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Abstract

Purpose of this review—Recent application of advanced culture-independent molecular
techniques for identification of microorganisms has contributed to our knowledge on the role of
early life microbial exposure and colonization in health and disease. The purpose of this review is
to present the current perspectives regarding the role of microbial exposure and airway bacterial
colonization on the development and the activity of asthma.

Recent findings—Recent findings continue to support the protective role of early life diverse
microbial exposure against the development of atopic disease. However, airway bacterial
colonization early in life serves as a risk factor for the development of asthma. Culture-
independent molecular techniques for identification of microorganisms have challenged the
traditional paradigm that the lower airway is a sterile compartment. Asthmatics, compared to non-
asthmatics appear to have a different lung microbiome composition and some of these differences
might contribute to asthma activity, severity, and corticosteroid response.

Summary—Bacterial presence in the airway appears to influence the inception and may affect
the activity of asthma. Complex interactions between different types and routes of bacterial
exposures, the airway and the immune system early in life may determine whether these exposures
augment or reduce the risk of asthma development.
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Introduction

The increase in prevalence of asthma and other allergic diseases over the past decades has
been postulated to be related to a more “westernized” life style that results in a cleaner
environment and a reduced environmental bacterial exposurel. This “hygiene hypothesis”
was proposed more than 20 years ago based on the observation that household size was
inversely related to the prevalence of childhood hay fever2. Since then, multiple
epidemiological studies have provided support to this theory, including the protective effects
of the farming environments against the development of atopy3, while delivery by cesarean
section, which presumably prevents an infant’s early exposure to maternal gut and vaginal
flora, is associated with an increased risk of childhood asthma?.

Exposure to a diverse microbial environment could affect the development and activity of
childhood asthma either directly by establishing a “normal” pattern of airway microbial
colonization that might protect from colonization with bacteria that have been shown to be
related to asthma development®, or indirectly by affecting the composition of the gut
microbiome. In the normal state, complex interactions between the gut microbiome and the
host’s innate and adaptive intestinal mucosal immune system result in differentiation of
regulatory T-cells in the gut that can then be recruited to the periphery (including the lungs)
and induce tolerance. In addition, a balanced composition of the gut microbiome has an
important role in shifting TH2 immune skewing toward TH1 cell differentiation®-8.
Alteration of the composition of the gut microbiome can affect these immunoregulatory
processes and is a risk factor for the development of inflammatory, autoimmune, and
allergic diseases®. Detailed reviews of the effects of the gut microbiome on the development
of allergy and asthma are described elsewhere®-8. This review will examine the recent
reports regarding the effects of environmental microbial exposure and the airway
microbiome on asthma and atopy. Since the advanced knowledge that has been accumulated
over the past few years is related to genetic methods for microorganism identification, we
will start with a brief review of these new microbiome research tools.

Culture-independent techniques for identification of microorganisms

The field of microbiology began in the mid-17t" century with the invention of the
microscope, allowing for direct visualization of bacterial®. However, the advancement of
genomic technologies allows for microbe identification while avoiding the reliance on
traditional culture methods. Using these techniques, we have learned that the human body
harbors 10 to 100 trillion microbes, greatly outnumbering human cells1®. Most of these
microbes were not detected previously since 70% of the bacterial species on human surfaces
could not be isolated using traditional culture methods, and some of the remaining 20-30%
of species could not be easily cultured!!. Most recent microbiome studies have utilized PCR
amplification of the bacterial 16S ribosomal RNA (rRNA) gene, a highly conserved locus of
the bacterial genome. DNA sequence differences within the hypervariable regions of the 16S
rRNA gene allow identification of bacterial species by reference to existing 16S rRNA gene
sequence databases. In addition to taking the bacterial census of sample by 16S rRNA gene
sequencing, microbial community profiling can be performed by next-generation sequencing
approaches that analyze the total genomic content of samples. The latter method has the
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advantages of more precise identification of bacteria, up to the sub-species level through
identification of mutations, plasmids, or other horizontally transferred genes within a
bacteria’s genome, identification of specific metabolic pathways and their abundance, and
identification of other classes of microorganisms such as viruses and fungi. A detailed
description of these culture independent techniques is provided elsewherel1-14,

Environmental microorganism exposure, asthma and atopy

One of the initial studies that investigated the association between environmental bacterial
exposure and the development of atopic diseases included 812 children in rural areas of
Europe, some of them living on farms?5. The investigators demonstrated an inverse
association between the levels of bedding dust endotoxin, a cell wall component of gram
negative bacteria, and the occurrence of hay fever, atopic asthma, and atopic sensitization.
Exposure to farming in the first year of life showed a strong inverse association with all
clinical outcomes, suggesting that the farming environment has protective effects against the
development of allergy and asthma. The inverse association between endotoxin levels and
atopic outcomes were valid even in a subset of participants who did not have farming
exposure, suggesting that certain types of bacterial exposure can be protective regardless of
its source. Furthermore, in vitro cytokine production was also inversely related to the
endotoxin level in the bedding, leading the authors to speculate that environmental bacteria
interacts with the innate immune system and results in immune tolerancel.

A recent study confirmed the previous finding by showing that among two cohorts of
children living in rural central Europe, children living on farms had lower prevalence of
asthma and atopy (defined by allergic sensitization to aeroallergens)8. Children living on
farms were exposed to a higher diversity of environmental fungi and bacteria, and this
greater diversity of exposure was inversely related to asthma prevalence independent of the
farming environment, suggesting that the diverse microbial exposure is the important
element for asthma prevention. The authors suggested that exposure to a diverse microbial
environment might prevent asthma either by interaction of these microorganisms with the Gl
innate immune system that result in the induction of regulatory T-cell, and/or with a direct
effect on the airway that may prevent colonization of the lower airways with harmful
bacteria. Although diverse microbial exposure was important, some microorganisms exerted
greater influence, as the protective effects were largely related to one group of bacterial
species, and one mold (the fungal taxon eurotium)16.

The potential effects of diverse microbial exposure on the gut microbiome, and as a result
the development of atopic diseases, occurs early in life. Lower diversity of stool bacteria at
the age of one month, prior to development of atopic features, was a predictor of eczema at
the age of 2 years'’ and of allergic sensitization and allergic rhinitis at the age of 6 years18,
These observations support the hypothesis that a diverse bacterial exposure very early in life
may create a milieu which is less likely to support the development of atopy.
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Airway bacterial presence and asthma: are the lower airways a sterile
compartment?

For many years, the traditional paradigm was that the lower airways represented a sterile
compartment. Recent findings using modern methodologies for identification of
microorganisms challenge this paradigm, which now appears to have been a reflection of the
limitations in traditional culture-dependent techniques to detect most of these
microorganisms. Recent studies in healthy adults have indicated that the lower airways are
not sterile!® 20, Interpretation of these findings is complicated by potential contamination of
lower airway samples as a result of passage of a bronchoscope through the oropharynx. A
study of 6 healthy adults took special efforts to avoid upper airway contamination, and
revealed that bacteria found in the lower airway represented a diluted reflection of the
bacteria found in the in the upper airways, suggesting that the presence of lower airway
bacteria is related to micro-aspiration20. However, a recent study, which is the largest to date
on this topic (64 healthy adults), revealed that that lung microbiota is in part similar to the
oral cavity microbiota, but specific bacteria were detected in significantly higher abundance
in the lungs than would be expected if they originated from the upper airway. These results
suggest that at least part of the lung microbiome is unique, and some bacteria have adapted
toward proliferation in the lung environment rather than being just a reflection of diluted
upper airway microbiota. Moreover, the results of this study imply that lung microbiome
might have a role in lung pathology as some of the bacterial communities that were
overrepresented in the lungs included common causes of pneumonia, the members of the
family Enterobacteriaceae sp. and Haemophilus sp.21.

Does the composition of the lung microbiome differ between asthmatics
and non-asthmatics?

Hilty et al® compared lower airway samples from 11 asthmatic and 8 healthy adults, and
from 13 asthmatic and 7 non-asthmatic children. The lung microbiome composition among
asthmatics included a greater abundance of members of the Proteobacteria phylum, mainly
Haemophilus species, and lesser abundance of members of the Bacteroidetes phylum,
mainly Prevotella species than non-asthmatics!®. Huang and colleagues compared lower
airway bacterial content between 42 asthmatic adults and 5 healthy adults and showed
greater bacterial burden and diversity in the asthmatic subjects. Specifically, greater
representation of the Proteobacteria?2 phylumwas found to be overrepresented among
asthmatics including many pathogenic species that might cause acute respiratory illnesses,
including H. influenzae, Pseudomonas, Neisseria, and Burkholderia species, as well as
members of the Enterobacteriaceae family23. Generalizability of these 2 studies is limited
by the inclusion of asthmatics treated with inhaled corticosteroids (ICS), introducing
uncertainty as to whether the observed differences are related to the asthma, or are at least
partially related to changes in the lung microbiome induced by ICS treatment.

In an effort to characterize airway microbiota among asthmatics while minimizing
confounding by ICS treatment, Mari et al?* compared the composition of the microbiota in
induced sputum samples obtained from 10 non-asthmatic and 10 asthmatic adults, 8 of
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which were not using ICS. The results confirmed previous reports, showing that
Proteobacteria were present in higher proportions in asthmatic patients, and that samples
from asthmatics had greater bacterial diversity compared with samples from non-asthmatic
subjects. The investigators also reported a higher abundance of Moraxellaceae and
Pasteurellaceae families (to which Moraxella catarrhalis and Haemophilus influenza
belong, respectively) in samples from asthmatics, which support reports on the role of these
bacteria in the inception of asthma®.

Differences in lung microbiome characteristics among asthma patients may correlate with
parameters of disease severity?>. Microbiota composition in BAL samples obtained from 12
healthy control and 39 asthmatics, defined as either corticosteroid resistant or corticosteroid
sensitive, did not differ between the groups in general parameters of microbiota
communities such as richness, evenness, diversity and community composition at the
phylum level. However, compared to corticosteroid sensitive asthmatics, approximately half
of the corticosteroid resistant subjects had unique expansion of bacteria defined at the genera
level?>,

While most studies of the microbiome and asthma to date have focused on the bacterial
component of the microbiome, other elements of the microbiome, such as fungi, may have a
role in asthma inception and activity. In support of this, a recent study reported on
differences in the pattern of fungi present in induced sputum samples obtained from asthma
patients and controls26. Ninety fungal species were more common in asthma patients, while
46 species were more common in control subjects?®. The fungus Malassezia pachydermatis
was found in patients with asthma but not the control group, which suggests importance of
fungal elements of the microbiome in asthma, as this organism has been associated with
atopic conditions including atopic dermatitis?’. In summary, multiple recent studies have
suggested that asthmatics and non-asthmatics have different lung microbiome compositions.
However, further research is needed to determine if this is an aspect of disease pathogenesis,
ICS treatment, or other factors, and whether the differences in microbiome composition are
the cause of the asthma, or the asthma induces a lung microenvironment that supports the
proliferation of certain bacteria.

The role of airway bacterial colonization in infancy and the inception

asthma

It is well established that viral infections are closely associated with the inception of early
childhood wheezing and asthma?®. The immunologic interaction between host airway
epithelial cells and respiratory viruses may be responsible for translating acute viral
infections into chronic airway disease?®. Viral infections are also a major “trigger” for acute
exacerbations. Emerging data have implicated early life airway colonization with bacteria as
a potentially important factor in the inception of asthma. Bisgaard and colleagues® provided
one of the first reports on this topic while investigating the effects of bacterial colonization
of the hypopharynx in asymptomatic neonates born to mothers with asthma. Using
traditional culture-based techniques for identification of bacteria, they noted that
asymptomatic colonization of the hypopharynx with Sreptococcus pneumoniae,
Haemophilus influenzae, and/or Moraxella catarrhalis was associated with the development
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of the persistent wheezing phenotype during the first 5 years of life, asthma diagnosis,
positive bronchodilator response, and with the development of atopic markers as an elevated
peripheral eosinophil count and elevated total serum IgE. However, it is not possible to
determine whether these bacteria actually promote the development of asthma, or whether
bacterial colonization of the upper airway is a marker for immune dysregulation very early
in life, which promotes the development of asthma. This asymptomatic colonization of the
hypopharynx at the age of one month was also associated with increased risk of pneumonia
and bronchiolitis in the first three years of life, and the effect was independent of future
diagnosis of asthma, suggesting that the development of pneumonia and bronchiolitis are not
just a reflection of respiratory morbidity associated with asthma. The authors proposed that
bacterial colonization of upper airway may affect the immune maturation of the neonate and
result in an increased risk of pneumonia and bronchiolitis30. Bacterial colonization of the
airway was shown to be associated with a distinct immunophenotype evident by airway
cytokine patterns (Thl, Th2, Th17) that were dependent on the type of the bacteria in the
airway, suggesting that colonization with these organisms is not immunologically silent31. It
is unknown if the specific airway cytokine milieu with the context of bacterial colonization
is a marker of asthma predisposition or a causal effect of the colonization. All together, these
findings suggest the potential role of bacterial airway colonization by itself or in conjunction
with subsequent viral infections as antecedents to childhood airway disease, especially
asthma.

Airway bacterial colonization and exacerbation of early childhood wheezing

episodes

Airway infections are a frequent trigger of wheezing episodes, and recent evidence suggests
that in addition to viral pathogens, bacteria are frequently recovered from the upper airway
at the time of acute wheezing episodes during the first 3 years of life32. The presence of
bacteria in upper airway samples was significantly associated with wheezing episodes
independent from the effect of viral infection, suggesting that bacterial colonization of the
airway might directly trigger wheezing, or influence whether a viral respiratory infection
will progress to an acute wheezing episode. Bacterial colonization of the airway during
acute viral induced wheezing could also affect short and long term outcome of viral induced
wheezing episodes. A post-hoc analysis in a cohort of children younger than 3 years of age
hospitalized for their first viral induced wheezing episode (viral swab positive in 93% of
participants) showed that 60% of these children had positive NP culture for Sreptococcus
pneumoniae, Haemophilusinfluenzae, or Moraxella catarrhalis. In addition, children with
bacterial colonization of the upper airway had longer durations of hospitalization and were
more likely to develop recurrent wheezing in the year following the initial wheezing
compared to children without evidence for bacterial colonization33.

Bacterial airway colonization is associated with asthma activity and might

affect corticosteroid response

Bacterial burden and diversity in the lower airway among adults with mild-moderate asthma
were significantly greater than among healthy controls?2. Furthermore, airway microbiota
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diversity was significantly correlated with bronchial hyperresponsiveness. The investigators
were able to identify approximately 100 bacterial taxa that were associated with the degree
of bronchial hyperresponsiveness. Among the bacteria that were more common among
asthmatics were members of the Comamonadaceae, which include members that have in
vitro steroid-degrading capacities. The presence of such bacteria in asthmatic airways might
be related to selective growth pressure exerted by ICS. Alternatively, the presence of
steroid-degrading bacteria in the airway may impair ICS treatment response, and could
explain the observation that some asthma patients do not respond well to ICS?2. This
concept is supported by findings that a bacteria detected in the BAL of some corticosteroid
resistant asthmatics (Haemophilus parainfluenzae) can reduce in vitro steroid
responsiveness in metabolic pathways induced by corticosteroids?®. Taken together, these
findings suggest that the airway microbiome might have a mechanistic role in asthma
activity either by direct effect on physiologic characteristics of asthma as bronchial
hyperresponsiveness, and /or by affecting steroid metabolism pathways that can affect
response to endogenous corticosteroids and/or ICS treatment.

While acute airway infections have been associated with multiple aspects of asthma for
decades, recent advances in pathogen detection methods have substantially broadened the
recognition of the potential microbial contributions to airway disease causation and activity.
The airways, once considered a sterile location, do indeed contain a wide variety of
organisms that likely impact disease expression. Recent evidence has demonstrated potential
influences of the respiratory tract microbiome on asthma inception and exacerbations,
thereby opening new areas for potential interventions involving microbiome manipulation
with the goals of asthma treatment and prevention.

Acknowledgments

The authors thank Dr. Gregory Storch for many insightful discussions and for reviewing this manuscript.

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.

Abbreviations

HRV human rhinovirus

ICS Inhaled corticosteroids
rRNA ribosomal RNA

RSV Respiratory Syncytial Virus

Reference recommendations

1. Okada H, Kuhn C, Feillet H, Bach JF. The 'hygiene hypothesis' for autoimmune and allergic
diseases: an update. Clin Exp Immunol. 2010; 160:1-9. [PubMed: 20415844]

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Beigelman et al.

11.

12.

13.

Page 8

. Strachan DP. Hay fever, hygiene, and household size. BMJ. 1989; 299:1259-1260. [PubMed:

2513902]

. von Mutius E, Vercelli D. Farm living: effects on childhood asthma and allergy. Nat Rev Immunol.

2010; 10:861-868. [PubMed: 21060319]

. Thavagnanam S, Fleming J, Bromley A, Shields MD, Cardwell CR. A meta-analysis of the

association between Caesarean section and childhood asthma. Clin Exp Allergy. 2008; 38:629-633.
[PubMed: 18352976]

. Bisgaard H, Hermansen MN, Buchvald F, Loland L, Halkjaer LB, Bonnelykke K, et al. Childhood

asthma after bacterial colonization of the airway in neonates. N Engl J Med. 2007; 357:1487-1495.
[PubMed: 17928596]

. Hormannsperger G, Clavel T, Haller D. Gut matters: microbe-host interactions in allergic diseases. J

Allergy Clin Immunol. 2012; 129:1452-1459. [PubMed: 22322009] *A review summarizing the
effects of gut microbiome and gut immune system interactions and their consequences on asthma
and allergy development.

. Maclennan C, Hutchinson P, Holdsworth S, Bardin PG, Freezer NJ. Airway inflammation in

asymptomatic children with episodic wheeze. Pediatric pulmonology. 2006; 41:577-583. [PubMed:
16617454]

. Heederik D, von Mutius E. Does diversity of environmental microbial exposure matter for the

occurrence of allergy and asthma? J Allergy Clin Immunol. 2012; 130:44-50. [PubMed: 22502794]

. McLoughlin RM, Mills KH. Influence of gastrointestinal commensal bacteria on the immune

responses that mediate allergy and asthma. J Allergy Clin Immunol. 2011; 127:1097-1107. quiz
108-9. [PubMed: 21420159]

10. von Mutius E. A fascinating look at the world with a new microscope. J Allergy Clin Immunol.

2012; 129:1202-1203. [PubMed: 22322008]

Han MK, Huang YJ, Lipuma JJ, Boushey HA, Boucher RC, Cookson WO, et al. Significance of
the microbiome in obstructive lung disease. Thorax. 2012; 67:456-463. [PubMed: 22318161]
**An excellent review summarizing the role of lung microbiome in different airway diseases. The
review includes a very informative description of the recent genetic methods that have been used
in microbiome studies.

Huang YJ. Asthma microbiome studies and the potential for new therapeutic strategies. Curr
Allergy Asthma Rep. 2013; 13:453-461. [PubMed: 23709178] **An excellent summary of recent
findings regarding the lung microbiome and asthma, including a discussion of relevant genetic
methodologies.

Weinstock GM. Genomic approaches to studying the human microbiota. Nature. 2012; 489:250-
256. [PubMed: 22972298] ** An excellent review summarizing the current genomic approaches
that are been used in microbiome studies.

14. Wylie KM, Weinstock GM, Storch GA. Virome genomics: a tool for defining the human virome.

Curr Opin Microbiol. 2013; 16:479-84. [PubMed: 23706900]

15. Braun-Fahrlander C. Do only European cattle protect from allergies? Allergy. 2002; 57:1094—

1096. [PubMed: 12464036]

16. Ege MJ, Mayer M, Normand AC, Genuneit J, Cookson WO, Braun-Fahrlander C, et al. Exposure

to environmental microorganisms and childhood asthma. N Engl J Med. 2011; 364:701-709.
[PubMed: 21345099] ** A study demonstrating the protective role of a diverse environmental
microorganism exposure in childhood has in the development of childhood asthma.

17. Abrahamsson TR, Jakobsson HE, Andersson AF, Bjorksten B, Engstrand L, Jenmalm MC. Low

diversity of the gut microbiota in infants with atopic eczema. J Allergy Clin Immunol. 2012;
129:434-440. 40 e1-40 e2. [PubMed: 22153774]

18. Bisgaard H, Li N, Bonnelykke K, Chawes BL, Skov T, Paludan-Muller G, et al. Reduced diversity

of the intestinal microbiota during infancy is associated with increased risk of allergic disease at
school age. J Allergy Clin Immunol. 2011; 128:646-652. e1-e5. [PubMed: 21782228]

19. Hilty M, Burke C, Pedro H, Cardenas P, Bush A, Bossley C, et al. Disordered microbial

communities in asthmatic airways. PL0oS One. 2010; 5:e8578. [PubMed: 20052417]

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Beigelman et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 9

Charlson ES, Bittinger K, Haas AR, Fitzgerald AS, Frank I, Yadav A, et al. Topographical
continuity of bacterial populations in the healthy human respiratory tract. Am J Respir Crit Care
Med. 2011; 184:957-963. [PubMed: 21680950]

Morris A, Beck JM, Schloss PD, Campbell TB, Crothers K, Curtis JL, et al. Comparison of the
respiratory microbiome in healthy nonsmokers and smokers. Am J Respir Crit Care Med. 2013;
187:1067-1075. [PubMed: 23491408]

Huang YJ, Nelson CE, Brodie EL, Desantis TZ, Baek MS, Liu J, et al. Airway microbiota and
bronchial hyperresponsiveness in patients with suboptimally controlled asthma. J Allergy Clin
Immunol. 2011; 127:372-381. el-e3. [PubMed: 21194740]

Huang YJ, Charlson ES, Collman RG, Colombini-Hatch S, Martinez FD, Senior RM. The Role of
the Lung Microbiome in Health and Disease: A National Heart, Lung and Blood Institute
Workshop Report. Am J Respir Crit Care Med. 2013

Marri PR, Stern DA, Wright AL, Billheimer D, Martinez FD. Asthma-associated differences in
microbial composition of induced sputum. J Allergy Clin Immunol. 2013; 131:346-352. e1—3.
[PubMed: 23265859] * A study that identifies differences in microbial composition of induced
sputum between predominantly asthmatics not receiving ICS and non-asthmatics

Goleva E, Jackson LP, Harris JK, Robertson CE, Sutherland ER, Hall CF, et al. The Effects of
Airway Microbiome on Corticosteroid Responsiveness in Asthma. Am J Respir Crit Care Med.
2013 * A study that investigates the in vitro effect of the airway microbiome and corticosteroid
responsiveness.

van Woerden HC, Gregory C, Brown R, Marchesi JR, Hoogendoorn B, Matthews IP. Differences
in fungi present in induced sputum samples from asthma patients and non-atopic controls: a
community based case control study. BMC Infect Dis. 2013; 13:69. [PubMed: 23384395]

Gaitanis G, Velegraki A, Mayser P, Bassukas ID. Skin diseases associated with Malassezia yeasts:
facts and controversies. Clin Dermatol. 2013; 31:455-463. [PubMed: 23806162]

Beigelman A, Bacharier LB. The role of early life viral bronchiolitis in the inception of asthma.
Curr Opin Allergy Clin Immunol. 2013; 13:211-216. [PubMed: 23385289] *A summary of the
recent findings regarding the interplay between viral bronchiolitis early in life and long-term
respiratory outcomes.

Holtzman MJ, Patel DA, Zhang Y, Patel AC. Host epithelial-viral interactions as cause and cure
for asthma. Curr Opin Immunol. 2011; 23:487-494. [PubMed: 21703838]

Vissing NH, Chawes BL, Bisgaard H. Increased Risk of Pneumonia and Bronchiolitis after
Bacterial Colonization of the Airways as Neonates. Am J Respir Crit Care Med. 2013

Folsgaard NV, Schjorring S, Chawes BL, Rasmussen MA, Krogfelt KA, Brix S, et al. Pathogenic
bacteria colonizing the airways in asymptomatic neonates stimulates topical inflammatory
mediator release. Am J Respir Crit Care Med. 2013; 187:589-595. [PubMed: 23370914]

Bisgaard H, Hermansen MN, Bonnelykke K, Stokholm J, Baty F, Skytt NL, et al. Association of
bacteria and viruses with wheezy episodes in young children: prospective birth cohort study. BMJ.
2010; 341:c4978. [PubMed: 20921080]

Jartti T, Kuneinen S, Lehtinen P, Peltola V, Vuorinen T, Leinonen M, et al. Nasopharyngeal
bacterial colonization during the first wheezing episode is associated with longer duration of
hospitalization and higher risk of relapse in young children. Eur J Clin Microbiol Infect Dis. 2011;
30:233-241. [PubMed: 20938703]

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2015 April 01.



Beigelman et al. Page 10

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2015 April 01.



