
PULMONARY PERSPECTIVE

Early Origins of Asthma
Role of Microbial Dysbiosis and Metabolic Dysfunction
Fernando D. Martinez and Stefano Guerra

Asthma and Airway Disease Research Center, University of Arizona, Tucson, Arizona

Critical evidence has been recently
generated that supports not only the
essential role that early life events and
exposures play in asthma inception but also
the childhood roots of persistent forms of
asthma that may lead to irreversible lung
function deficits (1). Two recent reviews
(2, 3) outlined the main data available until
2013 that support these contentions. Our
purpose here is to summarize more recent
results that provide new cues as to the
factors associated with the beginnings of
different forms of asthma during the
growing years. Our main focus will be on
two major early-life influences on asthma
inception: microbial dysbiosis and
metabolic dysfunction (conceptualized as
the microbial and metabolic pathways in
Figure 1).

Asthma and Microbial
Environments

The molecular mechanisms responsible for
asthma development and progression
involve a large spectrum of cell types,
including multiple immune cells and their
mediators (4, 5). Among them, the central
role of the CD41 T-helper type 2 (Th2)
cells in allergic inflammation (6) has
received much attention, because Th2 cells
secrete a range of cytokines, including IL-4,
IL-5, and IL-13, that are critical in
mediating key features of the disease, such
as IgE production, eosinophilia, and airway
remodeling. Yet, as experimental evidence
has been accumulating, it is now clear that
the immunologic alterations that drive

asthma phenotypes cannot be simply
ascribed to enhanced Th2 responses, and a
larger, complex network of immune cells
and mediators is involved (7). The genetic,
developmental, and environmental
determinants that trigger these
immunological alterations are only partly
understood.

In this context, previous studies from
children taken to daycare (8) or raised in
homes with dogs (9) or on rural farms (10)
have indicated that exposure in early life to
environments with higher loads of bacteria
is associated with protection against the
development of asthma and allergies. The
strongest evidence comes from cow farms,
which have been consistently found to
confer protection in multicountry studies
(11). One potential objection to these
studies is that families at higher risk for
asthma could avoid these environments,
thus biasing their results. However, a recent
study comparing exposures and immune
characteristics between Amish and
Hutterite children provides strong
corroborative evidence (12). These two
Anabaptist populations originated from the
Alpen region in Europe, have very similar
lifestyles, and have overlapping genetic
background. However, although the Amish
live in close proximity to their cow stables,
the Hutterites grow their animals in large
industrial facilities away from their homes.
Amish have four times lower asthma
prevalence than Hutterites and have an
immune system that shows down-
regulation of inflammatory responses. Dust
from Amish homes blocks allergic
inflammation and bronchial

hyperresponsiveness in experimental
mouse models, whereas Hutterite dust does
not. This protective effect is blocked in
animals in which the genes for the two
main mediators of innate immunity,
MyD88 (myeloid differentiation primary
response 88) and TRIF (TIR-domain-
containing adapter-inducing IFN-b), have
been inactivated (12). These results strongly
suggest that substances present in dust
from Amish homes may mediate at least in
part the protection against childhood
asthma observed in this community.

The specific substances and microbes
that account for these effects are unknown
and, therefore, the mechanism through
which exposure to farms may prevent the
inception of asthma remains elusive. A
recent genetic study showed an interaction
between farm exposure and one of the most
replicated loci uncovered by genome-wide
association studies of asthma in
chromosome 17q21 (13). Specifically, the
protective effects of exposure to farm
environments were restricted to carriers of
alleles previously shown to increase the risk
for asthma, but these same alleles only
increased the risk of asthma among subjects
who had lower respiratory tract illnesses
(LRIs) due to rhinovirus in early life (14).
Moreover, a farming environment protects
not only against atopic asthma but also
against transient early wheezing (15), which
is mainly caused by viruses. Interestingly, as
compared with Hutterite children,
leukocytes from Amish children have
enhanced gene expression of IRF7 (IFN
regulatory factor 7), a master regulator of
antiviral innate immune responses (16). It
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is thus likely that farm exposures may exert
their effects by enhancing appropriate
immune responses to early respiratory
infections, although these effects may also
be mediated by down-regulation of innate
inflammatory responses that have been
identified as early markers of atopic
predisposition (17).

Asthma and the Airway
Microbiome

Cross-sectional studies have shown
differences in the composition of the airway
mucosal microbiome between subjects with
and without asthma (18), and these
differences do not seem to be explained by
treatment with inhaled corticosteroids (19).
These studies have shown a quite consistent
increase in the identification of
Proteobacteria in the airways of patients
with asthma as compared with subjects
without asthma (20). Interestingly,
Firmicutes, especially streptococci, were
found more frequently in patients with
severe asthma with eosinophilia than in
patients with mild asthma and those
without asthma (20), and animal models
indicated that an early shift in the lung
microbiota from a predominance of
Gammaproteobacteria and Firmicutes
toward Bacteroidetes is critical to enhance

immune regulatory cells and protect against
allergen-induced airway inflammation (21).
Nasal samples obtained from children
raised in nonfarming communities showed
greater abundance of the Proteobacterium
Moraxella among children with asthma
than among those without the disease (22).
In farm children, however, Moraxella
colonization was unrelated to asthma.
These results suggest that the form of
childhood asthma that prevails in farming
environments may not be susceptible to the
same microbiome risk profiles that are
observed in association with asthma among
nonfarmers.

Two longitudinal studies have assessed
the timing of colonization of the upper
airways with pathogenic bacteria. In a
Danish birth cohort, neonates whose
hypopharynx was colonized with
Streptococcus pneumoniae, Haemophilus
influenzae, or Moraxella catarrhalis at age 1
month were at increased risk for recurrent
wheeze and asthma by age 5 years (23). A
more comprehensive longitudinal
assessment was done in a birth cohort in
Perth, Australia (24), in which
nasopharyngeal samples were obtained at
ages 2, 6, and 12 months. Streptococcus
colonization at 2 months of age was
significantly associated with chronic wheeze
at 5 years of age. Because colonization with
Streptococcus was not associated with

incidence of infections with streptococci or
with S. pneumoniae–specific antibodies at
12 months, the authors concluded that the
mechanism explaining the association
between Streptococcus colonization and
asthma is independent of innate and
adaptive immune responses to
Streptococcus.

Taken together, these studies suggest
that the upper airway mucosa of infants who
will go on to develop persistent asthma-like
symptoms during the preschool years is
colonized with pathogenic bacteria, but the
specific genera and phyla may vary by locale.
If damage caused by these bacteria is
causally related to asthma, or if their
presence in the airway is the result of early
alterations in mucosal immunity in at-risk
children, is a matter of intense scrutiny.
Interestingly, M. catarrhalis and S.
pneumoniae, when present in upper airway
samples obtained from children with
asthma aged 4 to 12 years, contribute to the
severity of asthma exacerbations caused by
rhinovirus (25). Two recent randomized
clinical trials also showed that azithromycin
can prevent and shorten wheezing LRIs in
preschool children (26, 27). It is thus
possible that these pathogenic bacteria may
increase the risk for wheezing LRIs in
young children who become sensitized to
aeroallergens (28) and, by this mechanism,
synergize with respiratory viruses and
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Figure 1. The microbial and metabolic pathways. See text for explanation. LRI = lower respiratory tract illness; n-3 LC-PUFAS = n-3 long-chain
polyunsaturated fatty acids; Th1 = T-helper cell type 1.
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allergic inflammation in determining
airway damage, remodeling, and
persistence of asthma later in life.

Asthma and the Gut
Microbiome

The composition of the gut microbiome in
early life in relation to the subsequent
development of asthma has been studied in
several recent longitudinal studies and birth
cohorts. In a Swedish study, higher
microbial diversity in stool samples
obtained at 1 week and 1 month but not
at 12 months of age was associated with
protection against the development of
asthma at 7 years of age (29). However, no
significant differences in relative abundance
of bacterial phyla and genera were
detected in school-aged children with and
without asthma. In the CHILD (Canadian
Healthy Infant Longitudinal Development)
birth cohort study in Canada, the
coexistence of wheezing and atopy at the
age of 1 year was found to be associated
with decreased abundance of four bacterial
genera, Faecalibacterium, Lachnospira,
Rothia, and Veillonella, in fecal microbiota
at 3 months but not at 1 year of age (30).
Mice fed orally with these four bacterial
taxa showed lower levels of bronchial
responsiveness after sensitization and
challenge with ovalbumin than control
mice. Finally, in a birth cohort in Detroit,
three stool composition states were
described at 1 month of age that were
associated with different risks for
physician-diagnosed asthma at age 4 years
(31). Specifically, one such state, which
showed lower relative abundance of
Bifidobacterium, Akkermansia, and
Faecalibacterium, higher relative
abundance of fungi such as Candida and
Rhodotorula, and a distinct fecal
metabolome enriched for proinflammatory
metabolites, was associated with increased
risk of subsequent asthma. No association
was found between two stool microbiota
composition states described at 6 months of
age and subsequent asthma.

Taken together, these findings suggest
that intestinal dysbiosis (that is, an
alteration in richness and composition of
the local microbiota) in the early
postneonatal period but not thereafter in
infancy is associated with asthma
phenotypes in the first years of life.
However, what specific taxa are responsible

for these associations remains to be
determined. Moreover, although in the
above CHILD cohort (30) the presence of
atopic wheezing at year 1 increased by
more than 20 times the risk of developing
asthma by age 3 years, the association
between the gut microbial dysbiosis profiles
involved in early atopic wheezing and the
subsequent development of childhood
asthma was not ascertained. What causes
this early dysbiosis and how it can influence
asthma risk is also unknown. In the CHILD
study, significant differences were found
between the composition of fecal
microbiota at 3 months of age and that of
the dust concomitantly collected in the
homes of the participants (32). However, 14
bacterial operational taxonomic units
representing the classes Actinobacteria,
Bacilli, Clostridia, and Gammaproteobacteria
cooccurred more often than expected by
chance in matched dust–stool pairs. It is
thus possible that the differences in the
indoor environment that have been
observed between subjects with and
without asthma in the first years of life
(33, 34) may play a role in determining the
composition of the nascent gut microbiota.
However, the possibility of reverse
causation cannot be excluded: dust
microbial communities of homes of
children who attend daycare are different
from those of children not taken to daycare
(33), suggesting that dust microbiota may
indeed be at least in part determined by
the microbiota residing in its inhabitants.
Thus, future research will need to address
systematically whether the protective effects
of some environmental exposures, such as
living on a farm, on asthma are indeed
mediated by alterations in richness and
composition of the maternal and infant
gut microbiome.

Probiotics, Prebiotics, and
Bacterial Extracts in Asthma

The association between early gut dysbiosis
and subsequent asthma suggests the
possibility that administration of live
bacteria (probiotics), food compounds that
foster their growth and activity (prebiotics),
or bacterial extracts could have a place in
the primary prevention of asthma (35).
Probiotics have been tested for this
purpose, and the results have been
disappointing: in studies of almost 5,000
children, no evidence was found suggesting

that probiotics can prevent the development
of either wheezing or asthma during
the preschool years (36). However,
only a limited group of bacteria has been
tested to date, and different results might
be obtained with specific types of bacteria
(e.g., bacteria producing short-chain fatty
acids [SCFA]). Alternatively, it is possible
that a more complex and/or comprehensive
manipulation of the gut microbiota may
be required to influence the nascent
immune system of children at risk for
asthma.

Oral lyophilized extracts of killed
pathogenic bacteria that cause upper
airway infections have been used empirically
for decades in Europe to prevent respiratory
infections (37). New interest in these
products has emerged after they were shown
to decrease the incidence and severity of
wheezing episodes in preschool children (38)
and to hamper airway eosinophilia
and bronchial hyperresponsiveness in
animal models of allergic inflammation
(39, 40). Of interest, these products were
shown to activate T-regulatory cells in the
gut, which in turn appear to migrate to the
airway mucosa (39). Whether a similar
mechanism is activated by asthma-protective
gut bacteria is currently unknown. More
recently, bacterial extracts have been
shown to enhance the production of
IFN type I in vitro (41) and, at oral doses
lower than those used in human infants,
to markedly decrease the concentration
of both IL-5 and IL-13 in BAL of
mice immunized and sensitized with
ovalbumin (42). A large, randomized,
placebo-controlled clinical trial is currently
ongoing in the United States to test the
hypothesis that 2 years of treatment with the
bacterial extract Broncho-Vaxom in 6- to
18-month-old children at increased risk
for asthma can prevent the incidence
of wheezing LRIs during a third year off
treatment (43).

Asthma, Obesity, and the
Metabolic Pathway

The association between overweight and
obese status and asthma prevalence is now
firmly established (44), has been linked to
distinct respiratory metabolic profiles (45),
and cannot be fully explained by lack of
fitness or confounding by socioeconomic
status. A recent study of responses by
T-helper cells to different stimuli showed
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that obese children with asthma (with
ethnic minorities highly represented) do
not have a predominance of the type-2
phenotype observed in nonobese patients
with asthma (46), and this may explain
their muffled clinical response to inhaled
corticosteroids (47). Moreover,
transcriptomic studies of CD41 T cells
from obese children with asthma showed
that the CDC42 pathway played a central
role in Th1 polarization and in pulmonary
function deficits observed in these children
but not in normal-weight children with
asthma (48). However, childhood asthma
associated with obesity appears to be
heterogeneous: a severe form of allergic,
eosinophilic, type-2 asthma has been
recently described (49). It is possible that, in
patients with type-2 disease, asthma itself
may beget obesity (50).

A longitudinal study of a representative
cohort of the U.S. population enrolled
7,738 children at kindergarten and assessed
weight and height repeatedly during the
following 9 years (51). The strongest
predictor of the incidence of obesity during
follow-up was overweight status at study
entry: 75% of children who became obese
between 5 and 14 years had been above the
70th percentile for body mass index at
baseline. If most cases of childhood obesity
have their origins in the preschool years,
it is plausible to surmise that the
asthma–obesity association may also be
established in early life. A study of more
than 12,000 children in Europe (52)
identified three latent growth profiles for
body mass index during the first 6 years
of life: normal, sustained accelerated
growth, and accelerated growth in the
first 2 years of life with normalization
thereafter. Children classified into the latter
profile showed increased risk of asthma by
age 6 years as compared with those with
normal growth. In another European study,
which included 147,000 children, higher
infant weight gain was associated with
higher risks of preschool wheezing and
school-age asthma (53). Similarly,
bronchial hyperresponsiveness at ages 8
and 15 years was more prevalent among
subjects with faster weight gain in early life.
Interestingly, higher weight gain in early
childhood was associated with higher FEV1

and FVC values. In the Tucson Children’s
Respiratory Study, we also found that rapid
weight growth between the ages of 3 and 6
years was associated with higher FEV1

and FVC at age 16 and 22 years, but only

among subjects who did not have wheezing
LRIs in the first 3 years of life (54).
Conversely, children who had LRIs showed
no association between growth rate and
subsequent lung function, suggesting that
rapid weight gain may interact with
wheezing LRIs in affecting lung function
growth and, possibly, asthma risk.

Obesity-associated asthma that has its
origins in childhood may be characterized
by increased disease severity and
persistence. In the U.S. Severe Asthma
Research Program, obese subjects with
asthma onset before 12 years of age had
more airway obstruction and bronchial
hyperresponsiveness and higher likelihood
of ever having more than two steroid tapers
per year or ICU admissions for asthma
in previous years than obese subjects with
late-onset asthma (55). In the Tucson
Children’s Respiratory Study, among
children with asthma, we also found
obesity to increase nearly nine times the
risk of persistent disease after the onset of
puberty (56).

Taken together, these studies suggest
that both rapid weight gain in early
childhood and obesity-related asthma may
have common genetic and developmental
origins. In this framework, of interest
are reports in children (57) and adults
(58) indicating that insulin resistance
is associated with asthma risk and
experimental studies in animal models
suggesting that hyperinsulinemia may be a
causal factor in the development of obesity
(59). In addition, direct exposure of the
airways to insulin is associated with
smooth muscle hypertrophy, bronchial
hyperresponsiveness, and lung remodeling
(60). It is thus possible that prenatal and
early-life factors that predispose to the
development of metabolic abnormalities
may be a common thread for asthma and
obesity.

One such factor could be excessive
weight gain in early postnatal life, which
has been shown to predispose for the
development of asthma by age 6 years (see
above) and is also associated with increased
risk for insulin resistance during the school
years (61). Maternal obesity and excessive
weight gain during pregnancy may also
play a role. In the Danish National Birth
Cohort, both maternal obesity and a
gestational weight gain of 20 kg or more
increased the risk for doctor-diagnosed
asthma in the offspring by age 7 years (62).
In the Tucson Infant Immune Study,

offspring of mothers in the top tertile for
pregnancy weight gain were three times
more likely to develop asthma by age 9
years (63). In addition, the offspring of
mothers with excessive gestational weight
gain showed persistently elevated tumor
necrosis factor-a (TNF-a) in supernatants
of LPS-stimulated peripheral blood
mononuclear cells at birth and 3 months
and, in turn, persistently high TNF-a levels
were associated with subsequent asthma.
Although finding significant heterogeneity
across existing studies, a recent meta-
analysis confirmed significant associations
of both maternal obesity and gestation
weight gain with childhood asthma (64).
Gestational weight gain is associated with
offspring’s greater adiposity at age 6 years
in human studies (65) and with offspring’s
early signs of metabolic syndrome in
experimental studies in pigs (66). It is thus
possible that maternal obesity and excessive
weight gain during pregnancy may
predispose for rapid weight gain, metabolic
syndrome, systemic inflammation
(i.e., metainflammation), and asthma in the
offspring. The mechanisms through which
metabolic syndrome and metainflammation
can predispose for childhood asthma have
been extensively reviewed (67, 68). These
considerations have vital implications for
the prevention and treatment of obesity-
associated asthma. If obesity is indeed
the phenotypic manifestation of more
comprehensive metabolic alterations that
are the ultimate drivers of asthma, any
intervention aimed at reducing weight
without directly impacting these metabolic
pathways is likely to be only partially effective
in preventing or controlling this disease.

Connecting the Dots: Shared
Mechanisms between the
Microbial and Metabolic
Pathways

Up to this point, for sake of clarity, we have
discussed the microbial and metabolic
pathways separately. Yet, to some extent
these two pathways are likely to overlap and
share common mechanisms and factors in
asthma inception. Growing evidence
indicates that intestinal dysbiosis may be
among these common factors. We have
discussed extensively the possible role of the
gut microbiome in asthma within the
microbial pathway. However, intestinal
dysbiosis in early life has also been

PULMONARY PERSPECTIVE

576 American Journal of Respiratory and Critical Care Medicine Volume 197 Number 5 | March 1 2018



associated with the subsequent
development of obesity and metabolic
syndrome (69). Interestingly, n-3
long-chain polyunsaturated fatty acids,
when endogenously provided by transgenic
manipulation, prevent antibiotic-induced
early-life microbial dysbiosis and
subsequent obesity in mice (70).
Supplementation of mothers’ diets during
the third trimester of pregnancy with n-3
long-chain polyunsaturated fatty acids has
been shown to reduce the incidence of
persistent wheezing and asthma in their
children up to age 5 years (71), although it
is not known whether this effect is in part
mediated by prevention of intestinal
dysbiosis. Thus, it is tempting to speculate
that there may be common early
derangements in the composition of the
intestinal microbiota between asthma and
obesity that could explain at least in part
the association between these two
conditions.

More advanced is the evidence in
support of the profound metabolic
consequences of early alterations of the
intestinal microbiota. In the WHEALS
(Wayne County Health, Environment,
Allergy, and Asthma Longitudinal Study)
cohort, the gut microbiota composition state
associated with early atopy and asthma was
accompanied by a fecal metabolomic profile
enriched for proinflammatory metabolites
(31). Similarly, in the CHILD Study
bacterial taxa alterations associated with
asthma were also linked to reduced levels of
the SCFA acetate in fecal samples (30).
SCFAs have been shown to play a critical
role in multiple biological functions that
support their putative protective effects on
atopy and asthma, including gut
homeostasis, epithelial integrity, and
inflammatory and immunological
responses (72). The possibly causal nature
of these associations is supported by
experimental studies. Culturing human
peripheral T cells in the presence of sterile
fecal water from participants with the

highest risk gut microbiome composition
state resulted in an increased production of
the Th2-like cytokine IL-4 (31). Inoculating
germ-free mice with bacterial taxa
associated with protection from asthma
increased SCFA production and reduced
airway inflammation in their adult progeny
(30), and feeding mice a high-fiber diet
affected their intestinal microbiota,
increased production of SCFAs, and in
turn protected against allergic airway
disease (73). Therefore, gut microbiome
profiles that are conducive to high levels
of SCFAs may impact simultaneously
both the host energy metabolism (74–76)
and the host immune responses (30,
31, 73).

Taken together, these studies suggest
that interventions aimed at modifying the
early gut microbiota and preventing
intestinal dysbiosis can have long-term
effects on a child’s health (69), including
protection against multiple asthma
endotypes (e.g., both atopy- and obesity-
associated asthma). Experimental evidence
is accumulating in support of effects that
may take place already in utero. Feeding
high-fiber diet or acetate to pregnant mice
protected the offspring from allergic airway
disease in adult life (from 3 up to 16 weeks
of age), and these effects were not present
when the diet was modified in lactating
mice (73). Similar early effects were seen for
antimicrobial exposures that caused
sustained metabolic alterations. Exposure of
young mice to low-dose penicillin after
weaning resulted in increased subsequent
fat mass, but these effects were substantially
stronger when their mothers received low-
dose penicillin before the pups’ birth and
through weaning (77). These effects were
associated with early perturbations of the
gut microbiota, were accompanied by
metabolic alterations, and were
transferrable to germ-free hosts by
transferring the selected microbiota.
Importantly for the purposes of this review,
early exposure to low-dose penicillin made

mice also more susceptible to the effects of
later exposure to high-fat diet in terms of
fat mass increase and metabolic
consequences.

Conclusions

Two distinct yet strongly interacting
developmental pathways appear to be
involved in the inception of asthma. In
the microbial pathway, early exposure to
an environment rich in microbial products
is associated with protection from the
development of atopy- and asthma-related
phenotypes. These protective effects
appear to be modified by the risk alleles
in chromosome 17q21 that predispose to
viral wheezing LRI. The absence of
protective exposures such as those present
in animal farms may also lead to the early
colonization of the airway by pathogenic
bacteria such as streptococci andMoraxella,
which may, in turn, predispose for
recurrent wheezing LRIs and subsequent
asthma. Abnormal patterns of gut
microbial colonization in the first months
of life have been associated with production
of deleterious metabolic products that
predispose for the development of asthma
and reduction of beneficial products, such
as SCFAs, that may protect from the
disease. Growing experimental evidence
links these early gut microbiota alterations
to subsequent patterns of postnatal growth,
development of metabolic alterations,
and metainflammation. Therefore,
perturbations of the gut microbiome may
lead to events linked to both the
microbial and metabolic pathway. We argue
that, if this hypothesis proves
correct, interventions that prevent
intestinal dysbiosis will carry the potential of
reducing the burden of both atopy- and
obesity-associated asthma. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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