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Abstract
Purpose of Review Asthma is a chronic respiratory condition with increasing domestic and worldwide prevalence that burdens
individuals and the healthcare system with high costs associated with long-term treatments and acute emergency room (ER)
visits. It can be triggered by ambient microbes, including bacteria, viruses, and fungi. In this review, we examine the outcomes of
asthma patients in relation to environmental exposures to ambient microbe products, focusing on whether exposure leads to
asthma development from birth to childhood and if particular microbes are associated with worsened asthma exacerbations.
Recent Findings Bacterial endotoxin is more prominent in homes with pets and may cause cytokine cascades that lead to asthma
exacerbation. However, some studies have demonstrated a protective effect with early exposure. Patients with positive
Aspergillus skin testing are more prone to moderate-severe or severe-uncontrolled asthma. Fungal sensitization is also associated
with earlier onset of asthma and demonstrates a dose-dependent relationship of symptom severity and duration. Among viruses,
rhinovirus has the greatest association with decreased lung function, severe asthma, and asthma-related hospital admissions.
Distribution of microbial products and associated asthma symptoms depends on the geographical climate. Genetic variations
among individuals also mitigate the effects of microbial products on asthma development and symptom severity.
Summary Microbial products of bacteria, fungi, and viruses are associated with the development of asthma, more severe asthma
symptoms, and worse outcomes. However, some early exposure studies have also demonstrated a protective effect. Bacterial and
fungal products are related to decreased lung function and earlier onset of asthma. Viral products are related to asthma-associated
hospital admissions; and the climate and patient genetics can also temper or intensify the relationships between microbial
products, asthma development, and asthma symptom severity. Further research should focus on the effects of early microbe
exposure and its interaction with human immune systems and asthma-related outcomes.
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Introduction

Every day, 10 people in the USA die from asthma [1]. In 2017
alone, there were 3,564 asthma-related deaths [1, 2]. Within
the USA, the prevalence of asthma is 1 in 13 people, produc-
ing annual economic costs of over $81.9 billion, related to
missed school and work, medical costs, and asthma-related
mortality [1–3]. Ambient microbes have been shown to trigger
asthma attacks [4–6]. The most common microbes are bacte-
ria, viruses, and fungi [7]. Though the literature has clearly
demonstrated that microbes and allergens can trigger asthma
exacerbations, controversy still remains whether or not mi-
crobes promote the development of asthma with early-life
exposure or if they have a preventative effect against asthma
symptoms in an individual with established disease [4–6].
Many longitudinal studies have demonstrated that early
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exposure to ambient microbial products increases the risk of
the development of asthma [8•, 9, 10, 11•]. Whereas, other
studies, particularly related to human contact with animal mi-
crobes, have shown protective effects against the development
of asthma [8•, 12, 13]. With over 1.8 million asthma-related
ER visits each year, which may be potentiated by exposure to
various ambient microbial products in the environment, early-
life exposure to microbial products and its effect on the respi-
ratory system later in childhood warrants further investigation
[2, 6, 14, 15].

Purpose

The purpose of this literature review was to specifically ex-
amine asthma outcomes related to environmental exposures to
microbial products, pertaining to endotoxin from bacteria—
(1,3)-β-D-glucan and ergosterol from fungus, and common
viruses associated with worsening asthma morbidity (rhinovi-
rus, respiratory syncytial virus (RSV), enterovirus, and the
influenza virus) during infancy, and to assess the risk of asth-
ma development later in childhood [15–18] (see Table 1).

While other reviews have focused on common routes of
exposure and the concentration of microbial products (endo-
toxin, fungal spores, virus, etc.) in urban vs. suburban regions
[19, 20], this review investigates if the exposure to microbial
products during infancy leads to the development of asthma
during childhood, and whether particular microbes have a
higher severity for triggering asthma exacerbations over
others. Primary questions for this review consisted of the fol-
lowing: What microbes are associated with asthma severity
and outcomes? What microbial products are known for trig-
gering asthma symptoms and/or exacerbations? Does the ex-
posure of microbial products in the environment lead to the
development of asthma?

For this review, we selected original manuscripts in
English, published in peer-review journals on the basis of
bacterial, fungal, and viral products within the environmental
matrix with children exposed to these microbial products.
Thus, we selected articles examining health outcomes for the

development of asthma related to microbial product exposure
during the time of infancy until childhood. However, we also
highlighted factors in the literature that contribute to microbial
exposure and their effect on asthma for people with an
established diagnosis of asthma. Only journal articles within
the last 5 years were chosen; however, there were no restric-
tions pertaining to specific populations or geographical
locations.

Exclusion criteria consisted of animal studies, investigative
procedures using only in vitro methods, studies not translated
into English, articles focusing on the measurement of micro-
bial products without their effect on asthma outcomes, and
articles not assessing microbial exposure from the time of
infancy. With this thought process in mind, the following
word criteria was applied using PubMed as the primary search
engine:

(“Asthma”[Mesh] OR asthma[tiab] OR asthmatic*[tiab])
AND (“Microbiota”[Mesh] OR “Bacteria”[Mesh] OR
“Antigens, Bacterial”[Mesh] OR “Bacterial Toxins”[Mesh]
OR “Enterotoxins”[Mesh] OR “Fungi”[Mesh] OR
“Mycotoxins”[Mesh] OR “Viruses”[Mesh] OR bacteria[tiab]
OR bacterial[tiab] OR endotoxin*[tiab] OR enterotoxin*[tiab]
OR fungal[tiab] OR fungi[tiab] OR fungus[tiab] OR
lipopolysaccharides[tiab] OR microbial [tiab] OR
microbiome*[tiab] OR microbiota*[tiab] OR mold[tiab] OR
molds[tiab] ORmycotoxin*[tiab] OR peptidoglycan[tiab] OR
staph[tiab] OR Staphylococcus[tiab] OR teichoic acid*[tiab]
OR virus*[tiab] OR viral[tiab]) NOT (“Animals”[Mesh] NOT
“Humans”[Mesh]) AND (“2014/01/01”[PDat] : “2019/12/
31”[PDat]) AND English[lang].

Results

The search returned a total of 2999 articles. After the removal
of 2924 studies, consisting of reviews, duplicates, mouse stud-
ies, and irrelevant articles to asthma health outcomes, this then
left 76 studies. 65 Studies were pertaining to adults, which left
a total of N = 11 studies (see Fig. 1).

Characteristics of Included Studies

The majority of the studies had a prospective cohort de-
sign (9/11), while the other two studies were retrospective
cohort designs. Environmental sampling consisted of different
locations in participants’ homes (living room, kitchen, bed-
room, mattress), outside air, and settled dust in classrooms.
All of the studies included examined asthma health outcomes
related to ambient exposure to bacterial, fungal, and viral mi-
crobial products. Considering bacterial products and asthma
outcomes, the literature has discussed endotoxin, β-glucan,
and lipopolysaccharide (LPS). Of these microbial products,

Table 1 Microbes and associated microbial products related to selected
studies

Microbe Microbial product/ type

Bacteria Endotoxin

Fungi (1,3)-β-D-glucan

Ergosterol

Virus Human rhinovirus (HRV)

Respiratory syncytial virus (RSV)

Enterovirus

Influenza virus
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endotoxin has been well established with asthma outcomes [5,
14, 21, 22].

Endotoxin

When bacteria are destroyed or lysed, LPS is dispersed into
the environment or blood as endotoxin, which can lead to a
cascade of inflammatory cytokines (IL-6, IL-12, IL1β, and
TNF-α) and exacerbation of asthma symptoms [22, 23]. The
main route of contact to endotoxin is via inhalation, which has
been demonstrated in multiple studies [5, 14, 21, 22]. Of the
11 studies selected for review, there were two that specifically
discussed endotoxin exposure from infancy [8•, 24••] (see
Table 2). Tischer et al. conducted a prospective longitudinal
study examining whether early exposure tomicrobial products
in dust was associated with allergy and asthma later in child-
hood for children in suburban areas using the following three
birth cohort studies for children born between 1996 and 1999:
Prevention and Incidence of Asthma and Mite Allergy
(PIAMA) from the Netherlands, Infancia y Medio
Ambiente- Childhood and Environment (INMA) from
Spain, and Influence of Life-Style factors (LISAplus) on the
development of the Immune System and Allergies in East and
West Germany [8•]. The researchers collected dust samples
from living room floors shortly after children were born and
found that high endotoxin levels were positively associated
with asthma at 6 years of age in the PIAMA cohort (adjusted
OR = 1.96; 95% CI (1.07–3.58)), but there was no association
with the LISAplus cohort [8•]. However, there was an inverse
relationship between endotoxin and asthma in the INMA co-
hort from Spain at age 10 (OR = 0.39; 95% CI (0.16–0.94)).
The INMA cohort from Spain had the highest number of pets

in terms of dogs and cats with exposure from 0 to 1 year of
age, compared to the other groups [8•]. Whereas, in a study
conducted by O’Connor et al. [24••], dust samples were col-
lected from children’s mattresses, bedroom floors, and living
room floors; and showed no association between endotoxin
nor the fungal membrane lipid ergosterol in the development
of asthma with exposure from birth to 7 years of age. Previous
research has shown that endotoxin levels tend to be higher in
homes with a pet such as a cat or dog in addition to homes of
families that are low-income and/or may be in community
projects that contain cockroaches [5, 31]. Similar results were
seen in children by a study conducted byMendy et al. [32] who
found that overall for people who had a cat or dog, endotoxin
levels were higher in the household with a pet and was associ-
atedwith wheeze (OR = 1.30; 95%CI (1.04–1.62)) but not with
asthma [32]. Co-exposure with dog and cat allergens modified
the association with asthma, increasing the risk when exposed
to endotoxin (OR = 2.00; 95% CI (1.04–3.83)) [32]. However,
the O’Connor et al. [24••] study found that exposure of a pet cat
or dog from the time of infancy decreased the chances of de-
veloping asthma later in childhood (OR = 0.71, 95% CI (0.51–
1.00) and OR = 0.78, 95% CI (0.56–1.09), respectively). For
people with an established asthma diagnosis, regardless of al-
lergen sensitization, Thorne et al. [5] demonstrated that endo-
toxin exposure is associated with wheeze with exercise, office
or ER visits, and use of prescription medication for wheezing
[5]. Studies have indicated that lung function and capacity can
be decreased due to continuous exposure to endotoxin in pa-
tients with atopic asthma [22, 33].

Lipopolysaccharide has also been shown to promote eosin-
ophil airway inflammation in patients with asthma despite
maintenance treatment with inhaled corticosteroids (ICS)
[34].

Besides having a pet, there are other factors that could have
contributed to the varying results between the cohorts within
the Tischer et al.’s study. The climate also plays a role in the
concentration of endotoxin in the surrounding environment
[14, 31]. Researchers have found a positive correlation be-
tween log10-endotoxin and current asthma (OR = 1.56, 95%
CI (1.11–2.18), p = 0.046) for hot-humid regions and a higher
incidence of exercise-induced wheeze (OR = 1.48, 95% CI
(1.22–1.80), p = 0.009) for subarctic/very cold/cold regions
[31]. High levels of endotoxin, regardless of being inside or
outside the home environment, are associated with severe
asthma [14, 35]. A study conducted in Japan by Khan and
colleagues showed that asthma-related visits to the ER for
patients 15-years-old or older was highest during the seasons
of autumn and spring, when the environmental endotoxin was
highest in the air [14]. Oluwole et al. [35] showed that for 7 to
17-year-olds, high concentrations of endotoxin within house-
holds, including mattresses, are associated with an elevated
risk of moderate or severe asthma (adjusted OR = 11.40,
95% CI (1.45–89.43)). Tischer et al. [8•] also supported these

Fig. 1 Selection criteria for related studies
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results for children from infancy to 6 years of age. In addition,
these findings are also in accordance with previous investiga-
tions in the early 2000s [36–39].

Non-environmental patient characteristics can also impact
the development or severity of asthma. Mendy et al.’s [40]
study determined that the combination of high levels of en-
dotoxin exposure and low vitamin D levels are associated
with an asthma diagnosis or recurrent wheeze (OR = 1.88,
95% CI (1.33–2.66), p = 0.02), current asthma (OR = 1.97,
95% CI (1.09–2.23), p = 0.03), wheeze over the last 12
months (OR = 1.72, 95% CI (1.10–3.7), p = 0.002), and
recurrent wheeze (OR = 1.97, 95% CI (1.0–4.0), p < 0.001)
[40]. Nevertheless, this study was conducted in adults and
the effect from infancy to childhood, regarding vitamin D
levels in combination with endotoxin exposure, would need
to be assessed. No studies on fungal spore exposure were
found for the time period from birth to childhood to assess
the development of asthma.

Fungi

Fungal exposure plays a vital role in asthma health outcomes.
For the Tischer et al.’s [8•] study, no correlations were found
between the fungal product (1,3)-β-D-glucan and the PIAMA
and LISAplus studies [8•]. (1,3)-β-D-glucan was not evaluat-
ed for in the INMA cohort study [8•]. Sensitization to fungal
antigens is a key component to understanding asthma severity.
Chopra and colleagues showed that asthma patients with skin
reactivity to the Aspergillus skin test (AST) had more cases of
moderate and severe asthma versus nonreactive AST patients
(98.6% vs. 3.2%, p < 0.001) in a cohort of 282 adult asthma
patients over a 1-year period. Sensitization to Aspergillus has
been found to have a more significant impact on asthma out-
comes compared to other species of fungus [41, 42]. For in-
stance, Vincent et al. [41] demonstrated that adult asthma pa-
tients who were sensitized to Penicillium chrysogenum,
Cladospo r i um c l ado spo r i od e s , Clado spo r i um
sphaerospermum, or Penicillium brevicompactum were com-
parable to the control group in having a lower risk of severe
asthma compared with the Aspergillus fumigatus group
(15.6% vs. 50%, OR = 5.4, 95% CI (1.0–29.06), p = 0.059)
[41]. Masaki and colleagues’ study in Japan implicates a dif-
ferent species; their study investigated sensitization to
Candida and found that out of 124 adults with asthma, more
people had sensitization to Candida than Aspergillus (16 vs.
11%) [6]. The researchers also found that fungal sensitization
leads to a higher rate of early-onset asthma (< 16 years of age)
compared to those without sensitization (45% vs. 25%) and
sensitization increases with age [6, 43]. However, further in-
vestigation is needed to examine early exposure of various
fungal species during infancy and its effect on the develop-
ment of asthma during childhood.

The fungal genus Alternaria has also provided more in-
sight into fungal sensitization and asthma outcomes.
Recently, Baxi and colleagues conducted a study in 37
inner-city schools in New England with school-aged children
with asthma and observed that children sensitized to
Alternaria had an association with asthma symptom days
(OR = 3.61, 95% CI (1.34–9.76), p = 0.01); however, this
did not apply to children not sensitized to Alternaria (OR =
1.04, 95% CI (0.72–1.49), p = 0.85) [44]. Researchers found
that asthmatic children who were sensitized to Alternaria and
exposed to high levels had 3.2 more symptom days per 2-
week period when compared to asthmatic and sensitized chil-
dren exposed to lower levels of Alternaria. This suggests a
dose-dependent relationship betweenmold exposure and asth-
ma severity [44]. This finding is supported by Oluwole et al.
[45], who demonstrated that high mold levels in children’s
play areas are associated with current asthma (adjusted OR =
3.0, 95% CI (1.11–8.0)). Furthermore, additional studies have
demonstrated that sensitization to Alternaria increases with
higher mold concentration exposure and may lead to a risk
of hospitalization, especially in the urban setting [46–49].

Fungal exposure also impacts lung function [41]. Asthma
patients with sensitization to Aspergillus fumigatus have been
found to have higher total serum IgE levels and an increased
degree of broncho-obstruction (as measured by FEV1/FVC),
compared to asthmatic patients without sensitization [41, 50].
The impact of fungal exposure on lung function has been
evaluated in adults; however, this has not been thoroughly
evaluated in infants and young children.

The fungal product (1,3)-β-D-glucan has been shown to
have a low association with severe asthma (OR = 0.55, 95%
CI (0.24–1.26), p = 0.003) in children [51, 52]. Ergosterol has
also demonstrated a low affinity for the development of asth-
ma [52]. However, exposure to fungal spores has been shown
by multiple studies in adults to be associated with asthma
exacerbations; yet, there are very few studies involving chil-
dren [53–55]. In a study analyzing the fungal microbiome in
exhaled breath condensate (EBC) of patients with asthma in
Italy, Carpagnano et al. [53] found that in 47 adults with asth-
ma, 94% of the people were colonized in the EBC by
Cladodosporium species, 21% by Alternaria, and 24% by
Penicillium species [53]. Fungal colonization tended to be
higher in asthmatics with severe and uncontrolled asthmawith
sensitization to fungal species such asAlternaria [53–55]. The
differing levels of fungal species, with Cladosporium being
the most abundant, and Alternaria and Penicillium in lower
quantities, was also found in Manitoba, Canada, by Polyzoi
and Polyzois, examining mold within the bedrooms and base-
ments of 3424 school-aged children [56]. Cladosporium was
the most common mold found in homes (98.2% of bedrooms
and 97.8% of basements), followed by Alternaria (82.4% of
bedrooms and 77% of basements), and Penicillium (35.4% of
bedrooms and 48.8% of basements). In addition, visible mold
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in bedrooms and basements in participants’ homes were asso-
ciated with persistent asthma and colds (16.8%, p < 0.0001).
Other fungal studies conducted in Europe, Canada, and
Australia have also found similar results [45, 57, 58]. Viral
exposure also plays a critical role in the development of asth-
ma and asthma morbidity [9, 11•].

Viruses

Rhinovirus

Two studies were found that were conducted on early-life
exposure to rhinovirus and asthma outcomes: One by
Rubner et al. [9] and another by Lukkarinen et al. [11•].
Rubner et al. [9] conducted a prospective cohort study with
217 children, examining early-life rhinovirus exposure from
birth to 13 years of age. The researchers observed that wheez-
ing with rhinovirus was associated with asthma at age 13 (OR
= 3.3, 95% CI (1.5–7.1), p = 0.02) and sensitization to aller-
gens increased with age [9]. FEV1% predicted has also been
shown to be lower in asthmatic patients admitted to the hos-
pital with an asthma exacerbation with concurrent rhinovirus
infection, compared to children with asthma admitted for an
exacerbation but negative for rhinovirus [29, 59].

Lukkarinen et al. [11•] performed a 7-year long prospective
cohort study following 127 Finnish children from birth to 7
years of age and found that the risk factors for atopic asthma at
study entry were sensitization to common allergens (dust,
mold, etc.), and wheezing with rhinovirus infection (aOR
4.8, p < 0.014) [11•].

Zheng et al. [15] conducted one of the numerous studies
that demonstrated that human rhinovirus (HRV) was the most
common viral microbe to induce an asthma exacerbation in
children [60–62]. Zheng and colleagues collected data from
143 inpatient children with asthma exacerbations, 131 outpa-
tients, including 88 patients with asthma exacerbations, and
43 controls with stable asthma [15]. Researchers tested for
common viruses including HRV, respiratory syncytial virus
(RSV), parainfluenza virus type 3 (PIV3), influenza virus
(IFV), human bocavirus (HB0V1), atadenovirus (ADV), hu-
man coronavirus (HCOV), and hepatitis E virus. Of all the
viruses, HRV was the most prominent among inpatients with
severe asthma exacerbations at 50.3% and HCOV was the
least at 0% [15]. The researchers found three variants of the
HRV: HRV-A, HRV-B, and HRV-C, with HRV-C being the
most virulent for severe asthma exacerbations [15]. Other
studies conducted in Japan, France, and Australia have also
identified rhinovirus as the most common viral culprit for
asthma exacerbations [28, 60–62]. White blood cells and neu-
trophil counts were significantly higher in patients with all
HRV variants versus those who were negative for HRV
(12.38 ± 5.13 vs. 10.77 ± 4.87 and 64.70 ± 20.27 vs. 56.44
± 21.95, respectively) [15].

Thymic stromal lymphopoietin (TSLP), a cytokine that im-
pacts T cell maturation, also plays a role in asthma severity in
patients with viral illnesses. It has been demonstrated to have a
positive outcome on patients during viral infections in patients
with asthma [60]. Bjerregaard et al. [60] performed a study in
Australia with 44 virus-positive adolescent and adult patients
(including rhinovirus, human coronavirus, parainfluenza vi-
rus, and human metapneumovirus) and 44 controls. The re-
searchers found that patients with TSLP expression had lower
levels of sputum eosinophils, lower fractional exhaled nitric
oxide, higher blood neutrophils, lower asthma control ques-
tionnaire scores, and higher FEV1 in comparison to patients
with low TSLP expression levels [60]. Again, these types of
studies are rare for examining variances in lung function and
asthma development from birth to childhood.

Respiratory Syncytial Virus

In total, four studies were found on respiratory syncytial virus
(RSV) that followed children from birth to childhood for the
development of asthma [10, 28–30]. Two of the RSV studies
showed that males from infancy to childhood have a high
tendency of developing asthma after an infection, compared
to females [28, 29] (see Table 2). Two out of the four studies
were retrospective cohort studies and the other two were pro-
spective cohort studies [10, 28–30]. One of the retrospective
studies showed that peak time for RSV-related hospitalizations
was during autumn [29]. The RSV studies showed a high risk
for asthma with RSV infection and that the cytokines IL-6, IL-
1β, and IL-8 are elevated during infection, which leads to re-
spiratory inflammation [10, 28]. Kitsantas et al. [30] conducted
a 6-year long study from birth to 6 years of age, examining the
risk of the development of asthma by 6 years with early expo-
sure of RSV infection during infancy. Results showed that ex-
posure to RSV did increase the risk of asthma by age 6 (OR =
1.99, 95% CI (1.06–3.74)). However, children who had a par-
ent with a history of asthma posed a higher risk for childhood
asthma by age 6 (OR = 3.86, 95% CI (2.61–5.71)) [30]. A
maternal history of asthma has also been demonstrated by
O’Connor et al. [24••] to increase the likelihood of asthma in
childhood by age 7 (OR = 1.79, 95% CI (1.18–2.74)).

Similar to what was discussed about fungi, asthma patients
can also be colonized by viruses. Nguyen-Thi-Dieu et al. [63]
conducted a cohort study in Hanoi, Vietnam, on 115 hospital-
ized children under the age of 15 with a diagnosis of asthma
exacerbation and a control group of healthy children under the
age of 15. Patients underwent a clinical examination, blood
analysis for a cytokine profile, pediatric asthma score (PAS)
for severity of asthma exacerbation, and nasopharyngeal aspi-
rates to determine viral infection using real-time polymerase
chain reaction (PCR). Of the 115 children diagnosed with an
asthma exacerbation, there were 18.2% with a mild PAS,
37.4% with a moderate PAS, and 44% with a severe PAS
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[63]. Nguyen-Thi-Dieu and colleagues found that 54.8% of
the asthmatic children were positive for HRV [63]. The high
number of asthma patients with a severe PAS score (44%) was
associated with a high number of children diagnosed with
HRV [63]. The researchers also found that the percentage of
leukocytes in asthmatic children with HRV was significantly
higher, compared to children without HRV (76.2% vs. 59.6%,
p < 0.05) [63]. No enterovirus longitudinal studies from birth
to childhood were available, assessing asthma development;
however, studies have been done in children with a diagnosis
of asthma [64].

Enterovirus

Smith-Norowitz et al. [64] studied patients in Ireland, exam-
ining the levels of IgE and IgM antibodies (Ab) for enterovirus
71 with a mix of 77 children and adolescents, and found that
asthmatic children have higher IgE Ab levels, compared to
non-asthmatic children, who have higher IgM levels of Ab
(p < 0.001). The levels of enterovirus IgE Ab were shown to
increase with age especially among the asthmatic group [64].

Another study analyzed data on a 16-year longitudinal
study with 36,935 children from infancy to 18 years of age
in Taiwan and found that children were diagnosed with asth-
ma within 2.77 years after an enterovirus infection [16]. There
was also a higher incidence of asthma associated with entero-
virus infection (HR = 1.65, 95% CI (1.60–1.71), p < 0.0001)
[16]. Overall, the literature suggests that the rate of hospitali-
zation due to enterovirus infection is low and does not increase
asthma severity or length of hospital stay for asthma-related
admissions [65, 66].

Influenza Virus

The influenza virus is a major cause of acute exacerbation of
bronchial asthma (AEBA); however, rhinovirus has still been
shown to be the number one viral cause of asthma exacerba-
tions [67]. Yoshi et al. and other researchers have shown that
obtaining the flu vaccine reduces AEBA morbidity signifi-
cantly when compared to individuals who are unvaccinated
for the influenza virus (20.5% vs. 0%), p = 0.047 [67, 68].
Influenza can worsen asthma morbidity; however, it has yet to
be determined if there is a relationship pertaining to the devel-
opment of asthma in association with an influenza infection
[69]. Recent studies have found that certain bacteria play a
role in preventative effects against the development of asthma.

Bacteria

Helicobacter pylori

Den Hollander et al. [27] performed a population-based pro-
spective cohort study of pregnant women and their children in

Rotterdam, Netherlands, and followed the children from preg-
nancy to 6 years of age for evaluation of asthma. Colonization
of a European child with a cytotoxin-associated protein A
(CagA)-negative-Helicobacter pylori (H. pylori) strain at age
6 was associated with an increased prevalence of asthma over-
all (OR = 2.11, 95% CI (1.23–3.60)) but was different for
European children (OR = 3.64, 95% CI (1.97–6.73)) and sig-
nificantly less for non-European children (OR = 0.52, 95% CI
(0.14–1.89)) [11•]. There are also common bacteria within the
environmental matrix that have been shown to have an effect
on the development of asthma in children.

Staphylococcus

Teo et al. [26] found that early childhood nasopharynx (NP)
colonization typically involved Staphylococcus or
Corynebacterium, which was later replaced by Moraxella or
Alloiococcus. Staphylococcus was the dominant colonizing
bacteria in the early healthy NP microbiomes, but its presence
declined rapidly with age. These researchers found that early
asymptomatic colonization with Streptococcus increased the
risk of developing asthma [26]. Most infants were initially
colonized with Staphylococcus or Corynebacterium before
stable colonization with Alloiococcus or Moraxella [26].
Transient incursions of Streptococcus, Moraxella, or
Haemophilusmarked virus-associated acute respiratory infec-
tions (ARIs) [26]. O’Connor et al. [24••] found supporting
results in a study examining early-life exposure to environ-
mental factors, including dust, fungal products, bacterial taxa;
cockroach, mouse, and cat allergen; from infancy to 7 years of
age. Staphylococcus, Haemophilus (Pasturellaceae), several
Sphingomonas species members, and Corynebacterium were
among the taxa found in children’s homes who had asthma
[24••]. However, for children who did not have asthma, there
was a prevalence ofAlloiococcus (Aerobacteriaceae),Kocuria
(Micrococcaceae), Acinetobacter (Moraxellaceae) species,
and Bifidobacterium [24••]. More research is needed to inves-
tigate the mechanism of transition of bacteria from one species
to another in the infant microbiome and how this may possibly
contribute to the development of asthma. In addition to the
microbiome, children’s genes affect how their bodies will re-
act to their environment.

Genes and Asthma Health Outcomes

Like most illnesses, symptoms and severity can vary at the
individual level based on unique genetic differences. Carnes
et al. [22] found that there is a gene-by environment interac-
tion for CD14 variant rs2569190 (pinteraction = 0.16) but not for
the TLR4 variants rs4986790 and rs4986791. This research is
also supported by an older study conducted by Kljaic-Bukvic
et al. [70], who found that there are two genetic variants relat-
ed to CD14 and endotoxin signaling that are highly related
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with asthma exacerbation hospital admissions. For CD14 sin-
gle nucleotide polymorphism (SNP) rs5744455, carriers of the
T-allele in children 5 to 18 years old had a decreased risk of
repeated hospital asthma-related admissions, compared to ho-
mozygotes for the C-allele (OR = 0.42, 95% CI (0.25–0.88), p
= 0.01) [70]. C-allele carriers were at lower risk of asthma-
related hospitalizations in comparison with T-allele homozy-
gotes (OR = 0.59, 95% CI (0.38–0.90), p = 0.01) [70].

A human interleukin 4 receptor alpha chain gene (IL4R)
variant that results in a glutamine to arginine substitution at
amino acid residue 576 (IL4Rα-Q576R polymorphism) has
previously been associated with asthma diagnosis and severity
[71]. Lai et al. [72] have demonstrated that there is a gene-by-
environment interaction between the IL4Rα-Q576R polymor-
phism and environmental endotoxin exposure in school-aged
children with asthma. Higher classroom endotoxin levels were
associated with fewer asthma symptoms for children with the
Q/Q genotype (OR = 0.76 [0.55–1.04]), an equivocal effect for
theQ/R genotype (OR = 1.10 [0.78–1.55]), and increased asth-
ma symptoms for the R/R genotype (OR = 1.34 [0.85–2.13])
[72]. In addition to genetics, exposure to animals, especially
within the farm setting, has shown to play a role in asthma.

Exposure to Microbial Products Growing up on a Farm
and Asthma Outcomes

The environment of a farm is a great example of exposure to
all of the microbes and microbial products discussed in this
review. Carnes et al. [22] found that high concentrations of
endotoxin exposure at homes of people not born on a farm
have a risk for the development of asthma (OR = 1.67, 95%CI
(1.26–2.20), p = 0.05), compared to individuals who were
born on a farm (OR = 1.18, 95% CI (1.02–1.37), p = 0.05).
In addition, Lampi et al. [12] found that people born on a farm
had a higher FEV1, compared to those not raised on a farm.
The limitation here is that these participants in the Lampi
study could be more physically fit having to do the chores of
farm work, compared to people not living on a farm. Prior
studies have attributed farm-specific protection from the de-
velopment of asthma from endotoxin exposed in utero and
during early childhood [13, 73, 74].

An older study conducted on Amish and Hutterite commu-
nities whom participate in farming activities has revealed two
very different results [75, 76]. The Amish farm children of
Indiana were found to have a lower prevalence of asthma
and allergen sensitization (5.2% vs. 21.3% and 7.2% vs.
33.3%, respectively), compared to the Hutterite farm children
of South Dakota [75, 76]. The difference between these two
farming communities was that the Amish have constant direct
contact with animals to do all of their farming traditionally,
and the Hutterite community relies on machinery and main-
tains the animals in one localized area away from the commu-
nity homes [75, 76]. This finding brings up a few questions.

Why is early farm exposure to endotoxin related to protective
effects against the development of asthma and asthma symp-
toms; whereas, non-farm house endotoxin exposure is general-
ly associated with asthma and asthma exacerbations? Are there
different microbes related to farm animals versus household
pets, which are associated with increasing asthma symptoms
[5, 31]? In a different study, Tischer et al. [25] examined the
German LISAplus birth cohort and found that children who
slept on animal fur during the first 3 months of life had higher
exposure to endotoxin in their mattress, compared to children
who did not sleep on fur. More importantly, the researchers
found a decrease in the risk of asthma development by age 6
for children who slept on animal fur during the first 3 months of
life (aOR = 0.56, 95%, CI (0.31–1.01). In addition, for TNF-α,
IL–2, and IL–4 producing T cells, there were no significant
changes found in blood levels associated with sleeping on an-
imal fur the first 3 months of life [25].

Conclusion

This review has shed light on several different findings within
the literature. Based on the information provided, sensitization
within the non-farming community for bacterial, fungal, and
viral products increases with IgE Ab expression and over time
with age [43, 64, 77]. In terms of the fungal species,
Aspergillus fumigatus has shown to induce one of the highest
sensitizations for moderate/severe asthma [54, 78]. In addi-
tion, human colonization of the genera Cladosporium,
Alternaria, and Penicillium have been associated with severe
asthma and their ambient environmental concentration is sim-
ilarly proportional in various parts of the world [41, 45, 53,
56–58]. For viruses, rhinovirus has been shown to be one of
the most common triggers of a viral source for an asthma
exacerbation [9, 11•, 15, 63, 79, 80]. Early exposure to endo-
toxin at a young age within the farm setting with direct animal
contact may reduce the chances of developing asthma later in
life [12, 22, 75, 76]. For children not living on a farm, growing
up with a cat or dog may have a protective effect against
asthma symptoms [8•, 24••]. The mechanism of this effect is
yet to be understood and it appears that genetics plays a role in
asthma severity especially among ethnic minorities [72].

Further Research

Further research is needed to investigate the difference in mi-
crobes between farm animals and household pets and how
early exposure effects the human microbiome and the immune
system’s response to inflammatory triggers. In addition, since
studies have shown that people with severe asthma may be
colonized with various genus of fungi, it would be worthwhile
to further investigate the treatment of moderate/severe
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asthmatics colonized with fungi with other methods not asso-
ciated with toxic side effects related to current medications for
anti-fungals. In addition, more studies are needed examining
the mechanism(s) for the transition of bacteria in the
microbiome during childhood and how this may effect asthma
outcomes. Biomarkers such as dimethylamine, a metabolite
produced by bacteria within the gastrointestinal tract, may
pose a clue as it has been demonstrated to decrease in concen-
tration from higher to lower levels with the development of
asthma in children [81]. Further advances are also being made
with dupilumab, a monoclonal antibody that blocks a com-
mon receptor for interleukin-4 (IL-4) and interleukin-13 (IL-
13), involved in type 2 inflammation [82]. In adult patients
with atopic asthma, it has been shown to reduce severe asthma
exacerbations [82]. This medication has recently been ap-
proved for children 12 years old and up for the treatment of
severe asthma [83]. Continued exploration of the human
microbiome and its interaction with the environment hopeful-
ly may lead to more discoveries.
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