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Viral respiratory infections produce wheezing illnesses in 
patients of all ages. In infancy, infections with respiratory syn- 
cytial virus and parainthtenza virus are the major cause of 
bronchiolitis and croup, whereas infections with common cold 
viruses such as rhinoviruses are the principal triggers for 
wheezing in older children and adults with asthma. In addition 
to causing increased wheezing in asthma, there is mounting 
evidence that infections early in childhood can affect the devel- 
opment of the immune system and thereby modify the risk for 
the subsequent development of allergies and asthma. Both of 
these effects appear to be mediated by virus-induced immune 
responses. Early during the course of viral infection, resident 
cells in the airway are activated in an antigen-independent 
fashion, triggering antiviral responses but also activating and 
recruiting cells to the airway that could contribute to airway 
obstruction and respiratory symptoms. Virus-specific T- and 
B-cell responses may also have dual effects in the presence of 
preexisting airway inflammation. Finally, there is evidence of 
synergistic interactions between allergen- and virus-induced 
airway inflammation. It is likely that greater definition of 
mechanisms of virus-induced inllammation will provide thera- 
peutic targets for the treatment and possibly the prevention of 
allergies and asthma. (J Allergy Clin 1mmunol2000;105:S497- 
502.) 
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VIRAL INFECTIONS AND WHEEZING IN 
INFANCY 

Wheezing illnesses are closely linked to viral infec- 
tions in all age groups (Fig 1). In infancy, infections with 
viruses such as respiratory syncytial virus (RSV) and 
parainfluenza virus, cause wheezing and bronchiolitis. 
Persistent asthma develops only in a subset of infants, 
however. The development of techniques to measure pul- 
monary function in babies has enabled prospective eval- 
uation of small airway function before the onset of 
wheezing illnesses.1 Martinez et all have incorporated 
these techniques in a prospective study to determine risk 
factors for wheezing illnesses and asthma. These studies 
have provided convincing evidence that infants with 
reduced lung function and/or exposure to tobacco smoke 
are at greatest risk for developing wheezing with RSV 
infection.1 Furthermore, those infants with early wheez- 
ing illnesses who develop atopy, as indicated by atopic 
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dermatitis, elevated total IgE, and/or and the develop- 
ment of allergen-specific IgE, are at increased risk for 
persistent wheezing and asthma.2 

LONG-TERM EFFECTS OF EARLY CHILD- 
HOOD INFECTIONS 

There is increasing evidence to indicate that early 
childhood infections may affect the subsequent sensitiza- 
tion to allergens and emergence of asthma.3 For example, 
several studies have indicated that the odds of allergen 
sensitization are inversely related to the number of older 
siblings in the family.+6 Although several factors are 
affected by family size, these data raise the possibility 
that infections early in childhood, which would presum- 
ably be more frequent and occur at an earlier age if there 
were older siblings in the home, might decrease the sub- 
sequent risk of allergen sensitization. 

Two other studies lend support to this hypothesis. 
First, Shaheen et a17 studied the effects of early child- 
hood measles infection on the development of allergy. 
This study was conducted in a small village in Guinea- 
Bissau, West Africa, which was affected by a measles 
epidemic in 1979. The children who did not develop 
measles were vaccinated. Villagers who had documenta- 
tion of either measles or measles vaccination were eval- 
uated for allergies by skin prick testing approximately 15 
years later. Remarkably, those villagers who had measles 
infections had approximately one-third the rate of aller- 
gen sensitization compared with those who had been vac- 
cinated. 

It has been suggested that some bacterial infections 
may have similar effects on allergic sensitization. Shi- 
rakawa et als evaluated atopic disease in 867 Japanese 
schoolchildren who had complete records of tuberculin 
skin test results after BCG vaccination at birth and 6 and 
12 years of age. Children who exhibited strong positive 
tuberculin skin tests at 6 and 12 years of age had fewer 
symptoms of asthma, rhinitis, and eczema. In addition, 
serum levels of IgE and T,, cytokines (IL-4, IL- 13) were 
decreased, and levels of TH, cytokines (IFN-y) were 
increased in high tuberculin responders. The authors con- 
cluded that the strong positive skin tests indicated natur- 
al exposure to tuberculosis and suggested that there was 
a causal link between tuberculosis infection and reduced 
atopy. Although these data are intriguing, an alternate 
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FIG 1. Relation of viral infections, wheezing, and asthma. 

explanation is that there were preexisting patterns of 
immune response, perhaps genetically determined, that 
determined both the tuberculin responses after BCG vac- 
cination and the risk of allergy. For example, individuals 
who have reduced IFN-y production might be expected to 
have small, delayed type hypersensitivity skin test results 
and an increased propensity for the development of aller- 
gic diseases. 

Not all viral infections, however, may protect against 
allergen sensitization. Sigurs et a19 reported that infants 
hospitalized for wheezing RSV infections requiring hos- 
pitalization were more likely than prospectively identi- 
fied control subjects to have allergen-specific IgE (32% 
vs 9%) and asthma (23% vs 1%) by 3 years of age. 
Although not all studies have found that RSV increases 
the risk of allergy,rc+rr these findings suggest that the 
effects of infections on the subsequent risk of allergies or 
asthma may depend on which pathogen is involved. 

Together, these studies have generated considerable 
controversy regarding the potential long-term effects of 
early childhood infections on the developing immune sys- 
tem. These results suggest that some infections in early 
childhood modulate the immune response, perhaps by 
inducing cytokines such as IFN-y, which inhibit allergic 
inflammation, thereby reducing the risk of subsequent 
allergen sensitization and possibly asthma.3 Additional 
studies will be needed to clarify this association and 
determine whether there is a cause-and-effect relation. 

VIRUSES AND EXACERBATIONS OF 
ASTHMA 

In children and adults with existing asthma, respirato- 
ry viruses are frequent causes of increased lower respira- 
tory symptoms.r*-15 This relation has been clarified with 
the advent of sensitive viral diagnostic techniques such 
as those based on PCR. By using PCR in addition to stan- 
dard techniques to identify respiratory viruses, Johnston 
et alI4 found that 80% to 85% of school-aged children 

with wheezing episodes tested positive for a virus, and 
the virus most commonly detected was rhinovirus. In 
adults, Nicholson et al15 determined that approximately 
half of exacerbations were associated with rhinovirus 
infection. Virus-induced asthma may be severe: Seasonal 
patterns of upper respiratory virus prevalence correlate 
closely with hospital admissions for asthma, especially in 
children.16 Together, current studies indicate that rhi- 
novirus infections are the most common cause of asthma 
exacerbations in children and contribute substantially to 
the morbidity of asthma in adults. 

In addition to epidemiologic studies that link viral res- 
piratory infections to exacerbations of asthma, there is 
clinical evidence that allergen sensitization is a risk fac- 
tor for wheezing during infections with common cold 
viruses.t*.rs Duff et a117 evaluated infants and children 
who were examined at a hospital emergency department 
with wheezing. Wheezing children older than 2 years of 
age were more likely to have respiratory allergies (odds 
ratio [OR] = 4.5) or have a confirmed viral infection (OR 
= 3.7) when compared with children without wheezing. 
Children with the greatest risk (OR = 10.8) for wheezing 
were those who had both respiratory allergies and a viral 
infection. These findings imply that viral infections and 
respiratory allergies may have synergistic effects on 
lower airway physiology that greatly increase the likeli- 
hood of wheezing. 

DO VIRUSESTHATTRIGGER ASTHMA 
INFECTTHE LOWER AIRWAY? 

The precise mechanisms by which upper respiratory 
viruses cause lower airway symptoms have not yet been 
determined, but it seems plausible that this is caused by 
direct spread of the viral infectious particles to the lower 
airway. There is little doubt that respiratory viruses such 
as influenza, RSV, and parainfluenza virus can infect 
lower airway tissues, leading to tissue inflammation and 
lower airway obstruction. In addition, several studies 
suggest that rhinovirus can also be a lower airway 
pathogen. For example, somel*-” but not all’*.*3 epi- 
demiologic studies have linked rhinovirus with lower air- 
way syndromes such as bronchitis, bronchiolitis, and 
pneumonia. There are also well-documented reports of 
fatal rhinovirus pneumonia in children, including a case 
in which rhinovirus was recovered from lung tissue at 
autopsy? Rhinovirus infections are associated with 
increased inflammation in lower airway biopsies, includ- 
ing increased submucosal lymphocytes and epithelial 
eosinophils.25 Finally, although rhinovirus has proven 
difficult to culture from lower airway secretions obtained 
through bronchoalveolar lavage, rhinovirus RNA was 
detected in bronchoalveolar lavage cells from experi- 
mentally infected volunteers after experimental inocula- 
tion with rhinovirus 16.26 These data indicate that at least 
under some conditions, rhinovirus and other viral infec- 
tions extend into the lower airway and may induce 
bronchial inflammation that could contribute to virus- 
induced exacerbations of asthma. 
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TABLE I. Potential mechanisms of virus-induced exacer- 

bations of asthma 

1. Altered neural control mechanisms in the airways 
Enhanced parasympathetic efferent signal 

Sensory C fiber effects 
Defective nonadrenergic noncholinergic (NANC) responses 

2. Altered small airway geometry 
Airway wall thickening 
Increased vascular permeability 
Inflammatory cell infiltration 

3. Increased airway smooth muscle contractility 
4. Loss of airway epithelium 

Lumenal debris 
Loss of protective barrier 

5. Increased airway inflammation 
1‘ Enhanced cell recruitment 
Inflammatory cell activation 
t Mediator synthesis and secretion 

Synergism between allergen- and virus-induced 
inflammation 

EFFECT OF RESPIRATORY VIRUSES ON AIR- 
WAY INFLAMMATION IN ASTHMA 

Although there are many potential mechanisms link- 
ing viral infections and asthma (Table I), there is an 
increasing body of information to implicate the immune 
response to respiratory viruses in this process. Compo- 
nents of virus-induced immune response that could con- 
tribute to airway inflammation and asthma include (1) 
early nonspecific responses to viral infection mediated 
by epithelial cells and phagocytes, (2) adaptive immune 
responses mediated by T cells, and (3) interactions 
between preexisting airway inflammation and virus- 
induced responses (Fig 2). The potential contributions of 
these immune responses to airway inflammation and 
asthma will be reviewed in the following sections. 

Early cellular responses to viral infection 

Airway epithelial cells are the principal host for respi- 
ratory virus replication and are likely to be the first 
source of cytokines during infection. Studies of epithelial 
cells or cell lines have shown that an in vitro inoculation 
with rhinovirus or RSV induces synthesis and secretion 
of GM-CSF, IL-6, IL-S, RANTES, and IL-I 1. In addi- 
tion, airway monocytes and macrophages are also likely 
to be involved in antiviral immune responses as they bind 
respiratory viruses in vitro and secrete cytokines such as 
TNF-a, IL-8, and IFN-a that have antiviral activity 
and/or proinflammatory effects.27-29 

These cytokines could have a significant effect on res- 
ident and recruited inflammatory cells and thus potenti- 
ate inflammation in asthma. For example, RANTES is a 
chemokine that attracts eosinophils and memory T cells, 
both of which have been implicated in asthma pathogen- 
esis. Probably as a consequence of its effects on ICAM- 
1, TNF-a increases the susceptibility of an epithelial cell 
line (BEAS-2B) to become infected with a major group 

muscle 

FIG 2. Inflammatory responses to respiratory viral infection. Eos, 
Eosinophil; PAW, polymorphonuclear leukocyte; Epi, epithelial 
cells; 02-, superoxide; AHR, airway hyperresponsiveness. 

rhinovirus. IL-8 levels are increased in nasal secretions 
during acute rhinovirus infection, correlate with cold 
symptom scores, and are inversely related to virus- 
induced changes in airway responsiveness (PC&.31 Fur- 
thermore, IL-l 1 is secreted in large amounts after epithe- 
lial cells or fibroblasts are infected by rhinovirus in vitro 
and enhances bronchial hyperresponsiveness in mice; IL- 
II levels in nasal secretions are increased in children 
with common cold symptoms accompanied by wheez- 
ing.32.33 

Neutrophils are among the first cells recruited to the 
airway during the acute stages of viral respiratory infec- 
tions.34-37 Although the role of the neutrophil in asthma 
has yet to be clearly defined, there is evidence to impli- 
cate neutrophils in the pathogenesis of virus-induced 
asthma exacerbations. Griinberg et a131 experimentally 
inoculated subjects with atopic asthma with rhinovirus 
16 and found that increases in peripheral blood neu- 
trophils correlated with cold and asthma symptom scores 
and changes in airway hyperresponsiveness. Further- 
more, Teran et’al3s analyzed nasal secretions from chil- 
dren with virus-induced asthma and found that 
myeloperoxidase levels correlated with IL-8 in nasal 
secretions and with the severity of upper respiratory 
symptoms. 

These data suggest that early nonspecific immune 
responses are important components of virus-induced 
inflammation. Cytokines and mediators secreted by resi- 
dent airway cells, such as the macrophage and epithelial 
cell, early in the course of a respiratory infection, are 
likely to initiate antiviral responses but also are likely to 
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recruit and activate inflammatory cells in the airway and 
participate in the development of airway obstruction in 
asthma. 

T-cell responses in virus-induced asthma 

T-cells orchestrate immune responses to both allergens 
and virus and regulate virucidal and/or proinflammatory 
effects of other airway cells. From experiments in mice, 
it is clear that the majority of T cells attracted to the lung 
during a viral infection are not virus-specific.s9 Given the 
large number of cytokines and mediators generated dur- 
ing a viral infection, it is likely that lung T cells are acti- 
vated in an antigen-independent fashion through 
“bystander” effects, and there is evidence to support this 
hypothesis. For example, when rhinovirus is incubated 
with peripheral blood mononuclear cells, the early acti- 
vation marker CD69 is expressed on 25% to 50% of T 
cells, and IFWy mRNA and protein are induced.40 This 
T-cell activation is caused by soluble factors secreted by 
rhinovirus-activated monocytes. Furthermore, Tough et 
a141 infected mice with lymphocytic choriomeningitis 
virus, and used bromodeoxyuridine to measure effects on 
T-cell proliferation in vivo. In this model, viral infection 
induced antigen-independent limited proliferation of 
CD44hi (memory phenotype) T cells, and this effect was 
mediated by IFN-CY. Finally, high concentrations of 
RANTES, a chemokine induced by respiratory viruses, 
can also cause antigen-independent T-cell activation.42 
Together, these studies indicate that viruses can cause 
nonspecific T-cell activation early during the course of 
infection and suggest that this effect could significantly 
augment airway inflammation and thus contribute to res- 
piratory symptoms. 

Antigen-specific T cells help to clear viruses from the 
airway,s9,4s but under some circumstances, T cells can 
also increase lung inflammation and pathology.44 Virus- 
specific T cells probably do not contribute to airway 
inflammation during the acute viral infection; they are 
generally not detectable until 7 to 10 days after infection. 
Rhinovirus-specific T cells can be cross-reactive among 
several serotypes,4s however, raising the possibility that 
rhinovirus-specific T-cell responses may be quicker and 
more intense as a result of the presence of preexisting 
cross-reactive T cells. T cells activated by respiratory 
viruses in vivo or in vitro secrete a broad range of 
cytokines, including IFN-?I, GM-CSF, IL-4, IL-5, and IL- 
10.4s4* The extent and character of the T-cell activation 
and cytokine secretion are likely to be influenced by 
many factors in the local environment, including the type 
of antigen presenting cells, cytokines, and whether live 
virus or viral proteins are the stimu1us.47-49 T- 
cell-derived cytokines are important regulators of effec- 
tor cells such as the eosinophil and could have profound 
effects on preexisting inflammation in the context of 
asthma. 

Interactions between viral infections and 
allergic inflammation 

Although viral infections cause similar upper respira- 

tory symptoms in allergic and nonallergic individu- 
als,su+si several studies have found evidence of interac- 
tions between virus- and allergen-induced responses in 
the lower airway. Lemanske et al52 identified 10 patients 
with allergic rhinitis and experimentally infected them 
with rhinovirus 16. After virus inoculation, these individ- 
uals showed an increase in airway reactivity to both 
inhaled allergen and histamine and had an increased fre- 
quency of a late allergic reaction to inhaled antigens. In 
addition, Calhoun et al53 used bronchoscopy to study the 
inflammatory response to allergen in individual lung seg- 
ments before, during, and 1 month after rhinovirus 16 
infection. Rhinovirus infection enhanced the immediate 
release of histamine to antigen, presumably from the 
mast cells, and also increased recruitment of eosinophils 
to the lung segment after antigen challenge. Moreover, 
Fraenkel et al25 examined the histopathology of the lower 
airway of volunteers experimentally infected with rhi- 
novirus. In both normal and allergic subjects, lympho- 
cytes increased in the bronchial tissue during the acute 
infection. In addition, rhinovirus infection was also asso- 
ciated with increased mucosal eosinophils, which per- 
sisted for 4 weeks beyond the respiratory infection, but 
only in allergic subjects. Finally, allergic individuals 
appear to be at greater risk for development of increased 
airway responsiveness after experimentally induced 
infection with rhinovirus 16.54.5s 

There is also evidence that respiratory viruses can acti- 
vate eosinophils. For example, LTC,, histamine, and 
eosinophil granular proteins have been detected in the 
respiratory secretions of infants and children with 
wheezing illnesses.s6-58 Although the precise mecha- 
nisms of eosinophil activation are as yet unknown, it is 
likely that cytokines (eg, stem cell factor, eotaxin, and 
GM-CSF) secreted by epithelial cells or mononuclear 
cells in response to viral infection recruit and activate 
eosinophils, basophils, and other cells involved in aller- 
gic inflammation. 

Viral respiratory infections may produce dual effects 
pertaining to asthma. First, it has been suggested that 
vigorous stimulation of the immune system by a severe 
viral or intracellular bacterial infection can affect the 
development of the immune system and modify the sub- 
sequent risk of allergy or asthma. Additional studies are 
needed to test this hypothesis and to determine whether 
changes in the prevalence of the allergic diseases are in 
part caused by changes in patterns of infectious diseases 
or immunization practices. Second, in children and 
adults with established asthma, common cold viruses 
such as rhinovirus frequently trigger acute symptoms of 
asthma. 

Both of these effects are likely to be mediated by 
virus-induced immune responses. The mechanisms by 
which these changes occur are not fully established but 
appear to be due to the ability of respiratory viruses to 
induce production of cytokines and mediators, which 
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may have antiviral effects but also promote cellular and 
neurogenic inflammation. In patients with asthma, sever- 
al mechanisms have been defined by which viruses can 
enhance preexisting airway inflammation and transiently 
augment airway hyperresponsiveness and respiratory 
symptoms. Further testing of these hypotheses may iden- 
tify potential targets for therapeutic intervention in virus- 
induced exacerbations of asthma and perhaps lead to 
strategies for reducing the risk of developing allergies 
and asthma. 

The author thanks Dr William Busse for his careful review of the 
manuscript and Elizabeth Grimm for the artwork in Fig 2. 
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