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Vascular endothelial growth factor (VEGF) is a potent stimulator of
vascular angiogenesis, permeability, and remodeling that also plays
important roles in wound healing and tissue cytoprotection. To
begin to define the roles of VEGF in diseases like asthma and COPD,
we characterized the effects of lung-targeted transgenic VEGFq45
and defined the innate immune pathways that regulate VEGF tissue
responses. The former studies demonstrated that VEGF plays an im-
portant role in Th2 inflammation because, in addition to stimulating
angiogenesis and edema, VEGF induced eosinophilic inflammation,
mucus metaplasia, subepithelial fibrosis, myocyte hyperplasia,
dendritic cell activation, and airways hyperresponsiveness via IL-
13-dependent and -independent mechanisms. VEGF was also pro-
duced at sites of aeroallergen-induced Th2 inflammation, and VEGF
receptor blockade ameliorated adaptive Th2 inflammation and Th2
cytokine elaboration. The latter studies demonstrated that activa-
tion of the RIG-like helicase (RLH) innate immune pathway using
viral pathogen-associated molecular patterns such as Poly(l:C) or
viruses ameliorated VEGF-induced tissue responses. In accord with
these findings, Poly(l:C)-induced RLH activation also abrogated
aeroallergen-induced Th2 inflammation. When viewed in combina-
tion, these studies suggest that VEGF excess can contribute to the
pathogenesis of Th2inflammatory disorders such as asthma and that
abrogation of VEGF signaling via RLH activation can contribute to the
pathogenesis of viral disorders such as virus-induced COPD exacer-
bations. They also suggest that RLH activation may be a useful ther-
apeutic strategy in asthma and related disorders.
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Exaggerated Th2 inflammation and tissue remodeling are char-
acteristic of asthma. A prominent increase in blood vessel num-
ber and size and vascular leakage that correlates with disease
severity is also characteristic of this disorder. In contrast, type
I inflammation and vascular and parenchymal destruction are
characteristic features of pulmonary emphysema. Vascular en-
dothelial growth factor (VEGF) was initially defined as vascular
permeability factor. It is now known to be a critical regulator of
angiogenesis, vascular remodeling, wound healing, and cytopro-
tection (1-6). Based on this highly variable effector repertoire,
it is reasonable to speculate that VEGF dysregulation can con-
tribute to the pathogenesis of asthma and COPD. To test this
hypothesis, we characterized the effects of VEGF in the murine
lung and defined the innate immune pathways that regulate
VEGTF tissue responses.
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VEGF EXCESS IN ASTHMA

A variety of approaches have been used to define the mediators
that are necessary and/or sufficient for asthma-like type II im-
mune and tissue responses in the lung. Overexpression trans-
genic (Tg) approaches have been particularly useful in this
regard. These studies demonstrated that transgenic IL-13, when
targeted to the lung under the influence of the CC10 promoter,
generates asthma-like eosinophilic inflammation, mucus meta-
plasia, airway fibrosis, and airways hyperresponsiveness
(AHR) after methacholine challenge (7, 8). Interestingly,
VEGEF was prominently expressed in select airway and alveolar
epithelial cells and macrophages in the lungs from these trans-
genic animals (3). A number of other studies demonstrated that
the levels of VEGF were increased in biologic fluids from
patients with asthma, where they correlate with disease severity
(9, 10). However, the contributions of VEGF in this setting had
not been defined. To address this issue, a transgenic approach
was used to selectively and inducibly target VEGF4s to the
airway epithelium using the CC10 promoter. As previously re-
ported (5), in the wild type (WT) mice and Tg mice in which the
transgene was not activated, VEGF levels in bronchoalveolar
lavage (BAL) were less than or equal to 15 pg/ml. Increased
levels of BAL VEGF were noted within 24 hours and steady-
state levels between 0.05 and 12 ng/ml were seen after 1 week of
transgene activation. These levels of VEGF are in accord with
the levels in biologic fluids from normal subjects and patients
with asthma or respiratory syncytial virus (RSV) infection (11—
16). In keeping with the known angioregulatory effects of
VEGTF, increases in angiogenesis and vascular leak were readily
appreciated (5). Surprisingly, VEGF also caused impressive eo-
sinophilic inflammation, mucus metaplasia, airway remodeling
characterized by subepithelial collagen deposition and airways
smooth muscle hyperplasia, and AHR (5). VEGF also en-
hanced respiratory allergen sensitization and Th2 inflammation
and increased the number of activated dendritic cells (DC) in
the local microenvironment. In ovalbumin-sensitized and -chal-
lenged mice, VEGF was produced by epithelial cells, macro-
phages, and Th2 cells. In this setting, it was a critical
contributor to Th2 inflammation, Th2 cytokine production,
and AHR, because these responses were all ameliorated by
VEGFR?2 blockade (5). When viewed in combination, these
studies provide evidence that VEGF production by macro-
phages, epithelial cells, or T cells may contribute in important
ways to the pathogenesis of pulmonary Th2 responses like asthma
(Figure 1). Specifically, innate and adaptive immune responses
stimulate VEGF production, which induces mucus metaplasia
via an IL-13-dependent mechanism and inflammation, edema,
vascular leak, tissue fibrosis, myocyte hyperplasia, angiogenesis,
vascular remodeling, and AHR via an IL-13-independent path-
way(s) (5). In addition, antigen-induced responses increase the
number and activation of pulmonary DC leading to heightened
adaptive Th2 immunity, heightened Th2 cytokine production,
and in turn, heightened VEGF elaboration. This demonstrates
how innate and adaptive immunity can work through VEGF-
dependent pathways. It also highlights a potential positive
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Figure 1. Proposed roles of vascular endothelial growth
factor (VEGF) in the lung. During the course of innate
and adaptive immune responses, VEGF is produced by
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a variety of cells, including macrophages, epithelial cells,
and Th2 cells. This VEGF can increase the number and
state of activation of dendritic cells (DC), thereby aug-
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menting antigen-induced responses, especially Th2 reac-
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feedback loop in which antigen-induced responses lead to
VEGF production, which leads to DC activation, enhanced
Th2 sensitization, and augmented VEGF elaboration.

VEGF DEFICIENCY IN CHRONIC OBSTRUCTIVE
PULMONARY DISEASE

Chronic obstructive pulmonary disease (COPD) is a composite
term that is used for patients with emphysema and/or chronic
bronchitis. Patients with COPD experience disease exacerba-
tions whose frequency correlates with the rate of disease progres-
sion and the health status of the individual. Viruses, particularly
rhinovirus, influenza virus, and respiratory syncytial virus (RSV),
are important causes of COPD exacerbations (17-22). However,
the mechanisms of the inflammatory and remodeling responses
that are seen in COPD and the pathways that viruses use in
these disorders have not been defined.

Normal lung function and the ability of the lung to respond to
injury appear to be critically dependent on the presence of local
functional VEGF (3, 23-26). VEGF deficiency augments oxidant
injury and tissue destruction and has been implicated in the path-
ogenesis of pulmonary emphysema and other disorders (26).
However, the processes that regulate VEGF tissue responses in
the lung have not been defined. To further define the mechanisms
via which cigarette smoke (CS) exposure and viruses interact in
the pathogenesis of COPD, we have developed a murine model-
ing system in which mice are exposed to CS or room air and are
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edema, vascular leak, fibrosis, myocyte hyperplasia, angio-
genesis, vascular remodeling, and airway hyperresponsive-
ness (AHR) via IL-13-independent mechanisms.

then exposed to viral pathogen—associated molecular patterns
(PAMPs), such as Poly(I:C), or live viruses. These studies dem-
onstrated that, in contrast to our expectations, CS interacts in
a synergistic fashion with viral PAMPs or live viruses to augment
tissue inflammation, emphysematous alveolar destruction, epithe-
lial apoptosis, and airway fibrosis (27). Studies of the mechanisms
that are involved in these responses have demonstrated a prom-
inent role for the RIG-like helicase (RLH) antiviral innate im-
mune pathway in these animals, because each one of these
responses was abrogated in the absence of the mitochondrial
antiviral signaling molecule (MAVS), which is the central inte-
grator of this innate immune pathway (27). In keeping with the
hypothesis that VEGF deficiency also contributes to the patho-
genesis of emphysema, studies were undertaken to determine if
viruses and/or viral PAMPs have the ability to abrogate VEGF-
induced tissue responses. This hypothesis was tested by treating
the VEGF transgenic mice described above with Poly(I:C) or its
vehicle control. These studies demonstrated that Poly(I:C) ame-
liorated the ability of VEGF to induce angiogenesis, edema, in-
flammation, and mucus accumulation (28). These inhibitory
effects were not associated with a decrease in the production of
transgenic VEGF and were not altered by null mutations of Toll-
like receptor-3. They were, however, abrogated by null mutations
of MAVS highlighting the essential role(s) of the RLH innate
immune pathway in this response (28). Influenza and RSV had
similar inhibitory effects on VEGF-induced angiogenesis (28).
When viewed in combination, these studies demonstrate that

Figure 2. Effects of RLH activation on vascular endothelial
growth factor (VEGF) tissue responses. The activation of the
RIG-like helicase (RLH) pathway inhibits VEGF effector
responses, resulting in decreased mucus metaplasia, angio-
genesis, inflammation, and edema. It also abrogates VEGF-
mediated cytoprotection by increasing cellular apoptosis.
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Poly(I:C) and respiratory viruses inhibit VEGF-induced tissue
responses (Figure 2).

POLY(I:C) REGULATION OF AEROALLERGEN-INDUCED
TH2 INFLAMMATION

The studies noted above highlight the importance of VEGF ex-
cess in the pathogenesis of Th2 inflammation and the ability of
RLH innate immune activation to abrogate the tissue effects of
pulmonary VEGF. When viewed in combination, these studies
allow for the hypothesis that RLH immune activation can also
diminish Th2 inflammatory events in the lung. To test this hy-
pothesis, mice were sensitized and challenged with the aeroaller-
gen ovalbumin (OVA) in the presence of alum and challenged
with OV A after treatment with Poly(I:C) or its vehicle control.
OV A-sensitized and -challenged mice treated with the vehicle
control manifest prominent increases in BAL and tissue
total cell, macrophage, eosinophil, and lymphocyte recovery.
In all cases these inductive effects were abrogated by treatment
with Poly(I:C). This inhibition was mediated by a MAVS-
dependent pathway because the inhibitory effects of Poly(I:C)
were not seen in MAVS-null animals. Thus, in accord with
the critical role that VEGF plays in Th2 inflammation and the
ability of RLH activation to abrogate the tissue effects of VEGF,
Poly(I:C) was a potent inhibitor of adaptive Th2 inflammation.

CONCLUSIONS

The studies noted above suggest that VEGF has a variety of roles
in the lung and in lung disorders. They allow for the interesting
speculation that there is a VEGF axis in the lung extending from
deficiency on one end to excess at the other (Figure 3). They
allow for the interesting hypothesis that VEGF excess contrib-
utes to the pathogenesis of Th2 inflammation and, in turn,
asthma-like responses. It will be interesting to see if VEGF
excess plays a role in the recently described Th2-low patients
with asthma (29). They also allow for the speculation that em-
physema is mediated, in part, by events that decrease the levels
of VEGF and/or its ability to signal. By demonstrating that
RLH innate immune activation can abrogate VEGF signaling,
they also provide a pathogenetic mechanism via which viral
PAMPs and/or viruses can contribute to the pathogenesis of
COPD. They also highlight the potential use of RLH agonists
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Figure 3. Proposed vascular endothelial growth factor (VEGF) axis in
the lung. Based on these and other studies, it is reasonable to propose
that VEGF excess contributes to the pathogenesis of Th2 responses in
diseases such as asthma, and that a deficiency of VEGF or VEGF signal-
ing contributes to the pathogenesis of the emphysema in chronic ob-
structive pulmonary disease (COPD) and the type 1 responses that are
seen in these patients. They also allow for the hypothesis that RIG-like
helicase (RLH) activation will inhibit type 2 (asthma-like) and shift to-
ward type 1 (emphysema-like) responses.
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such as Poly(I:C) in attempts to control Th2 inflammation and
ameliorate the effects of VEGF excess in the lung.
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