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Viral infections are closely linked to wheezing in infancy, and
those children with recurrent virus-induced wheezing episodes
are at great risk for chronic childhood asthma. Infancy is a time
of increased susceptibility to viral infections, and this stage is
also characterized by pulmonary alveolar multiplication and
extensive remodeling of the airways to accommodate growth.
This coincidence, together with the observation that children
with asthma can have structural lung changes and functional
deficits at an early age, suggests that viral infections could
adversely affect lung development. Inflammatory mediators
induced by viral infection are known to have effects on the
remodeling process, suggesting a plausible mechanism to
support this theory. Furthermore, animal models of viral
infection during lung growth and development suggest that
developmental factors are important in determining the
consequences of infection on long-term lung function. Greater
understanding of the effects of viral infections on lung
development and growth in early childhood might lead to the
discovery of additional strategies for the prevention of
recurrent wheezing and chronic asthma. (J Allergy Clin
Immunol 2005;115:668-74.)

Key words: Viral infection, respiratory syncytial virus, rhinovirus,
children, lung development, cytokines, asthma

The majority of children with asthma experience their
first episode of wheezing in childhood, and these initial
illnesses are almost always caused by viral infections.
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Recognition of this relationship in the natural history of
childhood asthma has led to speculation that viral infec-
tions might play a causative role. Furthermore, infancy is
a period of rapid growth and development: the obvious
development of motor and language skills is accompanied
by equally pronounced changes in the immune and pulmo-
nary systems during the first years of life. Given the
delicate regulation of these developmental processes, it is
quite likely that the effects of an acute inflammatory
response to a lower respiratory tract infection (LRI) are
age dependent and that infancy might represent a period of
greater vulnerability to long-term consequences of infec-
tions on lung structure and function. This review will
address the interplay between viral infections and lung
development during infancy and early childhood and the
relationship of these events to the onset of recurrent
wheezing and asthma.

EPIDEMIOLOGY OF WHEEZY VIRAL
INFECTIONS IN INFANCY

Early episodic wheezing in infancy is typically caused
by viral infections, and the specific pathogens most often
involved are respiratory syncytial virus (RSV), rhinovi-
ruses, parainfluenza viruses (PIVs), metapneumovirus,
and influenza viruses.'> RSV has received much attention
because of its predilection to produce bronchiolitis during
the winter months, and this pathogen accounts for about
70% of these episodes.3 In fact, rates of hospitalization of
infants with acute virus-induced wheezing and respiratory
distress (bronchiolitis) increased substantially during the
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period from 1980 through 1996, as did the proportion of
total and lower respiratory tract hospitalizations associated
with bronchiolitis.* Bronchiolitis, however, represents
only the most severe fraction of infections because nearly
100% of children are infected with this virus by the age of
2 years.” Children aged 3 to 6 months are most prone to
experience lower respiratory tract symptoms, suggesting
that a developmental component (eg, lung maturation,
immunologic maturation, or both) is an important cofactor
in determining the severity of the illness.® Metapneumo-
viruses were first described in 20017 and cause approxi-
mately 10% to 15% of the wheezing illnesses during the
wintertime that are RSV negative. These viruses have
a natural history that is similar to that of RSV: serologic
studies have shown that nearly all children are infected
during the preschool years. Influenza viruses are the other
major pathogens in the wintertime, and the severity of
illness is strongly dependent on the prevalent serotype.
Infants, along with the elderly, are clearly at greater risk of
having severe illnesses, including LRI with wheezing.
PIV infections, which are not confined to a single season,
account for a significant percentage of wheezing illnesses
in infants throughout the year.

Rhinoviruses, which were originally identified as com-
mon cold viruses, are now recognized as an important
cause of LRI in infants. The development of sensitive
assays on the basis of RT-PCR has demonstrated that these
viruses cause the majority of wheezing episodes outside
of the RSV season."* Although rhinoviruses generally do
not grow well at core temperature, the conditions in large
airways are ideal for the growth of rhinoviruses, and lower
airway infection has been verified after experimental
inoculation of adult volunteers.®'® Unlike RSV, PIVs,
and influenza viruses, rhinoviruses do not commonly
cause pneumonia, except in immunocompromised indi-
viduals.

THE RELATIONSHIP OF EARLY
VIRUS-INDUCED WHEEZING
TO CHILDHOOD ASTHMA

Although controversy exists regarding the relevance of
antecedent RSV infections and the development of re-
current wheezing,'" recent long-term prospective studies
have demonstrated that RSV-induced bronchiolitis is a
significant risk factor for subsequent frequent wheezing, at
least within the first decade of life.'*'* Given that virtually
all children are infected with this virus before their second
birthday, it is likely that RSV-induced LRI specifically
increases the risk of subsequent wheezing. An alternate
possibility is that some children are predisposed to wheez-
ing, and RSV infections merely provide the first stimulus
for acute lower airway obstruction.

Additional insight into these areas has been provided
by the Tucson Children’s Respiratory Study, a prospective
population-based study involving more than 1000 chil-
dren enrolled at birth. Of these children, 880 were
followed for the development of LRIs in the first 3 years
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of life and then evaluated for physician-diagnosed asthma,
current wheezing, or both at ages 6 and 11 years.'*'> Most
importantly, lung function was evaluated in the first few
months of life in a subset of these children before the
development of an LRI. During the first 3 years of life, 7%
had pneumonia documented radiographically, and 45%
had LRI symptoms without pneumonia. RSV and PIV
were identified in 36% and 7%, respectively, of the
subjects with pneumonia and in 36% and 15%, respec-
tively, of the subjects with an LRI. At age 6 years,
physician-diagnosed asthma was present in 14% (odds
ratio [OR], 3.3), 10% (OR, 2.4), and 5% of the subjects
with pneumonia, LRI, and no LRI, respectively. By age 11
years, these values increased to 26% (OR, 2.8), 16% (OR,
1.6), and 11%, respectively. Preinfection mean values of
lung function (flow rates at functional residual capacity)
were lower in children with LRIs than in the other
children. These latter results favor the hypothesis that
inherent abnormalities in pulmonary function predispose
infants to more severe lower respiratory tract symptoms
(ie, association vs causation).'® Interestingly, despite the
persistence of lowered baseline lung function in both the
pneumonia and LRI groups, many of these deficits were
substantially (but not completely) reduced after adminis-
tration of albuterol.

In a second report further analysis of this large cohort
demonstrated that the risk for both frequent (>3 episodes
of wheezing per year) and infrequent (3 episodes of
wheezing per year) wheezing in relation to RSV-induced
lower respiratory tract illnesses decreased markedly with
age and became nonsignificant by the age of 13 years.12
Other investigators have also observed that the influence
of viral LRI on the risk of recurrent wheezing appears to
wane with time.>'®!” These data suggest that although
severe RSV infections contribute substantially to the
expression of the asthmatic phenotype, other cofactors
(eg, genetic, environmental, and developmental) are also
likely to be involved.

From a number of epidemiologic observations, it
appears that other pathogens that cause acute LRI during
infancy and early childhood can also be associated with
chronic lower respiratory tract symptoms, including
asthma.>'>'%2! There are data to suggest that the type
of respiratory virus associated with a particular wheezing
episode might be an important determinant of the risk for
subsequent wheezing and asthma. Indeed, a recent study
conducted in Finland suggests that infants hospitalized
with rhinovirus-induced bronchiolitis are at particularly
high risk of asthma by the age of 6 years.zz’23 It is
interesting to speculate whether rhinovirus-induced bron-
chiolitis is an early indication of host susceptibility to
wheezing in general or whether recurrent rhinovirus
infections are adversely affecting lung development,
immune development, or both to promote asthma. The
precise contribution of rhinovirus infections to the de-
velopment of asthma and identification of the potential
mechanisms remains to be determined.

As previously stated, premorbid measurements of lung
function indicate that children with reduced levels of lung
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FIG 1. Interactions between lung and immune factors in determining the severity of viral infections and long-
term outcomes (see text). AHR, Airway hyperresponsiveness.
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FIG 2. Stages of lung development. The timing of the various
stages of lung development is represented relative to gestational
and postnatal age.

function in infancy appear to be at increased risk of
chronic lower respiratory tract sequelae after viral infec-
tions."> It is doubtful that this defect is solely responsible
for the development of chronic lung disease, and other
host factors are now being evaluated. Factors that could
predispose an infant or child to LRI and wheezing with
RSV include sex, passive smoke exposure, and certain
aspects of the immune response (both innate and adap-
tive), 142425

Collectively, these observations suggest that there are
extensive interactions among early development of the
lung and immune system, viral infections, and asthma
(Fig 1). First, lung-specific factors, such as preexisting
airway hyperresponsiveness26 limitations to airflow,?” or
both, increase the risk of LRI after environmental
exposure to viruses. Second, the quality of the systemic
or mucosal immune system, resulting in either reduced
antiviral activity or poor regulation of tissue inflammation,
could interact with lung-specific factors to further increase
this risk. Relevant to both the immune and pulmonary
responses to infection, the stage of development might be
a key determinant to the severity of the infection and the
eventual pulmonary outcomes. For example, evidence in
animal models indicates that infections in early life could
cause reprogramming of epithelial cells?®*° and modify
the generation of antiviral T cells’® to alter immune
responses in the airway mucosa. In addition, LRIs during
an active period of lung and immune development could
adversely affect these processes to cause airway remodel-
ing or to interfere with the generation of new alveoli.
Mechanisms of lung development and potential interac-
tions with viral infections in infancy will be discussed in
the following sections.

LUNG DEVELOPMENT IN INFANCY
AND CHILDHOOD

Lung development is a process that involves extensive
interactions between epithelial and mesenchymal tissue
beginning by the fourth week of gestation and continuing
for years after birth (Fig 2).2! The earliest stages of
development include the appearance of lung buds (em-
bryonic stage), followed by branching of the airways and
blood vessels, which develop in concert (pseudoglandular
stage). Next, there is further development of the blood
supply to the peripheral mesenchyma (canalicular stage).
Differentiation of the respiratory airways and differenti-
ation of future respiratory gas exchange (acinar) units is
thought to begin by 24 to 26 weeks’ gestation and is
largely completed by 40 weeks’ gestation.

The final stage in differentiation is alveolar multiplica-
tion (alveolarization), which begins at term and continues
for 2 to 3 years postnatally. This process consists of
thinning of the alveolar walls and concomitant expansion
of the capillary network. These 2 processes are mutually
dependent: interference with angiogenesis will inhibit
both pulmonary artery density and alveolar growth. The
subdivision of the capillary walls involves coordinated
cellular activity, including proliferation of interstitial
fibroblasts, septation of existing alveoli, and flattening
and reduction in the numbers of alveolar epithelial cells.
After the differentiation of alveoli, the lung grows
throughout childhood, and the process of remodeling is
in fact continuous. Growth of lung function during this
period of time roughly parallels the increase in height,
although FEV, continues to increase for 1 to 2 years after
linear growth is finished, with this effect being more
pronounced in boys.*? Thus lung growth is completed in
a shorter period of time in female subjects.

Sex-related differences in lung growth and develop-
ment are measurable as early as 16 weeks’ gestation and
are present at the time of birth.*> Although girls tend to
have smaller lungs and fewer respiratory bronchioles than
boys in early childhood,* female subjects have higher
size-corrected flow rates and specific airway conductance,
and this might be due to a higher ratio of large to small
airways.35 In addition, surfactant production, which
begins at about 30 weeks’ gestation, is delayed in male
subjects, possibly because of androgen production.36
Enhanced surfactant production in female subjects might
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TABLE I. Factors that regulate lung differentiation and growth3'3%-42
Factor Source Effects
Glucocorticoids Endogenous or exogenous Accelerates late-gestation lung maturation
Might inhibit somatic growth
Alveolar enlargement
EGF Multiple cells Alveolarization induces epithelial mitogenic activity

Keratinocyte growth factor Mesenchymal tissue

Hepatocyte growth factor Mesenchymal tissue

TGF-a Epithelial cells
Mesenchymal cells
Neutrophils

TGF-B Multiple sources in lung

(3 isoforms)

Platelet-derived growth factor Mesenchymal tissue
Vascular endothelial growth factor

Nitric oxide Multiple sources

Retinoids Dietary

Airway and alveolar cells

Type II pneumocyte differentiation

Branching morphogenesis

Type II pneumocyte proliferation

Receptor critical for airway branching and development
Stimulates surfactant

Promotes epithelial repair

Proliferation of airway and alveolar epithelial cells
Proliferation of vascular endothelial cells

| Collagen and fibrosis after injury

Compensatory lung growth after pneumonectomy
Regulates angiogenesis, alveolarization
Overexpression disrupts alveolar septation
Structurally related to EGF

Wound repair

Vascular remodeling

Can induce vascular endothelial growth factor
Epithelial differentiation

Induces surfactant production

Recruits smooth muscle cells to alveolar sacs
Postpneumonectomy lung growth

Vascular endothelial growth factor knockout is lethal
Growth factor for airway epithelial cells

Repair and maintenance of vascular cells
Maintains capillary permeability

Proliferation, migration, differentiation of endothelial cells
Vascular endothelial growth factor activity requires
NO production

Lung regeneration

| Pulmonary vascular resistance

Epithelial differentiation, | DNA synthesis
Induces fibronectin, elastin, surfactant

Inhibits collagenase, some keratins

lead to increased patency of the small airways and
improved airflow, and this could contribute to a reduced
risk of respiratory distress in the newborn period®® and
possibly to a reduced risk for virus-induced wheeze in
early infancy.

REGULATION OF LUNG ALVEOLARIZATION
AND GROWTH

A number of models have been used to determine the
mechanisms of postnatal lung development and growth.
Evaluation of lung growth after pneumonectomy in
animal models and in clinical studies of patients un-
dergoing partial pneumonectomy has provided insights
regarding growth and regulatory proteins and mediators.
Children up to the age of adolescence who undergo partial
pneumonectomy experience regrowth. Generally, the
expected lung volume is restored, and it is likely that
new alveoli are formed during this process.3 " There might
be a critical period for alveolar septation, however, and

once disrupted by early life events, this might have
adverse consequences on eventual lung anatomy, func-
tion, and the development of disease.®

Regulators of lung growth and differentiation include
mechanical factors, hypoxia, and a plethora of hormones
and cytokines. Stretching of the tissue is an important
stimulus, and an intricate network of elastin fibers helps to
transmit mechanical stress to sites of new alveolarization.
This elastin network is thought to be established in the
prenatal period, and although these fibers are quite
durable, remodeling facilitated by elastases must occur
throughout childhood to accommodate lung growth.
Hypoxia can enhance lung growth and alveolarization;
however, these effects are usually accompanied by a re-
duction in somatic growth.

Murine models of gene deletion and overexpression
have provided valuable information regarding the regu-
lation of alveolarization by growth and differentiation
factors (epidermal growth factor [EGF], keratinocyte
growth factor, hepatocyte growth factor, vascular endo-
thelial growth factor, and platelet-derived growth factor)
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for fibroblasts, epithelial cells, and endothelial cells
(Table I).>'***2 Many of these proteins have overlapping
functions, and in some cases they have activities that are
specific to certain stages of development. For example, the
EGF receptor is essential for normal branching morpho-
genesis of airways during the prenatal period, and then
during the postnatal period, EGF and the corresponding
receptor contribute to alveolarization. TGF-o and TGF-
also affect alveolarization: overexpression of TGF-a
during peak periods of alveolar septation in the mouse
can lead to chronic lung disease, suggesting that there
might be a developmental window for septation, and if this
process is disturbed, full recovery is not possible. TGF-f3,
which is highly expressed in the lung and plays a central
role in remodeling after lung injury, is also crucial for
the normal development and differentiation of alveolar
and vascular structures. Two regulatory factors with far-
reaching and diverse effects on the lung are nitric oxide
(NO) and retinoids. NO has striking effects on the dif-
ferentiation and maintenance of endothelial cells, and
through these effects, it is an essential regulator of alveo-
larization. Retinoids have long been recognized as impor-
tant differentiation factors for airway epithelial cells, and
molecular mechanisms for these effects are under intense
study.39 There are a large number of genes that are regu-
lated by retinoids: effects include induction of fibronectin,
elastin, the EGF receptor, and some surfactant proteins
and inhibition of collagenase synthesis.

POTENTIAL EFFECTS OF VIRAL INFECTIONS
ON LUNG DEVELOPMENT AND ASTHMA

The temporal sequence of alveolarization in the first 2
years of life corresponds with the age at which children are
most likely to have a viral LRI. Changes to the lung during
childhood are not limited to the alveoli: rapid growth of the
lungs throughout childhood is accompanied by continuous
lengthening and enlargement of the airways. Although
acute lung injury caused by viral infections can initiate
lung repair and remodeling at any age, there is likely to be
an increased vulnerability to chronic airway effects when
injury occurs during this period of lung development.

Infections with respiratory viruses can acutely impair
lung function by directly damaging lower airway tissues
and by provoking an acute immune response with both
antiviral and proinflammatory properties. The epithelial
cell is of primary importance during viral respiratory
infections because it serves as the host cell for viral
replication and also initiates innate and adaptive immune
responses. Damage to the epithelium, such as edema and
shedding of dead cells, together with mucus production,
can cause airway obstruction and wheezing. Virus-
induced epithelial damage can also increase the perme-
ability of the mucosal layer,“’44 perhaps facilitating
allergen contact with immune cells and exposing neural
elements to promote neurogenic inflammation. In contrast,
viruses such as rhinoviruses infect relatively few cells in
the airway, and proinflammatory responses might be the
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primary mechanism for airway symptoms and lower
airway dysfunction.*’

Viruses initiate inflammatory and antiviral responses by
binding to specific receptors on the surface of cells,
activating intracellular signaling pathways, and generating
oxidative stress.***® These events lead to the activation of
innate antiviral pathways, inhibition of protein synthesis
within infected cells, and the release of NO and a variety of
mediators, cytokines, and chemokines.*>! As a result,
neutrophils and mononuclear cells are recruited to the area
of infection and are in turn activated to secrete proin-
flammatory cytokines, such as IL-1, IL-8, TNF-a, IL-10,
IFN-a, and IFN-«/.52'54 These responses amplify the
inflammatory response and are also important antiviral
effectors. Of particular interest is evidence that activated
neutrophils, through the release of the potent secretagogue
elastase, can upregulate goblet cell secretion of mucus.>
Moreover, changes in IL-8 levels in nasal secretions have
been related to respiratory symptoms and virus-induced
increases in airway hyperresponsiveness,56’57 suggesting
that neutrophils and neutrophil activation products con-
tribute to airway obstruction and symptoms during viral
infections and exacerbations of asthma.

The effects of an acute infection on lung growth and
development are not well understood, but there is reason to
believe that these processes are interactive. For example,
one consequence of the recruitment and activation of
neutrophils is the release into the airway, alveolus, or both
of alarge amount of elastase, which is involved in alveolar
remodeling. In fact, increased amounts of neutrophil
elastase in tracheal aspirates at the time of birth has been
associated with neonatal pulmonary emphysema.’® In
preterm infants the presence of inflammatory cytokines
in amnionic fluid is associated with maturation of surfac-
tant proteins and reduced risk of acute respiratory distress
but also with an increased risk of bronchopulmonary
dysplasia, a disorder of arrested alveolar development.59
Finally, viral infections can induce the synthesis of many
of the factors that regulate airway and alveolar develop-
ment and remodeling, including vascular endothelial
growth factor,%® NO, TGF-B,61 and fibroblast growth
factor.®? How single or repeated bouts of virus-induced
overexpression of these regulators of lung development
and remodeling affects the ultimate lung structure and
function are not known but is of interest regarding the long-
term effects on lung function and asthma.

The possibility that these acute inflammatory re-
sponses, together with efforts to repair virus-induced
damage to lung tissue, could have long-term consequen-
ces on lung function has been evaluated in animal models.
For example, PIV infections in 3- to 4-week-old weanling
rats can induce the development of a chronic asthma
phenotype characterized by episodic and reversible airway
obstruction.®"®® The infection must occur in a genetically
susceptible strain (the Ty2-skewed Brown Norway [BN]
rat as opposed to the resistant Ty 1-skewed F344 strain) at
a critical time point in the development of the animal to
induce this response.ﬁl’63 Interestingly, weanling BN rats
have deficiencies in natural killer cell numbers and in their
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capacity to produce IFN-vy as part of the innate immune
response to viral infection,’*® and the selective admin-
istration of IFN-y to these animals during the acute
infection inhibits the development of the chronic airway
dysfunction.®®

The rat model has also been used to evaluate the effects
of viral infections on lung structure-function relationships.
For example, outbred CD strain rats infected with PIV as 5-
day-old neonates exhibited alveolar dysplasia, bronchiolar
wall thickening, and increased numbers of mast cells and
eosinophils compared with uninfected animals.®”%®
Additional studies in inbred BN and F344 rats infected
as neonates revealed a dichotomous response wherein BN
rats exhibited bronchiolar wall thickening, increased
numbers of mast cells, and abnormal pulmonary function,
whereas F344 rats had alveolar dysplasia with no physi-
ologic abnormalities.®' Subsequent studies in rats infected
as weanlings, which have more fully developed alveoli and
do not experience alveolar dysplasia, confirmed that the
postviral asthma-like phenotype was independent of
alveolar dysplasia.""®> These findings strongly support
the concept that viral infections might have to occur in
a genetically susceptible host at a critical time period in
either the development of the immune system or the lung
for asthma inception to occur in early childhood.

SUMMARY AND CONCLUSIONS

Abnormalities of lung structure and function are present
in many children with asthma during the preschool years.
Although it is likely that some of the lung abnormalities
associated with asthma are genetically determined, viral
infections might be an important environmental stimulus
for airway injury and remodeling, resulting in impaired
lung function and, ultimately, asthma. This concept is
reinforced by the temporal coincidence of vulnerability to
LRIs during a period of alveolarization and rapid lung
growth and the likelihood that virus-induced inflamma-
tory responses could disrupt the finely tuned process of
lung development.

Additional information is needed to address questions
about causality and the relative importance of hereditary
versus infectious factors in the onset of asthma. The
development of improved viral diagnostics has provided
an opportunity to understand the long-term effects of
illnesses with specific viral pathogens in infancy.
Additional follow-up and analysis of prospective birth
cohorts should help to define additional genetic risk factors
for viral LRIs and wheezing and to determine whether
there are specific developmental windows of susceptibility
to the consequences of viral LRIs. Finally, clinicians
caring for young children with wheezing illnesses and
asthma are awaiting the development of effective and
economically viable strategies for the prevention of severe
viral infections in infancy. The best evidence that viral LRI
promotes asthma would be long-term outcomes in con-
trolled trials in which infections with RSV and other
viruses are either prevented or moderated. Ultimately, this
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information could have a major effect on the design of new
preventive strategies for childhood asthma.
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