added to BEAS-2B cells before infection of the latter
with rhinovirus to evaluate their effect on VEGF release,
compared with supernatants from normal control PBMCs.
PBMCs secreted only limited amounts of VEGF after
exposure to rhinovirus (detectable in only 6/14 of rhino-
virus-infected PBMC supernatants; median, 23.5 pg/mL).
However, the addition of PBMC supernatants to BEAS-
2B cells before infection with rhinovirus stimulated the
epithelial cells, resulting in additional upregulation of
VEGF production (Fig 5). Importantly, PBMCs from sub-
jects with asthma induced the release of significantly
higher amounts of VEGF by BEAS-2B than PBMCs
from normal controls (813.7 6 156.4 pg/mL vs 669.0 6

104.8 pg/mL; P 5 .038; Fig 5), suggesting that exposure
to an atopic environment may lead to more pronounced
rhinovirus-mediated induction of VEGF release by bron-
chial epithelial cells.
VEGF levels are upregulated in the
airways during rhinovirus-associated
asthma exacerbations

To establish the relevance of these findings in vivo,
we measured VEGF levels in nasopharyngeal secretions
of children with atopic asthma at baseline and during a
subsequent, virologically confirmed rhinovirus-associated
asthma exacerbation. VEGF levels significantly increased
in these patients during exacerbations (327.6 6 76.8
pg/mL vs 132.3 6 23.8 pg/mL at baseline; P 5 .018;
Fig 6), suggesting that VEGF production is indeed associ-
ated with rhinovirus infection in atopic individuals with
asthma.

DISCUSSION

We report here for the first time that infection of
bronchial epithelial cells with human rhinoviruses pro-
motes proliferation and differentiation of endothelial cells
through the increased production of VEGF. Although
rhinovirus-mediated upregulation of VEGF in this system
was moderate, it did lead to the release of biologically
significant amounts of this growth factor. Indeed, almost
half of the rhinovirus-mediated endothelial cell prolifera-
tion was blocked by an antibody against VEGF. Several
growth factors, such as TGF-bs, which are secreted by
bronchial epithelial cells,25 or fibroblast growth factor-2,
which is induced on rhinovirus infection,26 may account
for the remaining angiogenic activity, a hypothesis cur-
rently under inves-tigation.

Both major and minor rhinoviruses significantly in-
duced VEGF release, and the rates were almost identical
between primary bronchial epithelial cells and the con-
tinuous cell line BEAS-2B, as was the case in previous
reports comparing in vitro VEGF expression patterns.23

Differences in culture conditions and/or infection proto-
cols as well as the modest degree of the induction may
be responsible for the failure of previous reports to
detect rhinovirus-induced VEGF production in primary
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epithelial cells.27,28 Higher induction of VEGF by RV1b
is in agreement with previous studies showing vari-
ability among rhinovirus serotypes in inducing epithelial
responses in vitro13 and in vivo,29,30 although there is cur-
rently no evidence correlating the in vitro characteristics
with the in vivo infectivity and asthmagenic capacity of
rhinoviruses.

Vascular endothelial growth factor production seems to
be induced also on rhinovirus infection of airway fibro-
blasts,27 as well as respiratory syncytial virus infection
of bronchial epithelial cells.28 Although those studies
focused on vascular permeability and did not assess angio-
genesis, in combination with our data, they suggest that
VEGF production, and possibly subsequent angiogenic
effects, may characterize infection with respiratory viruses
in general.

In addition to viruses, allergens, bacterial lipopoly-
saccharide, smoke, and hypoxia have also been shown to
trigger VEGF upregulation in bronchial epithelial
cells.23,31,32 However, exposure to such stimuli is not con-
fined to patients with asthma; therefore, additional factors
should be involved in the case of a causal relationship
between any such exposure and vascular remodeling in
asthma. Rhinovirus-induced PBMC responses correlate
well with lung function measures in asthma,33 and accord-
ingly, exposure of epithelial cells to rhinovirus-infected
PBMC supernatants was used to model the effect of the
host environment on VEGF release during the course of
an infection. The augmented induction of VEGF produc-
tion under the influence of ‘‘atopic’’ PBMCs can be attrib-
uted to the altered content of these supernatants that have
reduced concentrations of TH1 cytokines on rhinovirus
infection,18,24 and is in agreement with previous studies
showing that TH2 cytokines may alter the rates of produc-
tion of remodeling-related growth factors by bronchial
epithelial cells25,34 and a proposed model of remodeling
pathogenesis, in which functional disturbance of the
epithelial-mesenchymal trophic unit may be augmented
by atopy.3 Vice versa, lung-specificVEGF overexpression
in mice leads to a response skewed toward TH2 cytokines
after ovalbumin challenge,35 suggesting that the inter-
action between disturbed TH1/TH2 balance and VEGF
expression may establish a vicious circle in the airways,
further intensifying the effect ofVEGF in lung physiology.

Although this study has not focused on the potential
effects of rhinovirus-mediated VEGF on vascular perme-
ability, our findings support the suggestion that viral
infection is able to mediate vascular permeability, result-
ing in edema characteristic of acute asthma exacerbations.
In this respect, when cytokines known to be generated in
response to rhinovirus infection were added to an endo-
thelial cell model, vascular permeability was increased.36

In our study, rhinovirus-mediated upregulation of VEGF
was not accompanied by a similar increase in angiopoie-
tins. It has been shown that in the absence of an active
angiopoietin system, VEGF overexpression may lead
to the formation of leaky vessels.37 Formation of such
vessels may have both acute (edema) and chronic (vas-
cular remodeling) effects.
In further support of these ideas, VEGF seems to be
considerably elevated within the first days of an asthma
exacerbation (commonly virus-associated), slowly declin-
ing with time,38 but still persisting 1 month later and
remaining elevated in stable asthma in comparison with
normal controls.38,39 Our data demonstrate that this may
also be the case in virologically proven rhinovirus-associ-
ated exacerbations. It should be noted here that whereas
virus-induced exacerbations are relatively acute events,
there is considerable viral persistence, especially in atopic
subjects with asthma.40 Because the inflammatory events
elicited by rhinovirus infection may persist well into con-
valescence in atopic subjects with asthma,41 although the
kinetics of rhinovirus-mediated induction in cytokine
release in vitro is of transient nature resembling that of
VEGF (eg, IL-6 measurement in this report and refer-
ence42), it is plausible to assume that persistence may be
also a characteristic of rhinovirus-associated VEGF induc-
tion, especially in an atopic environment, a hypothesis
that needs to be verified. Certainly the described VEGF
response may be a repair mechanism that could occur
with various stimuli, whether or not they induce asthma
exacerbations. The importance of such a sustained VEGF
overexpression is underlined and extended by the recent
report demonstrating extensive angiogenesis, but also
mucusmetaplasia, subepithelial fibrosis, and inflammation
in mice overexpressing VEGF in their lungs.35

In conclusion, this study is the first to show that
rhinovirus infection promotes endothelial cell prolifera-
tion and differentiation; these angiogenic responses are
mediated by epithelial production of VEGF and may be
augmented by the atopic host response to the virus. VEGF
has also a pivotal role in regulating permeability of the
endothelial compartment of the airways. In this respect,
repeated infections with rhinovirus, or other respiratory
viruses, may simultaneously induce acute exacerbations
of asthma and contribute to vascular remodeling and a
chronic asthma phenotype.

We thank Nikos Bournousouzis for excellent technical assistance.
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