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Role of Vascular Endothelial Growth Factor A in Children With
Acquired Airway Stenosis
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Objectives: Vascular endothelial growth factor A (VEGF-A) is important in the angiogenic response for wound healing.
This study investigated whether VEGF-A may play a role in the pathogenesis of acquired airway stenosis.

Methods: Eight lesions from 5 pediatric patients with subglottic stenosis after airway reconstruction (N = 4) or prolonged
intubation (N = 1) and normal laryngeal llssue from 5 autopsy patients were included. Formalin-fixed .sections of sub-
glottic tissue from each patient were examined by in situ hybridization for the presence of messenger RNA (mRNA) for
VEGF-A. vascular endothelial growth factor receptor I (VEGFR-1). and vascular endothelial growth factor receptor 2
(VEGFR-2).

Results: Strong expression of VEGF-A mRNA was noted in hyperplastic squamous epithelium overlying granulation
tissue. Strong expression of VEGFR-1 and VEGFR-2 was noted in the endothelial cells within granulation tissue. No
strong labeling of VEGF-A mRNA or its receptors was noted in 2 specimens with mature scar tissue or in the control
specimens.

Conclusions: The angiogenic growth factor VEGF-A is strongly expressed in hyperplastic epithelium overlying granula-
tion tissue in airway stenosis. Also. VEGFR-I and VEGFR-2 mRNAs are strongly expressed in the endothelial cells of
granulation tissue. This fmding suggests an important role of VEGF-A in the pathogenesis of airway scar formation and
stenosis.
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INTRODUCTION
Scar formation with stenosis remains the main

cause of failure in airway surgery in both pediatric
and adult populations. One ot the main components
of the wound healing process is angiogenesis. It is
possible that modulation of wound healing and de-
creasing angiogenesis may be effective in decreas-
ing scar formation and increasing the success rate of
airway surgery. Recently, a number of studies have
shown the role of angiogenesis and different angio-
genic growth factors in the pathogenesis of wound
healing.'"* Vascular endothelial growth factor A
(VEGF-A) is known to play a critical role in the an-
giogenic response essential for wound healing and
scar formation outside the respiratory tract.-"*-"' The
goal of our study was to investigate whether VEGF-
A and its receptors may play a role in acquired air-
way scar formation and stenosis.

MATERIALS AND METHODS

The patients included 5 children who underwent

airway surgery for acquired airway stenosis from
1995 to 2004 at Children's Hospital Boston. All data
with respect to age, gender, initial presentation, and
location of stenosis were reviewed. Eour patients
had 1 tissue sample each; I patient (an K-year-old
boy who had had airway reconstruction) had 4 la-
ryngeal tissue specimens sampled at 4 different time
points. Tissue sections of normal larynges including
both respiratory and squamous mucosa from 5 au-
topsy patients {7 months to 20 years of age; mean. 5
years) without a history of airway stenosis were ob-
tained as controls. This study was performed under
an Institutional Review Board-approved protocol.

Light microscopic examination was conducted on
formalin-fixed, paraffin-embedded sections stained
with hematoxylin and eosin. Eight lesions from
the 5 patients were e.xamined. Immunohistochemi-
cal staining for the endothelial marker CD31 (Bio-
Genex Laboratories. San Ramon. California) was
performed on paraffin-embedded sections by means
of a streptavidin-biotin-based alkaline phosphatase
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detection kit (universal multispecies USA horserad-
ish peroxidase kit. Signet Laboratories, Dedham.
Massachusetts) with liquid DAB-plus (Zymed. San
Francisco. California) as the chromogen. In situ hy-
bridization was performed on 5-\im paraffin sec-
tions with antisense probes for VEGF-A. VEGF re-
ceptor 1 (VEGFR-I; tlt-l). and VEGF receptor 2
(VEGFR-2: KDR) and control sense probes. The in
situ hybridization method has been previously pub-
lished in detail."^ Briefly, slides were passed through
xylene; graded alcohols; 0.2 mol/L HCl: Tris/EDTA
with 3 [ig/mL proteinase K; 0.2% glycine; 4% para-
formaldehyde in phosphate-buffered saline solution,
pH 7.4; 0.1 mol/L Iriethanolamine containing 1/200
(vol/vol) acetic anhydride: and 2x SSC. Slides were
hybridized overnight at 50°C with ^-''S-labeled ribo-
probes in the following mixture: 0.3 mol/L NaCl,
0.01 mol/L Tris pH 7.6. 5 mmol/L EDTA. 50% for-
mamide. 10% dextran sulfate. O.I mg/niL yeast
tRNA, and 0.01 mol/Ldithiothreitol. Po.sthybridiza-
tion washes included 2x SSC/50% formamide/IO
mmol/L dithiothreitol at 50X; 4x SSC/10 mmoi/L
Tris/1 mmol/L EDTA with 20 ^g/mL ribonuclease
A at 37^C: and 2x SSC/50% formamide/IO mmol/L
dithiothreitol at 65°C and 2x SSC. Slides were then
dehydrated through graded alcohols containing 0.3
mol/L ammonium acetate, dried, coated with Kodak
NTB 2 emulsion, and stored in the dark at 4°C for
2 weeks. The emulsion was developed with Kodak
DI9 developer, and the slides were counterstained
with hematoxylin. Antisense 204 bp single-strand-
ed ^^S-labeled VEGF-A RNA probe and its sense
control have been described previously.^ The anti-
sense probe hybridizes specifically with a region of
VEGF-A messenger RNA (mRNA) common to all
known splicing variants. -'̂ S-labeled single-strand-
ed antisense probes targeted to VEGF-A receptors 1
and 2 have been described previousiy.*^

RESULTS

In all 5 patients, the diagnosis of airway stenosis
was confirmed on the basis of endoscopic and his-
topathologic findings. The patients presented with
stridor and subglottic stenosis after airway recon-
struction (N = 4) or prolonged intubation (N = 1).
There were 3 boys and 2 girls with a mean age of 6
years (range. 11 months to 9 years).

Histologic examination in 6 of the 8 lesions
showed active granulation tissue with abundant
small blood vessels (Fig lA). A polypoid configu-
ration was appreciable in 2 of these. Squamous epi-
thelium overlay the granulation tissue in 2 of these
cases, and the epithelium was denuded in 4: ciliated
respiratory epithelium was not observed. Two cases
lacked active granulation tissue and showed well-

established collagenized fibrous tissue with overly-
ing squamous epithelium (Fig IB). CD31 staining
highlighted prominent vascularity in the granulation
tissue and sparse vascularity in the more well-estab-
lished fibrous tissue.

Strong expression of VEGF mRNA was detected
in hyperpiastic squamous epithelium overlying the
granulation tissue (Fig 2A.B). Expression of VHGF-
A was strongest in tbe suprabasal epithelial levels.
(The basal layer is seen in the lower right part of Fig
2A.) No specific labeling was seen with the control
sense probe. Strong expression of mRNAs for the
VEGF-A receptors VEGFR-I and VEGFR-2 was
detected in endothelial cells of the prominent blood
vessels (arrows) in the active granulation tissue of
the subglottic stenosis (Fig 2C-F). The 2 cases with
mature scar tissue showed sparse vascularity. high-
lighted by CD31 immunostaining. These lesions
lacked strong expression of VEGF-A and receptor
mRNAs.

Histologic examination of 5 autopsy control pa-
tients showed unremarkable squamous and respira-
tory mucosa, without any evidence of granulation
tissue or fibrosis. Immunohistochemical analysis
and in situ hybridization studies were performed on
the 5 control laryngeal biopsies. No increased vas-
cularity was noted with CD3I immunostaining. No
strong expression of VEGF mRNA or its receptors
was seen in any of the control patients (Fig 2).

DISCUSSION

Treatment of airway stenosis in both pediatric and
adult populations remains one of the most difficult
challenges in our specialty. Despite advancements
in both open and endoscopic approaches to the man-
agement of airway stenosis, there is still a high de-
gree of scar formation and restenosis. In the past 2
decades, there has been a surge of interest in using
different pharmacologic agents to reduce the degree
of scar formation and increase the success rate of
airway surgery. Adjuvant treatments with agents
such as 5-fluorouracil, [Vaminopropionitrile, cor-
ticosteroid. and mitomycin C have been used with
some success.'•^"'-

The causes of acquired airway stenosis include
conditions such as prolonged intubation, airway sur-
gery, and other trauma. The histopathologic features
of endotracheal intubation-induced injury and ste-
no.sis have been well described.'-^ '̂  The process oc-
curs predominantly in the subglottic region, which
is thought to be most susceptible because it is the
site with the smallest diameter and it is bounded
most fully by cartilage. Authors have proposed a se-
quence of events leading to stenosis that includes
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Fig 1. A) Granulation tissue with exuberant vas-
utiiarization and overlying squamous epithelium
(original xlO). Inset) Original x6(). B) Fibrosis
with increased collagenization and diminished
vascularization (original x20).

B

ulceration and necrosis of airway mucosa and/or
cartilage, inflammatory reaction and granulation tis-
sue formation, fibrous scarring, and contracture.'-^
The pathologic features of stenosis following air-
way reconstructive surgery are not as well charac-
terized, but presumably involve a similar sequence
of events.

Healing injury in the upper airway shows many
features analogous to granulation tissue and wound
repair at other body sites, but there are several as-
pects unique to the site that may account for differ-
ences. Airway mucosa is in direct approximation
with perichondrium and cartilage, which typically
show damage in subglottic stenosis; cartilage injury
has been proposed to lead to a particularly vigor-
ous scarring response.'-^•'̂ •'*^ We speculate that this
may relate to the compounding of VEGF expres-
sion, which is known to increase in ischemic and/or

hypoxic cartilage.'^-"

An airway mucosal wound with vascular dam-
age leads to bleeding and hyperpermeability, which
involves a release of plasma proteins, blood cells,
and platelets, which react with tissue factor to form
a fibrin clot."-' This serves as a matrix for the mi-
gration of inflammatory cells and activated fibro-
blasts and endothelial cells. Compromise of muco-
sal blood vessels and resultant ischemia and/or in-
farction may also provoke granulation tissue forma-
tion; for example, "pressure necrosis" is thought to
occur in postintubation subglottic stenosis because
of the compression of blood vessels against nonre-
silient cartilage.—

Recently, there has been an interest in the role
of angiogenesis and angiogenic growth factors in
wound healing and scar formation in different dis-
ease processes. A number of investigators have re-
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Fig 2. In situ hybridization. Strong labeling with vascular endothelial growth factor A (VEGF-A) antisense probe indicates
strong epithelial VEGF A expt^ssion in squamous epithelium in subglottic stenosis (A; basal layer is at lower right), but not
in control (B). Strong VEGF receptor expression is seen in endothelial cells (arrows) in subglottic stenosis (C, VEGFR-1; E,
VEGFR-2). but not in control tissue (D, VEGFR-I; F, VEGFR-2).

ported the role of peptide growth factors in condi-
tions such as pulmonary fibrosis, hepatic cirrhosis,
systemic sclerosis, and nephro.sclerosis.'•-••'' The role
of growth factors such as platelet-derived growth
factor, transforming growth factor |32, and epider-
mal growth factor in the pathogenesis of subglottic
stenosis has also been investigated.^

The purpose of our study was to evaluate the
role of VEGF-A and its receptors, VEGFR-1 and
VEGFR-2, in airway stenosis. VEGF-A exerts a va-
riety of effects on vascular endothelium. It is among
the most potent vascular permeabilizing agents
known, with a potency that is 50,000 times that of
histamine.--^ After exposure to VEGF-A, the earliest
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biological effect is increased vascular permeability,
which is noted within seconds to minutes.-^ Other
delayed reactions include changes in endothelial
cell shape, migration, adhesion, and altered mRNA
and protein expression that occur hours to weeks af-
ter ^^^

VEGF-A actions are mediated through 2 high-
affmity receptors, VEGFR-1 and VEGFR-2.-^--^
The fact that both of these receptors are expressed
predominantly on vascular endothelium would ex-
plain the strong selectivity of VEGF-A on endothe-
lial cells. VEGF-A increases vascular permeability,
leading to extravasation of plasma proteins and pro-
angiogenic stromal changes.--'̂ ~'' VEGF-A is also an
endothelial cell mitogen promoting angiogenesis in
the endothelial

VEGF-A and its receptors have been shown to
play a role in a number of normal physiologic, in-
flammatory, and neoplastic processes.-^-'' The role
of VEGF-A in promoting angiogenesis in condi-
tions such as delayed hypersensitivity. retinopathies.
rheumatoid arthritis, and inflammatory skin disor-
ders has been reported.^" -̂ - The role of VEGF-A in
the pathogenesis of different neoplastic disorders
has also been of interest. Overexpression of VEGF-
A and its receptors has been shown in breast cancer,
bladder carcinomas, gastrointestinal adenocarcino-
mas, cutaneous angiosarcoma, and Kaposi's sarco-

The role of VEGF-A in wound healing has also
been investigated. In 1992, Brown etaH showed that
expression of VEGF-A mRNA increases dramati-
cally in the epidermal keratinocytes at the wound
edge and in residual hair follicles at the wound base
during the first 24 hours after a skin wound. Their
study showed that VEGF-A overexpression reaches

a peak at 2 days and persists at an elevated level for
1 week, the time required for granulation tissue to
form and keratinocytes to cover the wound defect.**
In 1993. Peters et al̂ *" reported an increased expres-
sion of VEGF receptors in the endothelial cells lin-
ing the new blood vessels in the developing granula-
tion tissue of healing wounds. An increase in micro-
vascular hyperpermeability due to overexpression
of VEGF-A during the early phase of wound heal-
ing has also been reported.'^ One previous study has
examined expression of VEGF in tracheal granula-
tion tissue in children with histories of surgical air-
way repair; using immunohistochemistry and in situ
hybridization, the authors demonstrated that VEGF
expression was increased in comparison with nor-
mal tracheal epithelial

Our examination was limited by the nature of hu-
man subject study. Unlike animal model studies, in
which all phases of injury can be assessed, our hu-
man study included tissue that was not accessible
until the injury had reached the granulation tissue-
fibrosis stage of healing, at which time tissue resec-
tion was dictated by patients' .symptoms. A further
limitation of the study is that it included only pedi-
atric patients.

This study is the first to evaluate the role of both
VEGF~A and its receptors in acquired airway steno-
sis. We have found markedly increased expression
of VEGF-A mRNA and its receptors in granulation
tissue of our patients with subglottic stenosis. Ac-
cording to our study and other reports, this may have
a direct effect on the amount of granulation tissue
and .subsequent scar formation. It is our belief that
inhibition of VEGF-A or its receptors may lead to
decreased scar formation and thereby minimize re-
stenosis in the airway.
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