
Introduction
The administration of supplemental O2 is an impor-
tant part of the therapy of patients with a wide variety
of cardiopulmonary and other disorders. Unfortunate-
ly, when fractional inspired concentrations of O2

greater than 50% are used, this treatment is associated
with significant toxicity. Although these concentra-
tions of O2 increase alveolar and arterial oxygen tension
and augment tissue oxygen delivery, they simultane-
ously stimulate the generation of toxic reactive oxygen
species. When administered for a prolonged period,
100% oxygen causes acute lung injury characterized by
severe endothelial damage, alveolar-capillary perme-
ability alterations, and pulmonary edema (1–3).

IL-13 is a pleiotropic 12-kDa protein product of a
gene on chromosome 5 at q31 that is produced in large
quantities by appropriately stimulated CD4+ Th2 cells
and in lesser quantities by Th1 cells (4, 5). It has a vari-
ety of proinflammatory effects that are relevant to asth-
ma and other Th2-dominated inflammatory disorders
including the ability to induce IgE production (6),
CD23 expression (7), and endothelial cell (EC) VCAM-
1 expression (8). However, IL-13 is not strictly proin-
flammatory. In fact, a large body of literature demon-

strates that IL-13 also has potent and complex anti-
inflammatory effects that include the ability to inhib-
it TNF, IL-8, and IL-1β elaboration, transcription fac-
tor NF-κB activation, and chemokine elaboration, and
the ability to induce the production of the IL-1 recep-
tor antagonist (9–13). In keeping with these properties,
IL-13 has been demonstrated to have protective effects
in a number of animal models including immune
complex lung injury (10), ischemia reperfusion liver
injury (14), lethal endotoxemia (15), and LPS-induced
ocular injury (16). The ability of IL-13 to regulate
hyperoxic acute lung injury (HALI), however, has not
been investigated, and the relationship(s) between the
pro- and anti-inflammatory effects of IL-13 in vivo has
not been defined.

Endothelial injury and cell death are major features in
the pathogenesis of HALI (17–20). After acute oxygen
exposure, pulmonary microvascular ECs rapidly die,
leaving areas of denuded capillary basement membrane
(1, 21). Recovery from HALI requires EC proliferation to
restore normal capillary architecture (1, 22). Studies of
this recovery response have suggested that the EC pro-
liferation that is seen is mediated by angiogenic growth
factors. VEGF may play a key role in this response, as it
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is a powerful endothelial mitogen (23, 24), inhibits EC
apoptosis (23–26), and is produced in significant quan-
tities by alveolar type II cells during recovery from hyper-
oxic exposures (17). To date, however, the ability of EC
mitogens and apoptosis regulators to confer protection
in the setting of HALI has not been investigated. In addi-
tion, although IL-13 has been noted to have angioregu-
latory properties (27–29), its ability to stimulate VEGF
elaboration and the ability of VEGF to mediate protec-
tive effects of IL-13 has not been documented.

We hypothesized that IL-13, while inducing tissue
inflammation, could ameliorate HALI. We also hypoth-
esized that IL-13, alone or in combination with hyper-
oxia, could induce VEGF elaboration and that the
VEGF would contribute to the protective effects of IL-
13 in this setting. To test this hypothesis, we compared
the sensitivity to 100% O2 of wild-type (WT) mice and
transgenic mice generated in our laboratory in which
the overexpression of IL-13 causes significant tissue
inflammation and physiological dysregulation (30).
These studies demonstrate that IL-13–overexpressing
mice exhibit a remarkable tolerance to the toxic effects
of 100% O2, as they survive for significantly greater peri-
ods in 100% O2 than do WT littermate controls. They
also demonstrate that IL-13, alone and in combination
with hyperoxia, induces VEGF elaboration; highlight
the isoform specificity of these inductive responses; and
demonstrate that IL-13–induced protection in 100% O2

is partially abrogated after in vivo VEGF neutralization.

Methods
Animals. Two types of overexpression transgenic mice
were generated in our laboratory and used in these
studies. Both were generated using CBAxC57BL/6
zygotes and bred onto a C57BL/6 genetic background.
Unless otherwise indicated, WT littermates were used
as negative controls.

Clara cell 10-kDa protein promoter–IL-13 mice. These
mice use the Clara cell 10-kDa (CC-10) promoter to tar-
get the expression of murine IL-13 to the lung/airway.
In these animals, IL-13 is constitutively expressed with
1.5–3.0 ng/mL levels of IL-13 being detectable in the
bronchoalveolar lavage (BAL) fluid. The methods used
to generate these mice, the organ specificity of trans-
gene expression, and the phenotype of these animals
have been described previously (30).

CC-10–reverse tetracycline transactivator cDNA–IL-13
mice. In these mice, IL-13 is overexpressed in an exter-
nally regulable fashion. The approach used to gener-
ate these animals has been described by our laborato-
ry (31). It entails the generation of mice with two
transgenic constructs. The first (tet-O-CMV-IL-13-
hGH) consists of multimers of the tetracycline opera-
tor (tet-O), linked to the minimal cytomegalovirus
promoter, murine IL-13 cDNA, and human growth
hormone (hGH) intronic and polyadenylation
sequences. The second construct (CC10–rtTA–hGH)
contains the CC10 promoter driving the expression of
the reverse tetracycline transactivator cDNA (rtTA)

linked to hGH intronic and polyadenylation
sequences. rtTA is a fusion construct that contains the
tetracycline repressor (tet-R) protein and the powerful
herpes virus VP-16 transactivator. It has been mutated
such that the tet-R only binds to tet-O in the presence
of doxycycline (dox). In dual animals, CC10 constitu-
tively targets rtTA to the lung/airway. In the presence
of dox (which is added to the animal’s drinking water),
rtTA binds in trans to the tet-O and the VP-16 trans-
activator activates IL-13 gene transcription. In the
absence of dox, rtTA does not bind or binds weakly to
the tet-O, and low levels or no transgene expression
can be appreciated. The details of the preparation of
the CC10-rtTA-hGH construct have been described
elsewhere (31). The tet-O-CMV-IL-13-hGH construct
was prepared by replacing the IL-11 cDNA in the con-
struct tet-O-CMV-IL-11-hGH described previously by
our laboratory (31), with the murine IL-13 cDNA. The
fidelity of the junction areas of these constructs were
confirmed by sequencing, and the constructs were iso-
lated and purified through Elutip-D columns (Schle-
icher and Schuell, Keane, New Hampshire, USA).
Transgenic mice were generated in (CBA x C57BL/6)
F2 eggs by simultaneously microinjecting both con-
structs. Founders were identified by Southern analysis
using radiolabeled cDNA encoding IL-13 and rtTA
and bred with WT C57BL/6 animals. The function of
this system was evaluated by quantitating the levels of
BAL IL-13 before and/or intervals after dox (0.5
mg/mL) administration. At baseline, lungs appeared
normal on hematoxylin and eosin (H&E) stains, and
levels of BAL IL-13 less than or equal to 75 pg/mL were
noted. Increased levels of BAL IL-13 were noted with-
in 24 hours, and plateau levels between 0.3 and 1.2
ng/mL were noted 48–96 hours after dox administra-
tion. The full-blown IL-13 phenotype, as described by
our laboratory (30), was seen after approximately 6
weeks of dox ingestion. In all lines, RT-PCR analysis of
RNA from lungs and other tissues demonstrated that
IL-13 was produced in a lung-specific fashion.

Recombinant murine IL-13 administration. In selected
experiments, the effects of recombinant (r) IL-13 were
evaluated. In these experiments, rIL-13 (500 ng; R&D
Systems, Minneapolis, Minnesota, USA) or its saline
vehicle control was applied to the nostrils of sedated
mice and then aspirated into their lungs. Doses were
given 24 hours and 4 hours before the initiation of
the hyperoxic exposure.

Oxygen exposure. One- to 2-month-old mice were
placed in cages in an airtight Plexiglass chamber (55 ×
40 × 50 cm). Throughout the experiment, they were
given free access to food and water. Oxygen levels were
constantly monitored by an oxygen sensor that was
connected to a relay switch incorporated into the oxy-
gen supply circuit. The inside of the chamber was kept
at atmospheric pressure, and mice were exposed to a
12-hour light-dark cycle.

BAL. After anesthesia, a median sternotomy was per-
formed and the trachea was exposed by blunt dissec-
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tion. A 22-gauge catheter was inserted into the trachea,
and BAL was performed by instilling 0.6 mL of PBS into
the trachea and gently aspirating back. This was repeat-
ed twice. The samples from each animal were pooled
and centrifuged, and the supernatant stored at –20°C.

Serum collection. After anesthesia, a median sternoto-
my incision was performed and extended into the
abdomen. The inferior vena cavae was then dissected,
and 1 mL of blood was collected and allowed to clot at
room temperature for 2 hours. The serum was aspirat-
ed after centrifugation at 2,000g for 20 minutes and
was stored at –20° C until used.

Measurements of VEGF and keratinocyte growth factor in
BAL fluids and serum. The levels of VEGF or keratinocyte
growth factor (KGF) in BAL fluids and or serum were
measured using commercial ELISAs (R&D Systems)
specific for each cytokine. Each assay used a polyclon-
al antibody specific for VEGF or KGF as the capture
antibody and a horseradish peroxidase–conjugated
(HRD-conjugated) antibody specific for the cytokine
being assayed as the detector. The protocols were fol-
lowed according to the manufacturer’s instructions.
These assays detected as little as 9 pg/mL of VEGF and
15 pg/mL of KGF.

Immunohistochemical localization of VEGF. Staining was
performed on a DAKO autostainer (DAKO Corp.,
Carpinteria, California, USA). Paraffin-embedded tis-
sues were cut, exposed to three changes of xylene, rehy-
drated in a series of graded alcohols, rinsed, blocked
with avidin and biotin (Biotin Blocking Kit; DAKO
Corp.), and endogenous peroxidase activity was
blocked by incubation in 0.3% hydrogen peroxide for
5 minutes. The slides were incubated for 1 hour at
room temperature with either a 1:200 dilution of a
murine IgG2 mAb that recognized all isoforms of
VEGF (Santa Cruz Biotechnology, Santa-Cruz, Cali-
fornia, USA) or a 1:200 dilution of a nonspecific anti-
mouse IgG2 control antibody (R&D Systems). To pre-
vent nonspecific binding to mouse tissue, the
antibodies were previously biotinylated and blocked
with nonspecific mouse serum using a commercially
available kit (Animal Research Kit; DAKO Corp.). After
incubation with antibody, the slides were incubated
with a streptavidin-peroxidase enzyme conjugate
(DAKO Corp.) for 15 minutes followed by 3, 3′-
diaminobenzidien-tetrahydrochloride (DAB; DAKO
Corp.) for 7 minutes. The slides were counterstained
with hematoxylin, dehydrated in a series of graded
alcohols, and cleared with xylene.

Characterization of VEGF isoforms in BAL. To character-
ize the isoforms of BAL VEGF, Western blot analysis
was performed. BAL fluids were concentrated tenfold
by centrifugation (Centricon concentrator; Amicon
Inc., Beverly, Massachusetts, USA) and, along with
recombinant human VEGF protein controls (R&D
Systems), were resolved on 12% acrylamide reducing
gels and transferred to PDVF membranes (Immobilin-
P; Millipore Corp., Bedford, Massachusetts, USA). The
membranes were blocked with 5% nonfat milk, washed

with 0.1% Tween 20, and incubated for 2 hours at
room temperature in 2.5% milk in a 1:10,000 dilution
of a rabbit polyclonal antibody that recognized all iso-
forms of mouse VEGF (Santa Cruz Biotechnology).
After washing with 0.1% Tween 20, they were incubat-
ed for 1 hour with a biotinylated goat anti-rabbit anti-
body (Amersham Life Science, Bucks, United King-
dom) and washed in 0.1% Tween 20. Protein bands
were detected using the ECL Western blot detection
system (Amersham Life Science).

In vivo neutralization experiments. To determine
whether VEGF mediated the enhanced resistance to
100% oxygen seen in the IL-13–overexpressing mice,
neutralizing antibodies to VEGF and antibody con-
trols were administered to transgenic and WT litter-
mate control mice and their survival in 100% oxygen
was assessed. The goat polyclonal anti-VEGF and poly-
clonal control antisera were administered (30–100 µg
intraperitoneally) just before the initiation of the 100%
oxygen exposure. WT littermate mice given intraperi-
toneal PBS were included as additional controls.

Statistics. Normally distributed data are expressed as
means ± SD and assessed for significance by Student’s
t test or ANOVA as appropriate. Data that were not
normally distributed were assessed for significance
using the Wilcoxon rank sum test. Differences in sur-
vival between transgenic and WT animals were
assessed using χ2 analysis.

Results
CC10–IL-13 transgene–positive mice demonstrate increased
survival in hyperoxia. To determine whether the over-
expression of IL-13 led to increased survival in hyper-
oxia, CC10–IL-13 mice and their WT littermate con-
trols were exposed to 100% oxygen, and their survival
was assessed (Figure 1). Seven of the WT mice died by
day 4, and all died by day 5. In contrast, all the
CC10–IL-13 transgenic mice lived for 7 days. Four
were still alive at 10 days, and two did not die until 14
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Figure 1
Survival of CC10–IL-13 mice and their littermate controls in 100%
oxygen. CC10–IL-13 transgenic mice (triangles/solid line) and WT lit-
termate controls (squares/dashed line) (n = 9 for each group) were
exposed to 100% O2 and survival was assessed.



days after the start of the hyperoxic exposure. The
difference in survival between the transgenic and WT
mice was statistically significant (P < 0.0001).

CC10–rtTA-IL-13 inducible transgenic mice demonstrate
increased survival in hyperoxia. As described previously
(30), CC10–IL-13 transgenic mice have prominent
anatomical alterations including inflammation and
airway fibrosis. In an attempt to determine whether
the IL-13 or the structural alterations it induced were
responsible for the enhanced survival of the CC10–IL-
13 transgenic animals, we determined if a similar pro-
tective effect was seen in transgenic mice that
expressed significant quantities of IL-13 for shorter
intervals. In the first series of experiments, we com-
pared the survival in 100% oxygen of CC10–rtTA–IL-
13 mice on dox for 2 weeks (n = 5), CC10–rtTA–IL-13
mice on normal water (n = 4), and WT littermate con-
trols fed normal water (n = 4) and dox water (n = 4). At
this 2-week time point, the transgenic mice on dox
water have modest pulmonary inflammation but no
subepithelial airway fibrosis. As expected, the WT
mice both on and off dox all died within 4–6 days. The
CC10–rtTA–IL-13 transgenic mice on dox showed
enhanced survival with 100% of the animals living for
8 days and others living for 9, 10, and 12 days, respec-
tively (Figure 2). CC10–rtTA–IL-13 mice on normal
water showed a survival that was intermediate
between the WT mice and the dox-treated
CC10–rtTA–IL-13 mice dying after 7–8 days of 100%
oxygen exposure (Figure 2). The difference in survival
between the CC10–rtTA–IL-13 mice on dox and their
WT littermate controls was statistically significant 
(P < 0.0001).

In the second series of experiments, we compared
the survival in 100% O2 of CC10–rtTA–IL-13 mice on
dox for 24 hours and appropriate controls. At this
time point, lungs from transgenic CC10–rtTA–IL-13

mice are normal on H&E evaluation. This time point
was also chosen because it took approximately 24
hours for the induction of IL-13 by dox to be appreci-
ated. This enabled us to initiate the 100% O2 exposure
at the time IL-13 production was being induced. In
these experiments, all the WT mice died in 5–6 days.
In contrast, 75% of the IL-13–producing animals lived
7 days or more, with 25% surviving for 10- to 14-day
intervals (P < 0.05) (data not shown). Thus, IL-
13–induced protection was readily appreciated in this
short-term IL-13 exposure system.

rIL-13 confers protection in 100% O2. Studies were also
undertaken to determine whether rIL-13 could pro-
tect WT mice from the toxicities of 100% O2. As illus-
trated in Figure 3, 25% of vehicle control treated WT
mice died after 4 days, 50% died after 4–5 days, and
100% died after 5 days of 100% O2 exposure. In con-
trast, the administration of as little as 1 µg of rIL-13
over the 24-hour interval before the institution of the
100% O2 exposure caused 80% and 30% of the animals
to live for more than 5 and 5.5 days, respectively. The
differences between the survival of these mice were
highly significant (P < 0.0002). Thus, rIL-13 can pro-
tect lungs from WT mice from the damaging effects
of 100% O2. When these studies and the studies with
the CC10-rtTA-IL-13 mice on dox water for 24 hours
are viewed in combination, they demonstrate clearly
that the protective effects of IL-13 can be seen in
anatomically normal lungs and cannot be attributed
solely to the structural alterations that are induced
by the cytokine.

CC10–IL-13 transgenic mice have increased levels of BAL
fluid VEGF, but not KGF. Epithelial and endothelial
injury and proliferation are important components of
the damage and repair responses, respectively, seen
after hyperoxic exposures. As a result, we hypothesized
that factors that promote epithelial and endothelial
proliferation could lead to enhanced repair and
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Figure 2
Survival in 100% oxygen of CC10–rtTA–IL-13 mice on normal water
and dox water. The survival of CC10–rtTA–IL-13 transgenic mice on
normal water (open triangles) and dox water (solid circles) and of WT
littermate control mice on normal water (open circles) and dox water
(solid triangles) was assessed as described in Methods. In these exper-
iments, dox was added to the animal’s drinking water 2 weeks before
the initiation of the hyperoxic exposure.

Figure 3
Survival of rIL-13–pretreated WT mice in 100% O2. WT mice were
randomized to receive rIL-13 (500 ng) (squares) or vehicle con-
trol (circles) 24 hours and 4 hours before the initiation of 100%
O2 exposure. Survival was then assessed as described in Methods
(n = a minimum of 8 for each group).



increased survival after hyperoxic insults. KGF stimu-
lates type II alveolar epithelial cell proliferation and
confers protection in 100% oxygen (32). VEGF is a
powerful EC mitogen (23, 24). We, therefore, quanti-
tated the levels of BAL fluid KGF and VEGF in trans-
genic and nontransgenic mice before and after expo-
sure to 100% oxygen.

The levels of KGF in BAL fluids from CC10–IL-13
transgenic and WT nontransgenic mice in room air
were at or below the limits of detection of our assay. In
addition, these levels did not change in a significant
fashion in nontransgenic or animals after 100% oxygen
exposure (data not shown).

In contrast to KGF, IL-13 and hyperoxia, alone and
in combination, caused significant alterations in the
levels of BAL VEGF. IL-13 alone was a modest stimu-
lator of VEGF, inducing significantly higher levels of
BAL fluid VEGF in CC10–IL-13 transgenic mice than
in their WT littermate controls (63.4 ± 16 vs. 14.2 ± 3

pg/mL; P < 0.0001). Hyperoxia alone also augmented
VEGF accumulation with levels of BAL fluid VEGF in
WT littermate control mice of 120 ± 30 pg/mL after 72
hours of 100% O2 exposure (P < 0.05) (Figure 4). Inter-
estingly, the highest levels of VEGF were found in
transgenic animals exposed to 100% oxygen. These lev-
els peaked after 72 hours of 100% oxygen exposure
(473 ± 119 pg/mL;. P < 0.0001 vs. littermate control
mice exposed to 100% O2 for 72 hours; and P < 0.005
compared with transgenic mice in room air) (Figure 4).

Serum levels of VEGF are lower than levels in BAL. To
determine whether the increased levels of BAL VEGF
in transgenic and WT mice, before and or after 100%
oxygen exposure, were due to leakage of VEGF from
the circulation, the levels of serum VEGF in these ani-
mals were quantified. Serum levels of VEGF in WT
animals breathing room air were consistently at or just
above the limits of detection of our assay. In addition,
these levels were not significantly different than the
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Figure 4
Levels of BAL fluid VEGF in CC10–IL-13 mice in room air and after
exposure to 100% oxygen. BAL fluids were obtained from CC10–IL-
13 mice (open bars) and their WT littermate controls (solid bars)
before and at intervals after exposure to 100% oxygen. The levels of
VEGF in these fluids were quantitated using a commercial ELISA that
detects all isoforms of VEGF. The noted values represent the mean ±
SD of a minimum of nine animals at each time point. (AP < 0.05,
comparing CC10–IL-13 transgenic and WT nontransgenic animals
at each time point).

Figure 5
Immunohistochemical localization of VEGF.
Sections were obtained from lungs from
CC10–IL-13 transgenic mice breathing room
air, and immunohistochemical approaches
were used to define the localization of VEGF
as described in Methods. (a) The staining
that is seen with the control antibody. ×25
(all photomicrographs are original magnifi-
cation). Panel b contains a low-power pho-
tomicrograph illustrating the staining in pul-
monary parenchyma, airways (solid arrows),
blood vessels, and alveolar macrophages
(solid arrowheads). ×25. High-power pho-
tomicrographs illustrating airway epithelium
(solid arrows) and smooth muscle (open
arrows) staining are illustrated in c. ×100.
Alveolar type II epithelial cell (open arrow-
heads) staining is highlighted in d. ×100.



levels of VEGF in serum from CC10–IL-13 transgenic
mice breathing room air or transgenic or WT mice
exposed to 100% oxygen (data not shown). This
demonstrates that the increased levels of VEGF in the
BAL fluids from our transgenic and WT mice were due
to increases in local VEGF production/elaboration.

VEGF is localized to airway epithelial cells, smooth muscle
cells, type II alveolar epithelial cells and macrophages. To
localize the VEGF in our animals, immunohisto-
chemistry was performed on lung sections prepared
from animals breathing room air and animals on
100% oxygen for 24, 48, and 72 hours. The patterns of
VEGF expression were similar at all time points with
staining localized predominately to selected airway
epithelial cells, type II alveolar epithelial cells, airway
and vascular smooth muscle cells and macrophages
(Figure 5). There were no obvious differences in the
localization of staining in the CC10–IL-13 transgenic
and WT nontransgenic animals.

IL-13 and hyperoxia stimulate VEGF in an isotype-specif-
ic fashion. Multiple isoforms of VEGF are produced as
a result of alternative splicing from a single gene (23,
24, 33). To determine whether IL-13, alone or in com-
bination with 100% oxygen, stimulates the produc-
tion of specific isoforms of VEGF, Western blot
analysis of BAL fluid was undertaken. VEGF was
detectable in the BAL fluids from some but not all
WT mice breathing room air. When it was detected,
it migrated in a fashion compatible with the
164–amino acid isoform of murine VEGF (Figure 6,
lane 2). VEGF was induced and readily detected in the
BAL fluids from CC10–IL-13 transgenic mice breath-
ing room air. The major VEGF moiety in these BAL
fluids also migrated in a fashion consistent with
murine VEGF164 (Figure 6, lanes 6 and 7). Bands com-
patible with other VEGF isoforms were not consis-
tently noted (Figure 6). In CC10–IL-13 transgenic
mice exposed to 100% oxygen for 72 hours, the
migration and intensity of the VEGF164 band did not
change. However, there was an impressive increase in
moieties compatible with the 120 and 188 amino
acid isoforms of murine VEGF (Figure 6). When

viewed in combination, these studies demonstrate
that IL-13 selectively stimulates VEGF164, whereas IL-
13 plus hyperoxia selectively stimulate moieties com-
patible with VEGF120 and VEGF188.

In vivo neutralization of VEGF decreases the survival of
CC10–IL-13 mice in 100% oxygen. To determine
whether VEGF contributed to the enhanced survival
of CC10–IL-13 transgenic mice in hyperoxia, we com-
pared the survival in 100% oxygen of transgenic mice
and their WT littermate controls after administra-
tion of neutralizing antiserum to VEGF or a matched
antiserum control. Neither antibody preparation
altered the survival of WT mice in 100% O2. These
animals and saline-treated animals all died after 4–5
days of hyperoxic exposure. In contrast, CC10–IL-13
transgenic mice given IgG control antibody lived for
9–17 days with one mouse dying at day 9, five at day
11, and two at day 17. The anti-VEGF antibody
decreased the survival of these transgenic animals
with 6 mice dying by day 10 and the remaining dying
by day 12 (P < 0.0001 versus control antibody treated
animals) (Figure 7).

Discussion
In these studies, we test the hypothesis that IL-13 is
protective in the setting of HALI and that this protec-
tion is mediated, in part, by the ability of IL-13 to
stimulate the accumulation of EC-regulating media-
tors. In these studies, we focused on the ability of IL-
13 to induce VEGF because VEGF is a well-docu-
mented endothelial mitogen and regulator of EC
apoptosis (23–26). Our studies demonstrate that IL-
13 has remarkable protective effects in 100% oxygen.
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Figure 6
Western blot characterization of isoforms of VEGF in BAL fluids.
BAL fluids were obtained from CC10–IL-13 transgenic (TG) mice
and WT littermate controls (–) before (O2

–) and after (O2
+) expo-

sure to 100% oxygen for 72 hours. The isoforms of VEGF in these
fluids were analyzed by Western blotting as described in Methods.
Lane 1 contains molecular weight markers, and lane 10, recombi-
nant human VEGF121 and VEGF165 controls.

Figure 7
Effect of neutralization of VEGF on the survival of CC10–IL-13 mice
in 100% oxygen. To determine whether VEGF contributed to the
enhanced survival of CC10–IL-13 mice, transgenic mice were
exposed to 100% oxygen after the intraperitoneal administration of
either nonspecific IgG (triangles, dashed line) or an anti-VEGF anti-
body (squares, solid line) as described in Methods (n = 8 for each
group). There was a significant reduction in the survival of the
group given anti-VEGF antibody compared with the mice given the
control antibody (P < 0.0001).



They also demonstrate that IL-13 selectively stimu-
lates the accumulation of the 164–amino acid isoform
and that IL-13 and 100% oxygen interact to further
increase the accumulation of VEGF moieties compat-
ible with the 120– and 188–amino acid isoforms of
murine VEGF. Last, they demonstrate that IL-
13–induced protection in HALI is mediated, at least
in part, by VEGF, as in vivo neutralization of VEGF
decreased IL-13–induced protection in this setting.

The gas exchange function of the lung requires an
extensive capillary network of ECs in close proximity
to thin alveoli. During HALI, the excessive production
of reactive oxygen intermediates leads to membrane
and DNA injury and eventually a cell death response
with features of early apoptosis and necrosis (3, 34).
ECs are a major site of this injury response, and the
loss of and/or impaired function of pulmonary capil-
lary endothelial cells contributes to the fluid and pro-
tein leak and pulmonary edema seen in this disorder.
During HALI, little EC proliferation occurs (1). In
contrast, recovery from HALI requires EC prolifera-
tion to restore the integrity of the vascular endotheli-
um (1, 17, 22). In these studies, we reasoned that stim-
uli that decrease EC death responses and/or stimulate
EC proliferation, if activated and/or induced before
or during HALI, would be protective in this setting.
To assess the validity of this reasoning, we determined
if IL-13, alone or in combination with 100% oxygen,
regulated VEGF accumulation; characterized the
localization of VEGF in the lung; and determined
whether VEGF contributed to the protective effects of
IL-13 in this setting. These studies demonstrate for
the first time that IL-13 stimulates VEGF when
expressed in a transgenic fashion in the lung and that
IL-13 and 100% oxygen interact to augment VEGF
accumulation further. In keeping with reports from
others (17, 35, 36), they also demonstrate that pul-
monary VEGF appears in airway epithelial cells, alve-
olar type II epithelial cells, and macrophages. Impor-
tantly, these studies also demonstrate that VEGF
contributes to the protective effects of IL-13 in HALI.
When viewed in combination, these studies support
the concept that stimuli that induce and/or recapitu-
late selected features of the repair/recovery response
of HALI can confer protection in this injury state.
They also raise the exciting possibility that some,
and/or all, of the large number of other angiogenic
factors that have been described can confer protection
in a similar and/or related fashion.

IL-13 is a potent stimulator of tissue inflammation,
airway fibrosis, and alveolar remodeling in our trans-
genic mice and other in vivo systems (30, 37, 38). In
keeping with the importance of angiogenesis in these
responses (23, 35, 39), IL-13 has been shown to have
endothelial regulatory properties. They include the
ability to stimulate and inhibit EC migration (28) and
chemotaxis (29) and to inhibit the production of
hyaluronectin, an inhibitor of angiogenesis (27). Our
studies add to our knowledge of the angioregulatory

properties of IL-13 by demonstrating that IL-13 stim-
ulates the in vivo accumulation of VEGF. These find-
ings differ from those from Matsumoto et al. who
demonstrated that IL-13 inhibits macrophage VEGF
elaboration (40). The basis for this difference is not
fully understood. It is likely, however, to be due to the
different experimental systems that were used. Mat-
sumoto al. used an in vitro culture system in which
cells from patients with renal diseases were studied
(40). We used a normal whole murine lung and trans-
genic cytokine. Regardless of the mechanism, our
studies suggest that VEGF is a major mediator of the
effects of IL-13 on local vascular structures. If true,
this has impressive implications for the pathogenesis
of the vascular alterations seen at sites of Th2-domi-
nated tissue inflammation as seen in diseases such as
asthma (41) and schistosomiasis (42).

VEGF exists in at least five isoforms, formed by
alternative splicing of a single VEGF gene. These iso-
forms differ in their solubility, receptor affinity, and
mitogenic potency (18, 23, 24). The human 121– and
165 –amino acid isoforms (analogous to the murine
120– and 164–amino acid isoforms, respectively) do
not bind and bind heparin and heparan-sulfate weak-
ly, respectively. As a result, they are soluble moieties
in cell supernatants and biologic fluids. In contrast,
larger isoforms such as human VEGF189 and its
murine analog VEGF188 bind with a high specificity
and tend to remain cell- and/or matrix-associated in
vitro and in vivo. The importance and distribution of
VEGF isoforms in the normal and injured lung have
not received significant attention. It has been demon-
strated, however, that the relative proportion of
VEGF189 is greater in the adult lung than in other tis-
sues and that during development, the levels of
VEGF165 mRNA decrease while the levels of VEGF189

mRNA increase (18). In HALI, in adult and newborn
rabbits, the relative proportion of VEGF189 mRNA
also declines but returns to normal during lung
recovery (18). Our studies demonstrate that IL-13
selectively stimulates VEGF164 in the murine lung.
Since, in humans, VEGF165 is the most mitogenic of
the isoforms of VEGF (18, 43), it appears that IL-13
interacts with the VEGF system in a fashion that
maximizes its angiogenic effect. In contrast, VEGF188

and VEGF120 were augmented by IL-13 plus 100%
oxygen. The analogous human isoform of
VEGF188,VEGF189, does not bind to the Flk-1 VEGF
receptor and may be a matrix storage form of the
molecule (18). Thus, the physiologic consequences of
the induction of VEGF120 and VEGF188 by IL-13 and
hyperoxia are not clear. In addition, the mechanisms
responsible for the isoform specificity of these induc-
tive events will require additional investigation
because the different isoforms of VEGF can be pro-
duced in a primary fashion or generated via post-
translational cleavage of larger VEGF isoforms by
enzymes like urokinase-type plasminogen activator
and plasmin (18, 44).
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VEGF was originally described as vascular perme-
ability factor (VPF), a tumor cell–derived molecule
that increased vascular permeability (24, 45). When
this property of VEGF and its EC protective effects are
viewed in combination, it is clear that VEGF can, in
theory, contribute to the pathogenesis of injury-
induced permeability alterations or confer cytopro-
tection in this setting. To differentiate among these
different effector possibilities, we compared the sen-
sitivity to 100% O2 of IL-13 transgenic mice treated
with neutralizing antibodies to VEGF or control
immunoglobulins. In these studies, neutralization of
VEGF caused a significant decrease in survival in
hyperoxia. This demonstrates that VEGF contributes
to IL-13–induced protection in this setting. It is
important to point out, however, that neutralization
of VEGF only partially abrogated the protective
effects of IL-13. This may be due to limitations in our
experimental methodology. Specifically, the need to
keep animals in 100% O2 precluded the administra-
tion of multiple doses of anti-VEGF and concerns
over surgically induced cytokine elaboration (for
example, IL-1 and/or TNF) precluded the use of
indwelling osmotic pumps. Alternatively, the partial
nature of this response may accurately reflect the con-
tributions of VEGF. The rest of the IL-13–induced
protective response may be mediated by other prop-
erties of IL-13 such as its ability to diminish reactive
oxygen intermediate production (46), inhibit apopto-
sis (12), inhibit NF-κB and AP-1 transcription factor
activation (12) or induce alveolar type II–cell hyper-
plasia and surfactant apoprotein B elaboration (R.
Homer and J.A. Elias, unpublished observations) (47).
Our inability to detect heightened KGF levels in our
100% O2 exposed animals, however, suggest that KGF
does not contribute in a significant way to this pro-
tective response in a fashion analogous to its protec-
tive effects in other experimental systems (32). 

In summary, these studies demonstrate that the tar-
geted overexpression of IL-13 in the murine lung con-
fers protection in the setting of HALI. They also
demonstrate that IL-13 selectively augments the accu-
mulation of VEGF164 and that IL-13 plus hyperoxia
interact to cause impressive increases in the levels of
moieties compatible with VEGF120 and VEGF188. Last-
ly, these studies demonstrate that in vivo neutraliza-
tion of VEGF reduces the protective effects of IL-13,
demonstrating that the protective effects of IL-13 are
mediated, in part, by this cytokine moiety. Regulation
of the IL-13 and/or VEGF cytokine pathways may
prove useful in modifying the pulmonary damage
caused by hyperoxia and/or other oxidant-induced
tissue injuries.
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