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Abstract
Lower respiratory tract virus infections are the major cause of asthma exacerbations. Severity of
infection and age at initial encounter with virus appear to be major determinants of the risk for
allergic asthma later in life. In animal models, reinfection of mice initially infected as neonates
leads to markedly enhanced alterations in airway function and inflammation, unlike reinfection of
older mice. Both innate and adaptive immune responses contribute to this susceptibility with lung
dendritic cells showing marked differences in phenotype and function in young compared to older
mice, and these differences are further enhanced following virus infection. These findings have
implications for therapeutic targeting, for example, of RSV G and F surface proteins at different
stages of the response to infection.

Introduction
The importance of virus infections in asthma requires little debate. There is overwhelming
evidence for the importance of infection with respiratory viruses in the exacerbation of
asthma in both children and adults. Using molecular diagnostics, a viral pathogen has been
identified in the majority of the wheezing episodes which occur in the first years of life [1].
Indeed, all children in early life have been infected with a respiratory virus with more than
half experiencing lower respiratory tract disease together with a wheezing episode before
school age [2]. The most common viruses associated with these early onset wheezing
episodes are respiratory syncytial virus (RSV), human rhinovirus (HRV), and
metapneumovirus. The ties between respiratory virus infections in early life and
development of asthma in childhood have been the subject of many papers and reviews [3–
5]. Although respiratory viruses are associated with asthma exacerbations, the underlying
mechanisms are not entirely clear. Added to the complexities of the associations are genetic
factors that govern the immune response to these viruses, attributes of the viruses
themselves and potentially important differences among the strains of virus. The aim of this
article is not to continue the debate about viruses triggering asthma but to review two
important aspects pertinent to the association of respiratory viruses and asthma in humans
and in experimental asthma mice.
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Importance of Age at First Infection and Response to Reinfection
Although the debate about a causal link between virus infection and reactive airway disease
remains unresolved, there is increasing evidence to suggest that the age at initial infection is
an important factor. Several studies have demonstrated that children hospitalized for RSV
bronchiolitis during infancy were more likely to have subsequent episodes of wheezing and
asthma compared to non-hospitalized children [6, 7]. In infants, young age at first RSV
infection has been associated with T helper (Th) 2 responses [8]. This was demonstrated by
higher levels of IL-4 in RSV-positive infants younger than 3 months of age compared to
those older than 3 months of age. This may suggest that for RSV infection, the earlier the
first infection, the more skewed the immune response may be. Less consistent were results
in a cohort of infants with a family history of allergy and asthma where peripheral blood
mononuclear cell responses to activation by the mitogenic lectin phytohemagglutinin or to
RSV and rhinovirus were examined [9]. Children who wheezed with RSV infection had
reduced PHA-induced IL-13 production at birth, which diminished marginally after the first
year of life. Somewhat in contrast, the wheezing infant had lower PHA- and RV-induced
IFN-γ responses unlike those with detectable IFN responses at birth who were less likely to
wheeze in the first year. These studies cannot answer the critical question of whether RSV,
HRV, or other early respiratory virus infection does indeed lead to asthma or the infection,
especially severe bronchiolitis, is simply a marker or predictor. In addition, it is unclear in
these infant studies whether the immune response is altered by the virus infection or whether
the nature of the response is related to a developmental stage of the immune system at the
time of initial infection.

Other approaches have addressed the issue of whether early RSV infection alters the host to
increase the subsequent risk of asthma or is merely a marker of an underlying predisposition
for asthma. The Tennessee Asthma Bronchiolitis study reported that infants with a
healthcare visit for bronchiolitis during RSV-dominant months (December to February)
were more likely to develop asthma between 4 and 5.5 years of age [10]. Thus, infants born
approximately 4 months prior to the first winter viral peak encounter following birth were at
the highest risk of developing childhood asthma. In this cohort, it appeared that the more
severe the infant bronchiolitis event, the greater the odds of developing asthma [11]. This
extended to severity defined by hospitalization, emergency department visits for asthma, or
need for rescue corticosteroids. These results have been confirmed to a large extent in
similar although not identical cohorts [7].

It also follows that initial host response to viral infection, crucial to asthma pathogenesis, is
in part genetically programmed. Genetic polymorphisms relevant to atopy, asthma, and
infection have been described for both innate and adaptive immunity [12]. In fact, there are
many polymorphisms among the toll-like receptors that are associated with response to
infection and infection severity, and to atopy and asthma, indicating common genetic
determinants for virus infection and asthma [13–16]. As these data accumulate, there is
increasing evidence to support the notion that genetic polymorphisms control susceptibility
to severe respiratory virus infection and, as a result, the risk for subsequent development of
asthma.

There is now evidence that different RSV strains impact the immune system and airway
function differently, at least in mice and in primary human bronchial epithelial cells [17, 18].
Thus, the interplay between age at initial infection, genetic susceptibility polymorphisms
and virus strain will likely dictate the outcome of respiratory virus infection and airway
disease.
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Impact of Age at Initial Infection in Animal Models of RSV Disease
Because of the many limitations to establish causality of virus infection and asthma in
humans, many species have been used to develop animal models of human disease, with
studies in mice and RSV infection predominating [5]. Most of these studies utilized
intranasal inoculation of human RSV with viral replication peaking 3–4 days after infection.
In mice, RSV can induce the production of a wide variety of cytokines (IFN-γ, IL-4, IL-5,
IL-10, IL-12, and IL-13) and the chemokines CCL2, CCL3, CCL5, CXCL10, and KC [19],
as well as pro-inflammatory lipid mediators [20, 21]. RSV infection can induce airway
hyperresponsiveness to inhaled methacholine (MCh) and neutrophilic and eosinophilic
inflammation [5]. Epithelial cell damage, inflammation, and neural pathways are also
involved in RSV-induced AHR in mice [22, 23].

One of the important limitations in many of the human epidemiological studies has been the
ability to distinguish the impact of primary versus secondary RSV infection. Repeated
infection is common at all ages, indicating the possibility of important interactions and
outcomes in RSV-reinfected hosts. It is well documented that prior exposure to allergen in a
sensitized host leads to enhanced Th2-dominant immune responses against RSV [24–26]. In
turn, when the immune system was Th2-primed by allergen, infection with RSV enhanced
the allergic response [27]. Taken together, the results suggest that the response to allergen
may depend on the host’s immune setting induced at the time of initial virus encounter.

Re-infection with RSV has been examined in mice. Primary infection of neonatal mice
(during the first week of life) with RSV was associated with reduced and delayed IFN-γ
responses [28]. Upon re-infection, these mice developed more severe weight loss with a
Th2-biased lymphocyte response and airway eosinophilia compared with mice initially
infected with RSV at an older age. We have examined the consequences of reinfection with
RSV and determined how the responses differed if initial infection was in neonates or
weanling animals, in particular examining the consequences on airway responsiveness [29].
Both age groups developed significant AHR after primary RSV infection at 1 or 3 weeks of
age. When re-infected with RSV 5 weeks later, the two age groups developed very different
responses. Initial RSV infection at 3 weeks of age elicited a protective airway response upon
re-infection characterized by an increased airway inflammatory response consisting
primarily of lymphocytes, but without development of AHR, eosinophilia, or mucus
hyperproduction. In contrast, initial neonatal infection failed to protect the airways on re-
infection and resulted in enhanced AHR, increased IL-13 production associated with mucus
hyperproduction, and airway eosinophilia (Fig. 1) [29]. Moreover, IL-13 was shown to be
critical to the development of the asthma-like phenotype after re-infection of mice initially
infected as newborns.

The underlying mechanisms responsible for these significant age differences are slowly
being unraveled and have clinical implications. An association between severity of RSV
bronchiolitis and deficient IFN-γ production has been demonstrated in infants [30–33].
Infants hospitalized for severe lower respiratory tract illness due to RSV infection had lower
IFN-γ production from blood mononuclear cells compared to those with milder illnesses
[30, 31]. Moreover, the levels of IFN-γ measured in nasopharyngeal aspirates were lower in
infants hospitalized for severe RSV bronchiolitis compared to those exhibiting milder
disease. These clinical studies suggested that IFN-γ plays an important role in determining
the outcome of RSV-mediated disease. Similarly, in animal models and humans, we and
others found that neonates demonstrated lower IFN-γ responses to initial RSV infection
compared with weanling or adult mice [29, 30, 32–34]. The protective role of IFN-γ was
confirmed in the RSV re-infection model using IFN-γ deficient mice, which developed
significantly greater AHR, airway eosinophilia, and mucus hyperproduction following re-
infection compared to the WT mice, regardless of the absence of significant differences in
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the response to initial infection [34]. Provision of IFN-γ during primary neonatal infection
prevented the development of enhanced AHR and lung histopathology upon re-infection
with RSV. These results indicated a critical role for IFN-γ during the initial infection stage
that dictated the subsequent outcomes of re-infection with RSV. This may also be true in
humans so that provision of IFN-γ in infancy may interfere with the development of altered
airway responses on re-infection at a later age.

Specific IgE antibodies against viral pathogens have been identified in clinical studies
following different viral infections, including RSV [35]. Development of virus-specific IgE
has been associated with a more severe disease outcome [35, 36]. In the mouse model,
primary RSV infection can also lead to the production of RSV-specific IgE, which may
contribute to the development of exaggerated airway responses upon reinfection [37]. Thus,
there is a certain parallelism between RSV-mediated wheezing and allergen-triggered
asthma. In the mouse re-infection model, RSV-specific IgE enhanced the development of
Th2-biased airway responsiveness on re-infection of mice initially infected as neonates [37].
Studies using mouse Sendai virus (SeV) infection pointed to a potential mechanism [38].
Infection with mouse SeV resulted in increased expression of the high affinity IgE receptor
(FcεRI) on lung dendritic cells (DCs), and was type I interferon receptor-dependent.
Crosslinking of FcεRI on DCs resulted in CCL28 production, recruitment of IL-13-
producing CD4+ T cells and development of mucus metaplasia. In this way, the
development of virus-specific IgE could play a critical role in re-infection-induced airway
inflammation and AHR.

To define the mechanism underlying the enhanced responsiveness in neonatally-infected
mice re-infected with RSV, potential differences in lung DCs were examined given their
central role as APCs in T cell polarization. Lung DCs from neonatal mice differed from
those obtained from 5 week old mice [39]. Neonatal lung DCs expressed higher baseline
levels of OX40L and lower cytoplasmic levels of IL-12, a known inducer of IFN-γ
production, and these differences were amplified following RSV infection with further
increases in OX40L expression in infected neonates and higher IL-12 expression in infected,
older mice. In parallel with increased expression of OX40L during neonatal infection,
administration of anti-OX40L during primary but not secondary infection dramatically
reduced the consequences of re-infection, preventing the enhancement of AHR, airway
eosinophilia, mucus hyperproduction, and increases in the Th2 cytokines, IL-5 and IL-13.
Together, these data positioned the OX40L-OX40 pathway as a major regulator of the
skewed response of re-infected mice initially exposed to RSV in the neonatal period.

Expression levels of thymic stromal lymphopoietin (TSLP) in the lungs at baseline were
higher in neonates than in adult mice and the levels increased following RSV infection [39].
Administration of anti-TSLP before neonatal RSV infection reduced the accumulation of
lung DCs, decreased OX40L expression on lung DCs, and attenuated the enhancement of
airway responses following re-infection, including AHR, eosinophilic airway inflammation,
mucus hyperproduction, and IL-13. Taken together, the data identified the involvement of a
TSLP-OX40L-OX40 axis in the enhanced development of RSV-induced AHR and
inflammation when mice initially infected as neonates were later re-infected with RSV (Fig.
2).

Influence of RSV Surface Proteins on Host Response to RSV
There are three virally encoded surface transmembrane proteins on RSV, G, F, and SH, all
associated with modifying aspects of the host response to infection. The G or attachment
protein is a type II glycoprotein with a single hydrophobic region that serves as a signal
peptide and membrane anchor. An extracellular cysteine rich ectodomain contains a CX3C
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chemokine motif that may facilitate virus attachment to cells expressing the CX3C
chemokine receptor (CX3CR1) and alter CX3CL1 (fractalkine)-mediated immune
responses, a potential immune evasion mechanism [40]. The G-protein appears to be
necessary for efficient virus replication in vivo [41]. The F-protein is implicated in fusion of
the virion to cells and its deletion results in a marked reduction in infectivity. The SH-
protein is a minor surface protein shown to form cation-selective ion channels [42] and
interact with G-protein [43].

RSV infection leads to lung epithelium damage and release of a number of
immunomodulatory factors [44]. Following RSV replication, soluble G-protein is released
which may also alter the immune response [40, 45]. The immunomodulatory effects of RSV
are exhibited at many levels including innate immunity, T-cell response to infection, and cell
trafficking [44, 46–48]. One potentially important activity for RSV G-protein is the
suppression of TLR4 signaling. F-protein interacts with TLR4 whereas G-protein reduces
TLR4 activity [48]. Downstream effects of TLR signaling may also be seen in that RSV G-
protein modulates suppression of cytokine signaling (SOCS1 and SOCS3) expression to
inhibit type I IFN and interferon-stimulated gene (ISG)-15 expression [47]. SOCS1 and
SOCS3 appear to be the most efficient downregulators of type I IFN production [49]. This
would indicate that RSV G-protein signaling through TLR may be important in reducing
type I IFN production, enhancing virus replication.

In a similar way, fractalkine (CX3CL1) is a chemokine involved in the attraction of antigen-
specific killer T cells and NK cells [50]. The RSV G-protein competes with fractalkine for
binding to its receptor, CX3CR1 [44]. CX3CR1 T cells specific for RSV and NK cells were
markedly increased in the lungs of mice infected with a G-deficient mutant [51]. In humans,
there are at least two observations supporting the hypothesis that G-protein immune
modulation, even suppression, plays a role in dictating clinical severity. A mutation in
CX3CR1, which reduces the affinity for fractalkine, was found in 38% of children
hospitalized with severe RSV infection. This was compared to 21% in a control group [52].
As well, mutations in TLR4 that reduce receptor activity were over-represented in infants
hospitalized with RSV in whom there was a 20% versus 5% frequency in infants with mild
or no disease [53].

Therapeutic Implications
Studies in mice vaccinated with different recombinant vaccinia virus constructs expressing
G- or F-proteins showed differential priming effects on CD4 T cell subsets [54]. F-protein
primed both CD4 and CD8 T cells towards a Th1-like cytokine response while G-protein
primed CD4 T cells towards Th2-like responses [55]. Efficient virus clearance appeared to
require Th1 responses characterized by IFN-γ, IL-2, and IL-12 expression whereas Th2
responses, IL-4, IL-10, and IL-13, were ineffective and led to allergic disease and asthma.
Th2 cytokine responses have also been linked to RSV vaccine-enhanced disease in mice and
cotton rats immunized with formalin-inactivated RSV vaccine or vaccinia vectors
expressing RSV F- or G- proteins [45]. Despite much effort, alternative vaccination
strategies have not materialized to date.

An alternative but only prophylactic approach has been the administration of palivizumab, a
humanized anti-F monoclonal antibody. This has been effective in reducing RSV
hospitalizations and disease severity in high-risk infants and young children [56]. Post-
infection treatment with paliviuzumab was ineffective [57] and may have had some
deleterious effects if administered late [58].

There is a long history of the benefits using antibodies targeting the central conserved motif
of RSV G-protein in rodents. Anti-G antibodies that interfere with G-protein binding to
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CX3CR1 were effective in a post-infection model using murine [59, 60] or high affinity
human monoclonal antibodies [61]. In these studies, anti-G antibodies were more effective
than anti-F antibodies in reducing both lung inflammation and pro-inflammatory cytokine
production [59]. The potential superiority of anti-G could be the result of direct antiviral
activity dependent on the intact antibody including the Fc sequence or is dependent on
immunomodulatory activity mediated through the antigen combining site. In fact, intact
antibody was active as both an anti-viral and anti-inflammatory agent whereas the F(ab′)2
fragment reduced the influx of inflammatory cells to the lung, but exhibited minimal anti-
viral activity [60].

Conclusion
There is now conclusive evidence that asthma is a chronic inflammatory condition that if not
initiated by respiratory virus infection is triggered and often sustained by respiratory viruses
such as RSV, HRV, and others. For RSV and likely the other asthma-associated viruses, the
age at initial infection is a critical factor in determining the host response to this or a
repeated infection. Together with genetics, atopy, and unique virus strain characteristics, age
shapes the immune response and severity of the disease. Given the apparent lack of new
vaccination strategies, at least in the near future, administration of anti-RSV antibodies is the
only approved prophylactic therapy. However, to be maximally effective, this approach
must take advantage of the apparent differences seen when targeting F versus G surface
protein. Whereas anti-F antibodies have been reasonably well suited for prophylaxis,
targeting the G-protein may show added benefit including therapeutic applications. Studies
need to examine potential differences between the two strategies in very young infants
where RSV re-infection can impact disease severity and potentially the inception of asthma
as demonstrated in the mouse.
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Highlights

• Age and severity of first infection with virus impacts both innate and adaptive
immune responses.

• Age at initial encounter with virus is an important determinant of later
susceptibility to asthma development.

• Phenotypic and functional differences among lung dendritic cells are seen in
neonatal compared to older mice.

• Targeting of G or F RSV surface proteins has different immunomodulatory
effects that likely impact therapeutic outcomes.
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Figure 1.
Reinfection of mice initially infected with RSV as neonates leads to enhanced lung
responses. In addition to alterations in airway function, inflammation, and eosinophilia,
levels of IL-13 in BAL fluid were increased and goblet cell metaplasia mucus production
were markedly increased as demonstrated in the PAS-stained photomicrographs (arrow
inset).
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Figure 2.
Phenotypic and functional differences between lung DCs in neonatal and adult mice. At
baseline, neonatal DCs express higher levels of OX40 ligand and lower levels of IL-12 in
contrast to adult lung DCs. Infection with RSV enhances these differences, mediated at least
in part, by RSV-induced TSLP.
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