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Abstract
Propose of review—Cumulative evidence suggest that early life bronchiolitis is a major risk
factor for subsequent wheezing episodes and asthma. The purpose of this review is to present the
recent findings and current perspectives regarding the interplay between bronchiolitis and long-
term respiratory outcomes.

Recent findings—Recent studies have supported the long-recognized link between early life
severe Respiratory Syncytial Virus bronchiolitis and the physician diagnosis of asthma by school
age, and this association appears to continue into early adulthood. Evidence is accumulating
regarding the role of early life infection with human rhinovirus as an important antecedent for
future asthma. Whether viral bronchiolitis is causal or an early manifestation of future asthma
remains uncertain. Vitamin D status has emerged as a potential modifying factor for viral-induced
wheeze and could potentially influence the development of asthma.

Summary—Viral bronchiolitis early in life is a major and potential long-term risk factor for
subsequent wheezing and asthma. Whether the association between bronchiolitis and subsequent
asthma is due to causality or a reflection of predisposition may be dependent on host factors and
virus-specific effects.
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Introduction
Viral bronchiolitis in infancy has been known for decades to be an antecedent for
subsequent wheezing and asthma during childhood. However, recent reports suggest that the
risk for asthma following bronchiolitis may be higher than was previously estimated, and
that this association may persist into early adulthood. Previously, most the research in this
field focused on the role of Respiratory Syncytial Virus (RSV) in the inception of asthma.
However, advancements in molecular viral diagnostic techniques have allowed for detection
of previously undetectable or difficult to detect respiratory viruses, and have led to the
increased recognition of the role of human rhinovirus (HRV) lower-respiratory-tract
infection (LRTI) in asthma inception. This review discusses the recent evidence and
concepts regarding the role of early life viral bronchiolitis and future asthma.
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The role of RSV bronchiolitis in the inception of asthma
The cohort established by Sigurs and colleagues1 remains the longest prospective
longitudinal cohort that has investigated the consequences of severe RSV bronchiolitis in
infancy in terms of the development of subsequent recurrent wheeze (RW) and asthma. This
Swedish cohort enrolled 47 infants with severe RSV bronchiolitis. For the purpose of this
review, the term severe RSV bronchiolitis refers to an episode of bronchiolitis severe
enough to require hospitalization. All infants enrolled were younger than one year of age at
the time of the hospitalization, and more than 90% were younger than 6 months. Ninety-
three age- and gender - matched children were recruited as controls. Children who
experienced severe RSV bronchiolitis had a greater prevalence of asthma/recurrent
wheezing (RW, 3 or more episodes) and allergic sensitization at the ages of 3, 7, and 13
years compared with the control cohort. The most recent report from this cohort2

demonstrated that the association between severe RSV bronchiolitis and the outcomes of
asthma and atopy persists into early adulthood. At the age of 18 years, significantly higher
prevalences of the following outcomes were noted in the RSV bronchiolitis cohort compared
with controls: asthma/RW (39% vs 9%), clinical allergic rhinoconjunctivitis (43% vs 17%),
and sensitization to perennial allergens (41% vs 14%). Only severe RSV bronchiolitis in
infancy and current allergic rhinoconjunctivitis were found to be significant predictors for
current asthma/RW. In addition, at the age of 18 years, patients with history of RSV
bronchiolitis had lower pulmonary function (FEV1, FEV1/FVC ratio), greater airway hyper-
responsiveness, and greater bronchodilator response. These indicators of airway obstruction
could already be detected at the age of 7 and 13 years. Although reduced spirometry indices
among RSV patients were independent of current diagnosis of asthma/recurrent wheeze,
small airway dysfunction measured by lung clearance index was lower among patients with
a current diagnosis of asthma. Overall, these findings demonstrate that severe RSV
bronchiolitis early in life is associated with an increased risk for asthma, airway hyper-
responsiveness, and allergic sensitization, and suggest that this association might last into
early adulthood.

This finding of a persistently elevated risk for asthma in adulthood after severe RSV
bronchiolitis1 differs from the effects reported by Stein and colleagues3, who found that
RSV bronchiolitis in the Tucson Children’s Respiratory Study (TCRS) was an independent
risk factor for the subsequent development of wheezing up to age 11 years, but this risk
became non-significant by the age of 13 years. However, the children in the TCRS cohort
had less severe RSV bronchiolitis, as they experienced predominantly outpatient episodes.
These differences in long-term outcome may be a reflection of a differential relationship of
bronchiolitis severity on subsequent respiratory disease, as demonstrated by a recent study
by Carroll and colleagues4,. They noted a gradient of increasing risk of asthma following
bronchiolitis based upon the level of heath care utilization (i.e., ambulatory clinic visit vs.
emergency department visit vs. hospitalization) during bronchiolitis, with the greatest risk of
asthma following bronchiolitis hospitalization4.

The RSV Bronchiolitis in Early Life (RBEL) study, a prospective cohort of infants
hospitalized for RSV bronchiolitis focused on the identification of determinants of post-RSV
asthma, recently reported asthma-related outcomes in the 6 years following the initial
infection5. Among the 206 children enrolled with severe RSV bronchiolitis during the first
year of life, 48% had received a physician diagnosis of asthma by the seventh birthday. Risk
factors for an asthma diagnosis were identifiable during the first year of life, with maternal
asthma and high levels of dog allergen exposure being associated with an increased risk of
asthma, while Caucasian ethnicity and daycare attendance were associated with decreased
risk of asthma. Allergic sensitization at age 3 years was also associated with an increased
risk of physician diagnosis of asthma. The authors identified a biological predictor of post-
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RSV asthma - greater levels of nasal epithelial expression of the chemokine CCL5 during
acute bronchiolitis were strongly predictive of physician-diagnosed asthma by the seventh
birthday. These findings support severe RSV bronchiolitis as a substantial risk factor for
asthma by school age and identify a novel biological predictor for asthma risk, namely nasal
CCL5 expression.

The role of non-RSV bronchiolitis in the inception of asthma
Recent advances in virologic detection methodologies have led to the identification of
additional non-RSV viral induced LRTIs in early childhood, particularly HRV, as important
risk factors for future asthma.

Valuable insight on the association between early life HRV LRTI and the risk of future
asthma was reported from the Childhood Origin of Asthma (COAST) project. COAST is a
birth cohort study of infants at high risk for allergic diseases and/or asthma based on
parental history of respiratory allergies and/or a history of physician-diagnosed asthma6. 238
children have been followed up to the age of 8 years6. The investigators collected data on
the causative virus for each LRTI in this cohort, and previously reported that HRV LRTIs
during the first year of life, even though most were outpatient LRTIs, were a significant
predictor of asthma at age six years7. A recent report from this group suggested that the
occurrence of a HRV associated wheezing illness in the first 3 years of life was associated
with an obstructive lung function pattern at age 5–8 years8, while small airway dysfunction
at school age was not associated early life wheezing episodes triggered by RSV or other
respiratory viruses8. It should be noted that COAST is a cohort of children at increased risk
to develop asthma; therefore, these findings may not necessarily be applicable to the general
population. Nevertheless, these findings provide additional support of the association
between early life HRV associated wheezing and future asthma.

Until recently, most of the evidence regarding the association between early life human
HRV LRTI and future asthma was based largely on outpatient cohorts9–11, with limited data
available on the association between non-outpatient HRV LRTI and future wheezing and
asthma12. Three recent publications from Europe13–15 present new information regarding
the association between non-RSV severe bronchiolitis and future wheezing episodes and/or
asthma. Midulla and colleagues15 investigated risk factors for 2 or more episodes of
wheezing during the year following hospitalization for viral bronchiolitis. Within 3 days of
hospitalization, nasal washes were assayed for nucleic acid from 14 respiratory viruses. The
study population included 313 infants, all younger than one year, who were hospitalized
with a first episode of viral LRTI. All children were recruited between the months of
October to May over 5 consecutive years. An additional 39 infants without acute respiratory
disease were recruited as controls. The rate of recurrent wheezing was highest after HRV
bronchiolitis compared to other respiratory viruses: 80% for HRV, 67% for human
Bocavirus (hBoV), 50% for other viruses, 46% for RSV plus hBoV, and 44% for RSV.
Independent risk factors for recurrent wheezing were HRV infection (although marginally
significant), and a positive family history for asthma. Koponen and colleagues13 followed
166 children hospitalized for viral bronchiolitis before the age of 6 months for 6 years. The
overall asthma prevalence was 13% in this cohort, but it was significantly higher in non-
RSV patients (24%) than in RSV patients (8%). 14% of former RV patients were diagnosed
with asthma. Atopic dermatitis, non-RSV bronchiolitis, and maternal asthma were
independent significant early-life predictors for asthma in this cohort. Mikalsen and
colleagues14 followed children for 11 years after hospitalization for viral bronchiolitis in the
first year of life. This study identified RSV as the causative virus in 74% of the children, but
did not examine for evidence of other viruses. Compared to a group of unselected age-
matched controls, hospitalized children had a higher prevalence of asthma, an obstructive
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lung function pattern, and greater bronchial hyper-responsiveness. However, asthma
prevalence was significantly higher only after RSV-negative bronchiolitis, and the
obstructive lung function pattern was most prominent after RSV-negative bronchiolitis14.

Taken together, these 3 recent studies13–15 highlight the emerging importance of severe non-
RSV bronchiolitis early in life as a major risk factor for future wheezing and/or asthma. In
addition, the rates of asthma following severe non-RSV bronchiolitis in infancy among these
European cohorts are generally lower than was recently reported in a US cohort following
severe RSV bronchiolitis5. Potential explanations for these differences include study
population characteristics such as social/environmental factors including maternal
stress16–18 and exposure to pollution19 that might have modifying roles on the interaction
between early life bronchiolitis and asthma.

Viral bronchiolitis in early infancy and future asthma: “the chicken and the
egg” dilemma

As described above, abundant evidence supports an association between early life viral
bronchiolitis and future asthma. However, it remains uncertain whether severe bronchiolitis
early in life is the cause of future asthma or serves as a marker for susceptibility to
bronchiolitis that identifies children with asthma predisposition.

Evidence from murine models of viral bronchiolitis suggests that the viral infection can
induce allergic predisposition. It was shown that murine parainfluenza LRTI causes an up-
regulation of the high-affinity IgE receptor on lung antigen presenting cells, production of
Th2 inflammatory cell and inflammatory mediators, and eventually results with an increased
immune response to inhalant allergens20–24. The importance of the viral infection as the
initial event (“the first hit”) to create airway allergic inflammation was further demonstrated
in additional models involving innate immunity and invariant natural killer T cells25, 26. All
together, these findings obtained in animal models of bronchiolitis highlight the importance
of an interaction between viral infection and inhalant allergen exposure: the viral infection is
able to set the appropriate pro-allergic milieu, and if within the appropriate time-frame the
animal is exposed to inhalant allergens, then allergen-specific airway inflammation may
developed.

Previous epidemiological data also support a direct causal role of RSV infection in the
pathogenesis of asthma27, with a recent report showing that provision of RSV prophylaxis
with palivizumab to premature infants without a family history of asthma and/or atopy
reduced the risk of recurrent wheezing between the ages of 2 to 5 years by 80%28.
Interestingly, such a protective effect was not found among pre-term infants with atopic
backgrounds, suggesting that different mechanisms may be at play in the inception of
asthma based on the atopic background of the child28.

In contrast to the evidence supporting a direct causal role of viral bronchiolitis in the
pathogenesis of asthma, two previous epidemiologic studies conducted among monozygotic
twin pairs, discordant for severe RSV bronchiolitis in infancy, did not support the theory
that RSV bronchiolitis causes asthma29, 30. Poorisrisak and colleagues did not detect a
difference in pulmonary function, exhaled nitric oxide levels, asthma prevalence, asthma
medication use, or sensitization between monozygotic twins discordant for RSV
bronchiolitis hospitalization in infancy who were studied at a mean age of 7.6 years30.
Thomsen and colleagues used genetic variance components models and direction of
causation models in 8,280 pairs of twins and concluded that severe RSV bronchiolitis most
likely represents a genetic predisposition to asthma29. In addition, 2 recent studies support
the position that viral LRTI is a marker for atopic predisposition and not the cause of future
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wheezing and asthma. A report31 from the COAST project aimed to determine the
developmental sequence of allergic sensitization and viral wheeze. By using a longitudinal
evaluation of this cohort, allergic sensitization to aeroallergens, beginning at the first year of
life, was identified as a significant risk factor for viral induced wheeze, and this was
significant for HRV but not for RSV. However, having viral wheeze did not increase the risk
of developing allergic sensitization31. Another report32 from the Copenhagen Prospective
Study of Asthma in Childhood birth cohort, a high risk cohort of infants born to mothers
with asthma, also suggested that severe bronchiolitis is a result of pre-existing susceptibility
of the airway to react to viral infections. These investigators measured infant lung function
and bronchial responsiveness to methacholine at the age of one month and before the infants
had any respiratory symptoms. Children who later had acute severe bronchiolitis had a 2.5-
fold increased responsiveness to methacholine at the age of one month.32. Taken together,
these 2 studies suggest that allergic sensitization and /or airway dysfunction may serve as
predisposing factors that increase host susceptibility to viral bronchiolitis, with allergic
sensitization increasing HRV bronchiolitis risk. Therefore, in these cohorts, the occurrence
of viral bronchiolitis appears to be a reflection of predisposition to wheeze with viral
infections rather than the viral infection serving as a causative factor for subsequent asthma.
However, it should be noted that the high-risk nature of these 2 birth cohorts decreases the
generalizability of these findings to non-high risk populations, and it remains possible that
viral bronchiolitis precedes the development of airway dysfunction among children without
atopic predispositions.

It is probable that these 2 scenarios, either bronchiolitis as a cause or a marker for asthma
theories, are not mutually exclusive. Children who wheeze in early life due to HRV differ
from those who wheeze in early life due to RSV: they are older and more likely to have
personal and family history of asthma33, 34. These differences in underlying atopic
backgrounds influencing the likelihood of wheezing in the context of different viral
infections suggest that 2 different pathways may exist: HRV-induced wheeze (most likely to
occur in the outpatient setting) might be more of a marker for asthma tendency, while RSV
(especially more severe disease warranting hospitalization) might have a more causative role
in the pathogenesis of disease. This postulate could be supported by the successful wheezing
prevention conferred by RSV prophylaxis with palivizumab only among non-atopic
children, suggesting a different consequence of the viral infection depending on atopic
predisposition28. Additional evidence that these 2 respiratory viruses might have a different
roles in the pathogenesis of asthma was recently provided by the Tennessee Children’s
Respiratory Initiative35. In this study, the investigators aimed to determine whether maternal
asthma was associated with a higher risk of infant respiratory tract infection with HRV
versus RSV, and whether maternal asthma was associated with increased infection severity.
They reported that having a mother with atopic asthma significantly increased the risk of the
infant experiencing HRV infection compared to RSV infection, and maternal asthma
increased the severity of infant HRV infection but not the severity of RSV infection. These
findings support the hypothesis that, compared to infants with RSV infection, infants with
HRV infections are more likely to have an atopic predisposition reflected by positive family
history; and it might be that this atopic predisposition modulates the increased risk for
asthma among children who wheeze with HRV35.

Vitamin D status as a potential modifying factor of the relationship between
viral infections and asthma inception

While severe bronchiolitis in infancy is a major risk factor for the development of recurrent
wheezing and asthma, it is clear that not all infants who have severe viral bronchiolitis will
develop subsequent recurrent wheezing and/or asthma. Therefore, additional host factors
such as atopic predisposition, allergic sensitization, immune response factors, and illness
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severity, along with environmental exposures might serve as modifying factors for the risk
of developing asthma20, 33. Vitamin D has emerged as a potential factor which may
modulate asthma severity and activity. Recent reports showed that low serum vitamin D
levels are associated with increased asthma severity and poor asthma control among school
age children and adolescents36–42. Among younger children, vitamin D may be a modifying
factor for the progression from viral bronchiolitis to asthma through multiple mechanisms:
in-utero effects on lung growth and maturation, enhancement of viral immunity and as a
result prevention and/or attenuation severity of viral bronchiolitis, and attenuation of allergic
sensitization43. Three recent studies revealed that maternal vitamin D levels during
pregnancy44, or in cord blood45, 46 are inversely associated with the risk of viral respiratory
tract illness (RTI) during the first year of life. The most relevant evidence was provided by
Belderbos and colleagues45 who reported a six-fold increased risk of RSV LRTI during the
first year of life among infants with cord blood vitamin D levels below 50 nmol/L (20 ng/
ml) compared to infants with adequate (>75 nmol/L (30 ng/ml)) cord blood vitamin D
levels. However, although these studies provide evidence for the potentially protective
effects of higher vitamin D levels for the prevention of RTI, there were conflicting results
regarding the effect of maternal serum vitamin D levels on the risk of future wheezing
episodes during early childhood. While one study46 showed that lower cord blood vitamin D
levels were associated with higher risk of wheezing episodes (but not with the diagnosis of
asthma), another study failed to confirm this association44. However, the timing of maternal
vitamin D measures differed between the studies - in the study that reported a protective
effect of vitamin D46, levels were measured in cord blood while in the negative study44,
levels were measured during pregnancy, which might result in a less accurate estimation of
vitamin D status in the newborn. In addition, 2 studies47, 48 did not find an association
between child’s serum vitamin D levels and the risk of hospitalization for viral LRTI;
however, one of these studies47 suggested that vitamin D might modify the severity of the
acute LRTI, since mean vitamin D level among LRTI patients admitted to the intensive care
unit was significantly lower than that observed in patients admitted to the general pediatrics
ward. Taken together, these studies suggest that adequate vitamin D levels at birth might
prevent early life viral infection; however, the consequence of vitamin D status on
subsequent wheezing episodes remains unclear, although ongoing trials of maternal vitamin
D supplementation will hopefully clarify this situation. No data are currently available to
determine if adequate serum vitamin D levels in early infancy can prevent severe
bronchiolitis requiring hospitalization or the respiratory outcomes that follow this event.

Conclusions
Recent evidence supports the importance of early life viral bronchiolitis in the
developmental pathway of asthma. Multiple specific viral respiratory infections appear to
serve as antecedents to childhood asthma, and future research is certain to identify additional
viral pathogens which precede or signal the development of asthma. The dilemma of
whether bronchiolitis early in life is the cause of future asthma or a marker for susceptibility
for asthma is not yet resolved; most likely both of these pathways are relevant, and there
may be differential effects based on the child’s atopic predisposition and the specific virus.
Finally, host and environmental factors likely modify the risk of asthma following early life
bronchiolitis, and further research is needed to explore the potential roles of modifiable
factors, such as vitamin D status, on these processes and outcomes.

Acknowledgments
L. B. Bacharier is a member of the Data Safety Monitoring Board for DBV, has received honoraria from
GlaxoSmithKline and Genentech/Novartis, has served on an advisory board for AstraZeneca, and has served on the
advisory board and received honoraria from Merck.

Beigelman and Bacharier Page 6

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Source of funding: This publication was supported by the Washington University Institute of Clinical and
Translational Sciences grant UL1 TR000448 from the National Center for Advancing Translational Sciences, sub
award KL2 TR000450. NIH/NHLBI RO1 HL092486. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIH.

Abbreviations

COAST project Childhood Origin of Asthma project

HRV human rhinovirus

LRTI Lower Respiratory Tract Infection

RBEL RSV Bronchiolitis in Early Life

RSV Respiratory Syncytial Virus

RTI Respiratory Tract Infection

TCRS Tucson Children’s Respiratory Study

References
1. Sigurs N, Bjarnason R, Sigurbergsson F, Kjellman B, Bjorksten B. Asthma and immunoglobulin E

antibodies after respiratory syncytial virus bronchiolitis: a prospective cohort study with matched
controls. Pediatrics. 1995; 95:500–505. [PubMed: 7700748]

2. Sigurs N, Aljassim F, Kjellman B, Robinson PD, Sigurbergsson F, Bjarnason R, et al. Asthma and
allergy patterns over 18 years after severe RSV bronchiolitis in the first year of life. Thorax. 2010
■■ A study with the longest prospective follow up on the natural history of severe RSV
bronchiolitis in infancy; this study reported that the association between early life severe RSV
bronchiolitis and asthma might last into early adulthood

3. Stein RT, Sherrill D, Morgan WJ, Holberg CJ, Halonen M, Taussig LM, et al. Respiratory syncytial
virus in early life and risk of wheeze and allergy by age 13 years. Lancet. 1999; 354:541–545.
[PubMed: 10470697]

4. Carroll KN, Wu P, Gebretsadik T, Griffin MR, Dupont WD, Mitchel EF, et al. The severity-
dependent relationship of infant bronchiolitis on the risk and morbidity of early childhood asthma. J
Allergy Clin Immunol. 2009; 123:1055–1061. 61 e1. [PubMed: 19361850]

5. Bacharier LB, Cohen R, Schweiger T, Yin-Declue H, Christie C, Zheng J, et al. Determinants of
asthma after severe respiratory syncytial virus bronchiolitis. The Journal of allergy and clinical
immunology. 2012; 130:91–100. e3. [PubMed: 22444510] ■■ A recent study that suggests that
half of the children hospitalized in early life with RSV bronchiolitis will be diagnosed with asthma
over the 6 years following hospitalization and that nasal epithelial CCL5 expression may be an
important biomarker for post-RSV asthma.

6. Lemanske RF Jr. The childhood origins of asthma (COAST) study. Pediatric allergy and
immunology : official publication of the European Society of Pediatric Allergy and Immunology.
2002; 13(Suppl 15):38–43. [PubMed: 12688623]

7. Jackson DJ, Gangnon RE, Evans MD, Roberg KA, Anderson EL, Pappas TE, et al. Wheezing
rhinovirus illnesses in early life predict asthma development in high-risk children. Am J Respir Crit
Care Med. 2008; 178:667–672. [PubMed: 18565953]

8. Guilbert TW, Singh AM, Danov Z, Evans MD, Jackson DJ, Burton R, et al. Decreased lung
function after preschool wheezing rhinovirus illnesses in children at risk to develop asthma. The
Journal of allergy and clinical immunology. 2011; 128:532–538. e1–10. [PubMed: 21878241]

9. Lemanske RF Jr, Jackson DJ, Gangnon RE, Evans MD, Li Z, Shult PA, et al. Rhinovirus illnesses
during infancy predict subsequent childhood wheezing. J Allergy Clin Immunol. 2005; 116:571–
577. [PubMed: 16159626]

10. Jackson DJ, Gangnon RE, Evans MD, Roberg KA, Anderson EL, Pappas TE, et al. Wheezing
rhinovirus illnesses in early life predict asthma development in high-risk children. American
journal of respiratory and critical care medicine. 2008; 178:667–672. [PubMed: 18565953]

Beigelman and Bacharier Page 7

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



11. Kusel MM, de Klerk NH, Kebadze T, Vohma V, Holt PG, Johnston SL, et al. Early-life respiratory
viral infections, atopic sensitization, and risk of subsequent development of persistent asthma. The
Journal of allergy and clinical immunology. 2007; 119:1105–1110. [PubMed: 17353039]

12. Kotaniemi-Syrjanen A, Vainionpaa R, Reijonen TM, Waris M, Korhonen K, Korppi M.
Rhinovirus-induced wheezing in infancy--the first sign of childhood asthma? The Journal of
allergy and clinical immunology. 2003; 111:66–71. [PubMed: 12532098]

13. Koponen P, Helminen M, Paassilta M, Luukkaala T, Korppi M. Preschool asthma after
bronchiolitis in infancy. The European respiratory journal : official journal of the European
Society for Clinical Respiratory Physiology. 2012; 39:76–80.

14. Mikalsen IB, Halvorsen T, Oymar K. The outcome after severe bronchiolitis is related to gender
and virus. Pediatr Allergy Immunol. 2012; 23:391–398. [PubMed: 22435682]

15. Midulla F, Pierangeli A, Cangiano G, Bonci E, Salvadei S, Scagnolari C, et al. Rhinovirus
bronchiolitis and recurrent wheezing: 1-year follow-up. Eur Respir J. 2012; 39:396–402.
[PubMed: 21852336] ■ A study that establishes the role of HRV bronchiolitis that required
hospitalization as a risk factor for subsequent recurrent wheezing.

16. Wright RJ. Psychological stress: a social pollutant that may enhance environmental risk. American
journal of respiratory and critical care medicine. 2011; 184:752–754. [PubMed: 21965012]

17. Mathilda Chiu YH, Coull BA, Cohen S, Wooley A, Wright RJ. Prenatal and postnatal maternal
stress and wheeze in urban children: effect of maternal sensitization. American journal of
respiratory and critical care medicine. 2012; 186:147–154. [PubMed: 22582161]

18. Sternthal MJ, Coull BA, Chiu YH, Cohen S, Wright RJ. Associations among maternal childhood
socioeconomic status, cord blood IgE levels, and repeated wheeze in urban children. The Journal
of allergy and clinical immunology. 2011; 128:337–345. e1. [PubMed: 21704362]

19. Bernstein DI. Traffic-related pollutants and wheezing in children. The Journal of asthma : official
journal of the Association for the Care of Asthma. 2012; 49:5–7. [PubMed: 22211400]

20. Holt PG, Strickland DH, Sly PD. Virus infection and allergy in the development of asthma: what is
the connection? Current opinion in allergy and clinical immunology. 2012; 12:151–157. [PubMed:
22356945]

21. Holt PG, Sly PD. Viral infections and atopy in asthma pathogenesis: new rationales for asthma
prevention and treatment. Nature medicine. 2012; 18:726–735. ■ ■ A review that summarizes
potential mechanisms that mediate the progression from viral LRTI early in life into asthma.

22. Cheung DS, Ehlenbach SJ, Kitchens RT, Riley DA, Thomas LL, Holtzman MJ, et al. Cutting edge:
CD49d+ neutrophils induce FcepsilonRI expression on lung dendritic cells in a mouse model of
postviral asthma. Journal of immunology. 2010; 185:4983–4987.

23. Cheung DS, Ehlenbach SJ, Kitchens T, Riley DA, Grayson MH. Development of atopy by severe
paramyxoviral infection in a mouse model. Annals of allergy, asthma & immunology : official
publication of the American College of Allergy, Asthma, & Immunology. 2010; 105:437–443. e1.

24. Al-Garawi A, Husain M, Ilieva D, Humbles AA, Kolbeck R, Stampfli MR, et al. Shifting of
immune responsiveness to house dust mite by influenza A infection: genomic insights. Journal of
immunology. 2012; 188:832–843.

25. Holtzman MJ, Byers DE, Benoit LA, Battaile JT, You Y, Agapov E, et al. Immune pathways for
translating viral infection into chronic airway disease. Adv Immunol. 2009; 102:245–276.
[PubMed: 19477323]

26. Kim EY, Battaile JT, Patel AC, You Y, Agapov E, Grayson MH, et al. Persistent activation of an
innate immune response translates respiratory viral infection into chronic lung disease. Nat Med.
2008; 14:633–640. [PubMed: 18488036]

27. Wu P, Dupont WD, Griffin MR, Carroll KN, Mitchel EF, Gebretsadik T, et al. Evidence of a
causal role of winter virus infection during infancy in early childhood asthma. Am J Respir Crit
Care Med. 2008; 178:1123–1129. [PubMed: 18776151]

28. Simoes EA, Carbonell-Estrany X, Rieger CH, Mitchell I, Fredrick L, Groothuis JR. The effect of
respiratory syncytial virus on subsequent recurrent wheezing in atopic and nonatopic children. The
Journal of allergy and clinical immunology. 2010; 126:256–262. [PubMed: 20624638]

Beigelman and Bacharier Page 8

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



29. Thomsen SF, van der Sluis S, Stensballe LG, Posthuma D, Skytthe A, Kyvik KO, et al. Exploring
the association between severe respiratory syncytial virus infection and asthma: a registry-based
twin study. Am J Respir Crit Care Med. 2009; 179:1091–1097. [PubMed: 19286626]

30. Poorisrisak P, Halkjaer LB, Thomsen SF, Stensballe LG, Kyvik KO, Skytthe A, et al. Causal
direction between respiratory syncytial virus bronchiolitis and asthma studied in monozygotic
twins. Chest. 2010; 138:338–344. [PubMed: 20435661]

31. Jackson DJ, Evans MD, Gangnon RE, Tisler CJ, Pappas TE, Lee WM, et al. Evidence for a causal
relationship between allergic sensitization and rhinovirus wheezing in early life. American journal
of respiratory and critical care medicine. 2012; 185:281–285. [PubMed: 21960534] ■■ An
elegant study that determined that allergic sensitization is the initial event that leads to HRV LRTI
in a high risk asthma cohort.

32. Chawes BL, Poorisrisak P, Johnston SL, Bisgaard H. Neonatal bronchial hyperresponsiveness
precedes acute severe viral bronchiolitis in infants. The Journal of allergy and clinical
immunology. 2012; 130:354–361. e3. [PubMed: 22713595]

33. Kieninger E, Regamey N. Rhinoviruses: markers of, or causative for, recurrent wheeze and
asthma? The European respiratory journal : official journal of the European Society for Clinical
Respiratory Physiology. 2012; 39:238–239.

34. Jackson DJ, Lemanske RF Jr. The role of respiratory virus infections in childhood asthma
inception. Immunology and allergy clinics of North America. 2010; 30:513–522. vi. [PubMed:
21029935]

35. Carroll KN, Gebretsadik T, Minton P, Woodward K, Liu Z, Miller EK, et al. Influence of maternal
asthma on the cause and severity of infant acute respiratory tract infections. The Journal of allergy
and clinical immunology. 2012; 129:1236–1242. [PubMed: 22336082]

36. Brehm JM, Acosta-Perez E, Klei L, Roeder K, Barmada M, Boutaoui N, et al. Vitamin D
Insufficiency and Severe Asthma Exacerbations in Puerto Rican Children. American journal of
respiratory and critical care medicine. 2012

37. Brehm JM, Celedon JC, Soto-Quiros ME, Avila L, Hunninghake GM, Forno E, et al. Serum
vitamin D levels and markers of severity of childhood asthma in Costa Rica. American journal of
respiratory and critical care medicine. 2009; 179:765–771. [PubMed: 19179486]

38. Brehm JM, Schuemann B, Fuhlbrigge AL, Hollis BW, Strunk RC, Zeiger RS, et al. Serum vitamin
D levels and severe asthma exacerbations in the Childhood Asthma Management Program study. J
Allergy Clin Immunol. 2010; 126:52–58. e5. [PubMed: 20538327]

39. Brehm JM, Schuemann B, Fuhlbrigge AL, Hollis BW, Strunk RC, Zeiger RS, et al. Serum vitamin
D levels and severe asthma exacerbations in the Childhood Asthma Management Program study.
The Journal of allergy and clinical immunology. 2010; 126:52–58. e5. [PubMed: 20538327]

40. Gupta A, Sjoukes A, Richards D, Banya W, Hawrylowicz C, Bush A, et al. Relationship between
serum vitamin D, disease severity, and airway remodeling in children with asthma. American
journal of respiratory and critical care medicine. 2011; 184:1342–1349. [PubMed: 21908411]

41. Searing DA, Zhang Y, Murphy JR, Hauk PJ, Goleva E, Leung DY. Decreased serum vitamin D
levels in children with asthma are associated with increased corticosteroid use. The Journal of
allergy and clinical immunology. 2010; 125:995–1000. [PubMed: 20381849]

42. Wu AC, Tantisira K, Li L, Fuhlbrigge AL, Weiss ST, Litonjua A. Effect of Vitamin D and Inhaled
Corticosteroid Treatment on Lung Function in Children. American journal of respiratory and
critical care medicine. 2012; 186:508–513. [PubMed: 22798322]

43. Litonjua AA. Vitamin D deficiency as a risk factor for childhood allergic disease and asthma.
Current opinion in allergy and clinical immunology. 2012; 12:179–185. [PubMed: 22266772] ■
■ A comprehensive review that summarizes the current evidence regarding the role of vitamin D
deficiency and the development of allergic sensitization and asthma.

44. Morales E, Romieu I, Guerra S, Ballester F, Rebagliato M, Vioque J, et al. Maternal vitamin D
status in pregnancy and risk of lower respiratory tract infections, wheezing, and asthma in
offspring. Epidemiology. 2012; 23:64–71. [PubMed: 22082994]

45. Belderbos ME, Houben ML, Wilbrink B, Lentjes E, Bloemen EM, Kimpen JL, et al. Cord blood
vitamin D deficiency is associated with respiratory syncytial virus bronchiolitis. Pediatrics. 2011;
127:e1513–e1520. [PubMed: 21555499]

Beigelman and Bacharier Page 9

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



46. Camargo CA Jr, Ingham T, Wickens K, Thadhani R, Silvers KM, Epton MJ, et al. Cord-blood 25-
hydroxyvitamin D levels and risk of respiratory infection, wheezing, and asthma. Pediatrics. 2011;
127:e180–e187. [PubMed: 21187313]

47. McNally JD, Leis K, Matheson LA, Karuananyake C, Sankaran K, Rosenberg AM. Vitamin D
deficiency in young children with severe acute lower respiratory infection. Pediatric pulmonology.
2009; 44:981–988. [PubMed: 19746437]

48. Roth DE, Jones AB, Prosser C, Robinson JL, Vohra S. Vitamin D status is not associated with the
risk of hospitalization for acute bronchiolitis in early childhood. European journal of clinical
nutrition. 2009; 63:297–299. [PubMed: 17971825]

Beigelman and Bacharier Page 10

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Key Points

• The risk for asthma following severe Respiratory Syncytial Virus (RSV)
bronchiolitis may be higher than was previously estimated, and this association
might last into early adulthood.

• Emerging data suggest that non-RSV bronchiolitis, and mainly human
rhinovirus (HRV) bronchiolitis, is a major risk factor for future asthma

• Whether bronchiolitis is related to future asthma causality or serves as a marker
of asthma predisposition remains uncertain.
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