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Purpose of review

Understanding the mechanisms involved in the development of asthma and allergic diseases is expanding,
due in part to sequencing advances that have led to the identification of new viral strains such as human
rhinovirus strain C (HRV-C) and the human microbiome project.

Recent findings

Recent studies have identified new ways in which viral and microbial exposures in early life interact with
host genetic background/variants to modify the risk for developing asthma and allergic diseases. Recent
research suggests that HRV-C is the main pathogenic agent associated with infant wheeze, hospitalizations
and likely the subsequent development of asthma. Pulmonary 3He MRI suggests that HRV infection in early
childhood and subsequent immune responses initiate airway remodeling. Numerous studies of the
microbiome indicate that intestinal and airway microbiome diversity and composition contribute to the
cause of asthma and allergic diseases.

Summary

Susceptibility to asthma and allergic diseases is complex and involves genetic variants and environmental
exposures (bacteria, viruses, smoking, and pet ownership), alteration of our microbiome and potentially
large-scale manipulation of the environment over the past century.
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Epidemiologists have long sought to understand the
factors involved in the initiation and exacerbation
of asthma. Epidemiological studies clearly indicate
that asthma is a complex disease resulting from a
combination of genetic susceptibility, environmen-
tal exposures and their interactions. There is com-
pelling evidence from birth cohort studies that
early-life exposures such as siblings (birth order),
dust, microbes, pets and dust from farm animals
[1–5] are protective, whereas exposures such as
urban residence, smaller family size, Cesarean sec-
tion births and use of antibiotics during pregnancy
may result in an increased risk for asthma and
allergic diseases [6,7,8

&

]. Environmental exposures
can cause epigenetic changes through DNA meth-
ylation, histone acetylation, and micro-RNA
changes, resulting in an altered immune response
to microbes [9,10]. With the completion of multiple
genome-wide association studies (GWAS) across the
globe, numerous genes have been associated with
asthma and related phenotypes, and several genes
iams & Wilkins. Unautho
(17q12-q21 region) [11], NFKBI, IL1R2, LBP,
IL18RAP and TLR1 have been reported to interact
with viral infections in the first year of life to modify
the risk for asthma and allergic diseases [2,12

&&

,13
&&

].
This review will focus on findings reported in the
past year that provide insight into the capacity for
viral infections and microbes to modulate the
human immune system. Emerging research is pro-
viding clues for the mechanisms whereby genetic
susceptibility and environmental exposures relate
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KEY POINTS

� New evidence suggests that not all HRV strains are
equally pathogenic and HRV-C may be the causative
agent for asthma exacerbations and/or susceptibility.

� New evidence suggests that HRV infection and
subsequent immune responses may initiate airway
remodeling.

� The intestinal and airway microbiome diversity and
composition contribute to the cause of asthma and
allergic diseases.
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and interact for the cause of asthma and allergic
diseases.
THE HYGIENE HYPOTHESIS

The ‘hygiene hypothesis’ was initially introduced by
Strachan [14] in 1989 to explain why asthma and
allergic disorders were increasing in industrialized
countries. Changes in the microbial environment
influence how the human immune system devel-
ops. Early-life exposures to viral and bacterial organ-
isms and their products (e.g. endotoxins) ‘shape’
and train the immune system, and elimination of
these exposures results in a shift towards an inflam-
matory immune response associated with asthma
and allergic diseases. Increase in asthma and allergy
has also been accompanied by an increase in auto-
immune diseases (1950–2000), and these obser-
vations correspond with a decrease in infectious
diseases [15]. This leads to the hypothesis that in
the absence of foreign invaders, the immune
response in individuals with ‘alert/vigilant’ immune
systems, which served as a survival advantage in a
world abundant with microbes and viruses, attacks
itself in the absence of these foreign invaders result-
ing in increases in autoimmune diseases such as
asthma.

One possible mechanism to explain the
‘hygiene hypothesis’ is that exposure to microbial
pathogens and animals in infancy prevents atopy by
boosting TH1-like cytokine responses or by modify-
ing TH2-like immune responses [4,16–24]. Atopy in
adults is characterized by production of TH2 cyto-
kines such as interleukin (IL)-4 and IL-5, which
promote immunoglobulin E (IgE) production and
eosinophil recruitment that are characteristic of the
allergic inflammatory response; nonatopic individ-
uals show a predominantly TH1 immune response.
These responses start in utero; samples taken from
infant cord blood show a predominant TH2 profile
[18]. Lack of exposure to bacteria in early infancy
Copyright © Lippincott Williams & Wilkins. Unau
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locks the immune system into the predominantly
TH2 state that is seen in atopic individuals
[18,19,25,26] and viral infections that are associated
with wheezing increase the risk for developing
asthma [13

&&

,27
&&

].
THE HUMAN MICROBIOME AND THE
MICROBIOTA HYPOTHESES

The human microbiome has changed and evolved
with the human species, and recent studies indicate
that the microbiome plays a crucial role in the
development of the immune system. Factors that
alter or change the composition and diversity of the
microbiome, such as the method of infant delivery
or usage of antibiotics, have a strong effect on
immune responses, altering the immune response
from one that is consistent with a state of tolerance
to a dysfunctional hyper-responsive state that is
associated with asthma and allergic diseases. The
concept that the microbiome may modify the risk of
asthma and allergic diseases is by no means novel.
Infection with Helicobacter pylori is associated with
a decreased risk of asthma, and allergic diseases
and infection is more common in rural settings
[28

&

,29–31]. As infection with H. pylori is also associ-
ated with gastritis, stomach ulcers and cancer,
antibiotic treatment for the infection has been imple-
mented [32]. Antibiotic effects are not limited to
H. pylori, but affect the entire microbiome. The
‘disappearing microbiota’ hypothesis postulates that
changes in the way humans interact with microbes
and their environment have resulted in decreased
exposure to microbes and animals. Changes in life-
style, such as movement from rural to urban living
environments, intervention with antibiotics and
other effects of industrialization, have altered the
ways humans interact with animals and microbes,
changing our microbiome, resulting in an increased
prevalence of asthma and allergic diseases in indus-
trialized countries.

Our ability to evaluate the microbiome and test
the microbiota hypotheses has until recently been
limited, but advancements in sequencing techno-
logies and the large-scale human microbiome project
(HMP) that was initiated by the National Institutes of
Health in 2007 [33] have resulted in the initiation of
new studies to evaluate these hypotheses. While the
HMP is encompassing and is evaluating all human
orifices and mucosal bodies, this review will focus on
the respiratory and intestinal microbiome.
THE BIODIVERSITY HYPOTHESIS

The ‘biodiversity’ hypothesis postulates the loss of
biodiversity due to climate change, and human
thorized reproduction of this article is prohibited.
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activity correlates with an increasing prevalence of
inflammatory diseases [34

&&

] such as asthma and
allergic diseases. The protective effect of the farm
environment on the development of asthma and
allergies is likely due to the diversity of exposure
to microorganisms [35] to a developing neonatal
immune system. The hypothesis that ‘biodiversity’
and microbial-rich environments confer protection
against asthma and allergic diseases is consistent and
complementary to the ‘hygiene hypothesis’, the ‘dis-
appearing microbiota’, and results from the HMP,
linking together these complementary and converg-
ing hypotheses. For a more in-depth look and review
of each of these hypotheses, the reader is referred to
several outstanding review papers that have recently
been published [34

&&

,36
&&

,37
&&

,38
&

].
EVOLUTION OF THE HYGIENE
HYPOTHESIS

All of these hypotheses (hygiene, disappearing
microbiota, and biodiversity) are complementary
and intersecting. Just as humans evolved, so has
the hygiene hypothesis. This review will cover many
of the papers published in 2013 that are informing
our understanding of the hygiene hypothesis. Given
the large volume of research and numerous high-
quality papers that have been published, it is not
possible to review all papers, nor is this the intent
of this review. The focus rather will be on studies
that have informed the hygiene hypothesis and are
informing us on the mechanisms for gene–environ-
ment interaction.
VIRAL INFECTIONS

Viral infections are well recognized as risk factors for
asthma [39–45] and may cause up to 60% of asthma
exacerbations [46], although it is not clear if the
viruses are causal, impacting and modifying the
growth and development of the immune system,
or if viral infection agitates and initiates symptoms
in a genetically susceptible individual with impaired
lung function or a combination of the two [44,47].
The ‘two-hit’ hypothesis has been postulated,
whereby viral infections promote asthma mainly in
children already predisposed to getting asthma [44].
Clinically it has been observed that children with
atopic disease have more severe viral infections and
allergic sensitization precedes wheezing with respir-
atory infection [48

&

,49,50
&

,51]. This observation is
supported by a recent study [52] that examined the
serum of 287 asthmatic children and demonstrated
increased levels of serum titers for allergen-specific
IgE, increasing the probability of wheezing with
human rhinovirus (HRV) infection.
opyright © Lippincott Williams & Wilkins. Unautho
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Numerous viruses have been associated with
asthma susceptibility, the two viruses most fre-
quently associated are respiratory syncytial virus
(RSV), and HRV, which is a member of the Picarna-
virus family [53

&

]. HRV is the primary virus respon-
sible for the common cold. Infection with RSV in
infants and children results in symptoms that range
from absent to those hospitalized with severe respir-
atory distress [48

&

]. Many early studies focused on
RSV as the primary candidate for asthma suscepti-
bility and exacerbation. More recent research has
shown that wheezing episodes in response to HRV
infection have a stronger association than RSV with
future wheezing and asthma in early life [27

&&

].
Several genes including genes in the GSDMB/
ORMDL3 region (17q12-q21 region) – NFKBI,
IL1R2, LBP, IL18RAP and TLR1 – have been reported
to interact with viral infections to modify the risk
of asthma and allergic diseases [2,11,12

&&

,13
&&

].
Recently, the Canadian Asthma Primary Prevention
Study (CAPPS) – a high-risk birth cohort that
recruited mothers in the second and third trimester
of pregnancy and followed children from birth to
age 7, evaluated viral infections in the first 2 years
of life and interactions with genetic polymor-
phisms. The study [2] examined genetic variants
in genes involved in innate immune response and
viral infections in the first year of life; they found the
most significant interactions between genetic vari-
ants in TLR2 and ILIR2�picornavirus virus infec-
tion and risk for atopic asthma, LBP�piconavirus
infection and airway hyper-responsiveness (AHR),
IL18RAP and TLR�parainfluenza virus infection
and AHR, and NFKBIB�RSV and AHR. This is
one of the several recently published studies that
implicate early viral infection in the genetically
susceptible child in the cause of asthma and allergic
diseases.

The Childhood Origin of Asthma (COAST) and
the Copenhagen Prospective Study on Asthma in
Childhood (COPSAC) birth cohorts reported that
17q21 variations were associated with HRV wheezing
illness in early life, but not with RSV [11]. Additional
investigation demonstrated increased expression of
IKZF3, GSDMB, and ORMDL3 in peripheral blood
mononuclear cells stimulated with HRV. This finding
is intriguing, because HRV exposure and infection
are so common/ubiquitous. The mean age of a
first symptomatic respiratory viral infection is
4–6 months of age and virtually all children
(>90%) are exposed by the age of 2 [48

&

]. It was first
reported in 2010 that viral infection interacted (effect
modification) with variants in the 17q21 region [11].
Given the ubiquitous exposure to HRV, the relation-
ship to asthma susceptibility and exacerbation can
likely be explained by the genetic background of
rized reproduction of this article is prohibited.
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the virus and host, and/or host–viral interaction.
Caliskan et al. [13

&&

] determined that the effects of
HRV infection can be stratified by wheezing and
genetic susceptibility. A recent study by Cox et al.
[27

&&

] indicates that there may be more to this story;
prior to 2007, there were two species of HRV (A and
B); improvements in detection identified a new class
HRV-C. Cox et al. [27

&&

] reported that in children
presenting to the emergency department with acute
wheezing and a viral infection, HRV was the most
common virus (68.5%), and HRV-C was the most
common HRV species identified. Furthermore, chil-
dren with HRV-C infection had higher risk for sub-
sequent hospital admissions and a higher proportion
of emergency room visits prior to recruitment when
compared with children with infection with HRV-A
and HRV-B. The greatest risk for subsequent hospi-
talization was in atopic individuals infected with
HRV-C. This demonstrated that the HRV-C viral class
is associated with severity symptoms and risk for
hospitalization, and even stronger associations were
observed in atopic children. The question of whether
HRV-C infection is causative in the development of
asthma or is an indicator of a susceptible child is
unknown. It has been suggested that HRV-related
wheezing could be likened to a positive ‘stress test’
that identifies those children at the greatest risk for
persistent asthma [54

&

]. Furthermore, the mathemat-
ical models of Adler and Kim [55

&

] predicts the possib-
ility of highly damaging viruses, which could be
used to describe HRV-C and model more severe
rhinovirus infection.

There is increasing evidence that inherited vari-
ation in innate immune response genes may inter-
act with viral infection to predispose to disease
[2,12

&&

]. Ali et al. [12
&&

] used a systems biology
approach to demonstrate that NFKBIA is a central
hub in transcriptional responses of childhood
lung disease including RSV infection, asthma and
bronchopulmonary dysplasia, and that genetic
variation in the promoter of NFKBIA is associated
with differential susceptibility to severe bronchioli-
tis, AHR, and severe bronchopulmonary dysplasia
following infection with RSV. This indicated that
early viral infections in a genetically susceptible child
are likely involved in disease susceptibility, which
involves multiple genetic variants and viruses.

Viral illnesses result in increased mucus pro-
duction that can lead to complete occlusion of
the small airways, leading to ventilation and
perfusion abnormalities that are present as early
as 2–3 years of life [56

&&

]. Cadman et al. [56
&&

]
hypothesized that a child’s lung function and prior
history of viral illness would be associated with
regional patterns of airway obstruction at age 9
and 10 years in children from the COAST study.
Copyright © Lippincott Williams & Wilkins. Unau
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Investigators used pulmonary 3He MRI, which has
been used successfully to detect abnormalities in
lung ventilation and structure in adult asthmatic
patients to evaluate a subset of children from the
COAST study. MRI results demonstrated more and
larger regions of ventilation defect and greater
degree of restricted gas diffusion in children with
asthma compared with those seen in children with-
out asthma, indicating that viral infection and sub-
sequent immune responses may play a role in the
airway remodeling that occurs in asthmatic chil-
dren. These observations are further supported by
data from a mouse model of asthma which observed
that a progression to an asthmatic phenotype was
associated with epigenetic regulation of genes
associated inflammation and structural remodeling
[57

&

]. Results from animal studies indicate that
responses to mucosal infection surfaces in early life
are protective against the disease, suggesting that
properties of neonatal immune cells and sub-
sequent maturation of the immune system may
be regulated by epigenetic mechanisms [58

&

]. It is
believed that DNA methylation, which is one form
of epigenetic regulation, originated as a host cell
defense mechanism, helping to keep integrated
viral sequences in a repressed state, suppressing
viral expression in the infected cells [59]. DNA
methylation plays a crucial role in differentiation
of immune cells and regulation of cell-specific gene
expression in the immune system [60]. Because of
the importance of DNA methylation in the develop-
ment of immune cells and because aberrant DNA
methylation has already been associated with
several immune deficiencies and autoimmune dis-
orders, it is a promising target and potential bio-
marker for other immune disorders such as asthma
[60], and viral infections may be the catalyst for
epigenetic changes in gene expression and airway
remodeling.
CONTRIBUTIONS FROM THE MICROBIOME

Differences in airway microbial communities are
present in adult asthma [61] and can be altered by
vitamin D and probiotics [62,63

&&

]. Reduced diversity
of the intestinal microbiota in infancy may play an
important role in the development of childhood
allergies and asthma due the substantial effect of
the flora on mucosal immunity [63

&&

,64,65
&&

].
Support for this hypothesis increased with findings
that low total diversity of the gut microbiota during
the first month of life was associated with eczema
[9,15,46,66] and allergen sensitization [9,15,46,66],
and more recently asthma at 7 years of age [65

&&

].
Abrahamsson et al. [65

&&

] evaluated 47 children
(20 with IgE-associated eczema and 27 without any
thorized reproduction of this article is prohibited.
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allergic disease) from a Swedish birth cohort study,
initiated to evaluate the efficacy of probiotic supple-
mentation until 2 years of life for the primary pre-
vention ofasthma and allergic diseases. Stool samples
were collected from infants at 5–7 days, 1 month
and 1 year of age. Shannon diversity index, which
accounts for both abundance and evenness of the
species diversity in a community, was used to charac-
terize the gut microbiome. Investigators found an
association with lower diversity at both 1 week and
1 month of age, and subsequent risk for doctor-
diagnosed asthma at 7 years of age. There was no
association between diversity of the gut microbiome
at 1 year of age and asthma, suggesting that effects
on immune development are established early in
infancy: findings consistent with the protective
effects of farms and infant exposure [67–69]. This
is an initial study linking low diversity of gut micro-
biota in the first year of life to asthma; the study is
small and the findings need confirmation. Associ-
ations between early-life microbiota and the risk of
asthma have not been well investigated to date, likely
due to the length of follow-up required (�7 years) to
evaluate asthma associations.

A meta-analysis to evaluate the effects of probio-
tic supplementation in infants [63

&&

] was published
in2013.Theanalysisconcludedthatprobioticsupple-
mentation significantly reduced the risk of atopic
sensitization [odds ratio (OR) 0.88, P¼0.035], but
may not reduce the risk of asthma.

Results from infant meconium in a Spanish birth
cohort [70

&

] indicate that the meconium microbiota
has an interuterine origin and participates in gut
colonization in the infant. In the small number of
infants studied (n¼20), meconium samples clus-
tered into two types with different bacterial diversity
and composition. In the less diverse type, they
found an enteric bacterial infection that was associ-
ated with maternal atopic eczema (P¼0.03), and the
second type was dominated by lactic acid bacteria
and was associated with infant respiratory problems
(P¼0.04). Results from investigation of the intesti-
nal microbiome in infants from the Canadian
Healthy Infant Longitudinal Development Study
(CHILD) [71

&&

] demonstrate that there are differ-
ences in both the types and abundance of bacteria
in infant households with pets and older siblings.
Both birth order (lower in the birth order the better)
[5,14,72] and dog ownership [3,73] are known to
have protective effects, and results from the CHILD
study suggest that modification of the infant gut
microbiome may be a possible mechanism for these
protective effects. Given that dog ownership is both
a modifiable and protective factor, in the future,
families with genetic susceptibility may be advised
to bring home a dog with their newborn or to
opyright © Lippincott Williams & Wilkins. Unautho
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institute probiotic supplementation. These are just
two examples of easily accessible, low-cost interven-
tions that could be implemented on population
level to reduce the prevalence of asthma and allergic
diseases that are being informed by recent genetic
and microbiome studies.
AIRWAY MICROBIOME

The role of the airway microbiome in response
to corticosteroids in asthmatic patients was inves-
tigated in 39 individuals with asthma, 29 of whom
were resistant to corticosteroids and 10 responsive
patients [74

&

]. Researchers found that the micro-
biome did not differ in diversity or composition
at the phylum level (i.e. bacterial families), but
did differ at the genus level, with distinct genus
expansion in 14 patients with corticosteroid
asthma.
CONCLUSION

The cause of asthma and allergic diseases is complex
with many interacting components. However,
thanks in large part to recent advances in sequenc-
ing technology our understanding of the mecha-
nisms involved is slowly evolving. Studies are
elucidating that susceptibility involves genetic
variants and environmental exposures, alteration
of our microbiome and potentially large-scale
manipulation of the environment over the past
century. Many of the findings reviewed are prelimi-
nary and will need confirmation, but exciting new
paradigms and hypotheses are emerging as a result
of these preliminary findings.
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