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Asthma, a chronic inflammatory disorder of the airways, is a
prevalent childhood chronic disease with a substantial global
health burden. The complex etiology and pathogenesis of
asthma involve genetic and environmental factors, posing
challenges in diagnosis, severity prediction, and therapeutic
strategies. Recent studies have highlighted the significant role of
the gut microbiota and its interaction with the immune system
in the development of asthma. Dysbiosis, an imbalance in
microbial composition, has been associated with respiratory
diseases through the gut-lung axis. This axis is an interaction
between the gut and lungs, allowing microbial metabolites to
influence the host immune system. This systematic review
examines the association between gut microbiota composition,
measured using 16S rRNA sequencing, during infancy and
childhood, and the subsequent development of atopic wheeze
and asthma. The results suggest that higher alpha diversity of
bacteria such as Bifidobacterium, Faecalibacterium, and
Roseburia may have protective effects against asthmatic
outcomes. Conversely, lower relative abundances of bacteria
like Bacteroides and certain fungi, including Malassezia, were
associated with asthma. These findings highlight the potential of
early screening and risk assessment of gut microbiota to identify
individuals at risk of asthma. Furthermore, investigations
targeting gut microbiota, such as dietary modifications and
probiotic supplementation, may hold promise for asthma
prevention and management. Future research should focus on
identifying specific microbial signatures associated with asthma
susceptibility and further investigate approaches like fecal
microbiota transplantation. Understanding the role of gut
microbiota in asthma pathogenesis can contribute to early
detection and development of interventions to mitigate the risk
of asthmatic pathogenesis in childhood. (J Allergy Clin
Immunol Global 2024;3:100289.)
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Asthma, a chronic inflammatory disorder of the airways,
affects approximately 10% of children globally, making it one
of the most prevalent childhood chronic diseases.’ With a multi-
factorial etiology involving genetic and environmental factors,
asthma poses a substantial global health burden.” The diagnosis
of asthma in children younger than 2 years of age poses a consid-
erable challenge due to the absence of age-specific diagnostic
tools.” Additionally, accurately predicting the severity of asthma
remains an ongoing obstacle in effective asthma management.”
The complex pathogenesis of asthma also contributes to the
absence of well-defined therapeutic strategies, primarily stem-
ming from an incomplete understanding of the underlying
mechanisms.”

Recent studies have shed light on the interplay between the gut
microbiota and the innate and adaptive immune systems,
revealing their potential as crucial determinants in the etiology
of asthma.®” There is a well-established relationship between the
trillions of microbes that inhabit the human gut and organism-
level health.® Animal studies have provided compelling evidence
that the gut microbiota and its metabolites play an influential role
in the development of allergy disorders, particularly in in-
fancy.”!! Furthermore, microbial colonization of the gut in crit-
ical early periods of life plays an instrumental role in the
education and training of the host immune system.'?

Changes in this microbial composition, termed dysbiosis, has
been linked to diseases of the respiratory tract, specifically
through the critical cross talk between gut microbiota and lungs,
also known as the gut-lung axis (GLA). 314 The GLA is an organ-
level interaction between the gut and lungs, allowing microbial
metabolites and bioactive ligands to enter circulation and affect
the host immune system.'” Higher microbial diversity has been
linked to protective effects against the pathogenesis of childhood
allergic diseases.'®'” Microbial colonization of infant mucosal
surfaces, including the gastrointestinal tract, commences at
birth."® The mode of infant delivery itself has been implicated
in the disruption of microbial colonization patterns. For instance,
caesarean section births have been associated with higher levels
of opportunistic nosocomial pathogens, including Enterococcus,
Enterobacter, and Klebsiella species, in the infant gut micro-
biota.'” Gut microbial changes associated with caesarean section
births have also been associated with an increased risk of
asthma.”’®?' In fact, a recent study by Lee-Sarwar and col-
leagues™ also showed an association between maternal prenatal
gut microbiome, and the subsequent metabolome in infants.
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Abbreviations used

EMA: Estimated microbiome age
FMT: Fecal microbiota transplantation
GLA: Gut-lung axis

PCA: Principal component analysis

Specifically, the maternal microbial taxa Erysipelatoclostridium,
Terrisporobacter, Clostridia UCG-014, Clostridia UBA1819, and
Lactobacillus were found to be associated with transient asthma
in infants, while Faecalitalea and Prevotella were found to be
associated with active asthma in infants, as opposed to no asthma.

Other environmental factors also play a role in the pathogenesis
of asthma as a result of their immune-modulating effects through
targeting the gut microbiome. Lehtimiki and colleagues®
recently demonstrated that infants raised in urban areas had a
higher risk of developing asthma and aeroallergen sensitivity. In-
fants from urban and rural areas had different gut microbiotas in
terms of composition, and the authors postulated that the micro-
biome changes brought on by urbanization may increase the like-
lihood of asthma and atopic characteristics, most likely through
interactions with the nascent immune system.

As a result of the demonstrated association between early life
gut microbiota and the likelihood of childhood asthma, it is
important to conduct studies that thoroughly analyze these
patterns. A deeper understanding of the pathogenesis of asthma
can aid in the early detection of risk factors and development of
potential interventions that could lower the risk of pathogenesis.

One such area of intervention might be analysis of newborns’
gut microbiota. Gut microbiota is typically determined by
collecting and analyzing stool samples—a noninvasive way to
access and study the microbial communities residing in the
gastrointestinal tract by measurement of their diversity.

Diversity is a fundamental aspect of microbial communities,
encompassing both the number of different taxa detected within a
sample and the differences in composition between samples.
Alpha diversity measures the number of taxa detected per sample,
providing insights into the richness and evenness of the microbial
community within a specific sample.24 It serves as a quantitative
metric to evaluate the species diversity within a given environ-
ment or biological system.”* Beta diversity, in contrast, focuses
on the differences in composition between samples, allowing
for the comparison of microbial community structures across
different samples or environments.”” By assessing beta diversity,
researchers can identify distinct microbial community patterns
and discern specific relative abundances of bacteria and/or fungi
at different taxonomic levels.”® These nuanced comparisons shed
light on the variations in community structure and highlight the
potential ecologic or functional implications of specific taxa
within microbial ecosystems.”’

The amplicon approach is a widely used method for analyzing
stool samples to study the gut microbiome using 16S rRNA
sequencing. In this approach, specific regions of the 16S rRNA
gene are amplified, typically the V3-V4 or V4 region, using PCR
with primers targeting the bacterial domain. This allows for
targeted sequencing of the microbial community present in the
sample.28 To determine the alpha diversity of the gut microbiome,
amplicon sequencing data can be used to calculate various diver-
sity metrics within a single sample. These metrics include
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observed species, Chaol, Shannon index, and Simpson index.
They provide information about the richness (number of different
taxa) and evenness (relative abundance distribution) of the micro-
bial community within the sample.” In addition to alpha diver-
sity, the amplicon approach enables the assessment of beta
diversity using various methods such as Bray-Curtis dissimilarity,
weighted or unweighted UniFrac distances, and Jaccard index.
These metrics quantify the dissimilarities in microbial commu-
nity structure between samples, allowing for comparisons of the
gut microbiome across individuals or experimental groups.”’
By utilizing the amplicon approach with 16S rRNA sequencing,
we can assess both the alpha and beta diversities of the gut micro-
biome, providing valuable insight into the composition and struc-
ture of microbial communities in stool samples.

A previous systematic review by Alcazar and colleagues™ in
2022 assessed the association between gut microbiota during in-
fancy (measured from O to 1 year) and childhood respiratory dis-
eases. Study inclusion was restricted to using genomic
sequencing for measurement of gut microbiota during the first
year of life. Because the stool sample analysis was restricted to
having been measured within 1 year of life, the authors were un-
able to comment on the composition and diversity variability in
the gut microbiota of children who went on to develop asthma
and those who have an existing diagnosis of asthma. Furthermore,
the systematic review included research published to April 27,
2021. As aresult of emerging interest in this field, several primary
studies have since been published. To our knowledge, this is the
first systematic review to be conducted since 2021 to update
this area’s current knowledge base.

In the present study, we systematically reviewed existing
literature to examine the association between gut microbiota
composition, as measured by 16S rRNA sequencing, during
infancy and childhood and the subsequent development of atopic
wheeze and/or asthma during childhood.

METHODS

A systematic literature review following the Preferred Report-
ing Items for Systematic Reviews and Meta-analysis (PRISMA)
guidelines was conducted.

Search strategy

A comprehensive search in 5 electronic databases (Medline
[Ovid interface], Embase, Web of Science, Scopus, and Cochrane)
was conducted for articles published in English from January 1,
2010, to May 1, 2023. The start year was chosen to ensure inclusion
of all studies using genomic sequencing for gut microbiota
characterization. The search terms used various combinations of
the following terminology: “gastrointestinal microbiota,” “intes-
tine,” “microbiota,” “respiratory disease,” and “asthma.” An in-
formation specialist was consulted to refine the search strategy,
incorporating MeSH terms and keywords based on the inclusion
of key studies. Additional studies were also identified by reviewing
the references of relevant systematic reviews.

@

Inclusion and exclusion criteria

Our criteria included original peer-reviewed research in humans,
where child gut microbiota was the exposure, measured by
genomic sequencing, with an outcome of asthma and/or wheezing.



J ALLERGY CLIN IMMUNOL GLOBAL
VOLUME 3, NUMBER 3

5727 potentially eligible studies identified
through database searches:

Medline/PubMed (n = 4197)
Embase (n =172)

Web of Science (n = 65)
Scopus (n =1204)

Cochrane (n = 89)

\ 4

149 full text studies assessed for eligibility.
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5578 excluded.

133 excluded:

Animal or invitro.

A\ 4

16 studies included in systematic review.

A 4

Child gut microbiota not the exposure.
Gut microbiota not the outcome.
Microbiota evaluated with techniques
other than the amplicon approach.

FIG 1. Study inclusion and exclusion process.

Preliminary screening strategy and data extraction

The first reviewer examined the titles, abstracts, and full text of
the selected articles. A second reviewer evaluated 10% of the
studies at each screening stage, and the results were compared to
ensure agreement. The first reviewer performed data extraction.
To ensure accurate reporting and reduce reviewer bias, a panel of
secondary reviewers independently extracted information from
all included studies. In cases of disagreement, a third reviewer
was involved for resolution.

Data synthesis strategy

The main results of all included studies were extracted and
reported, which included differences in microbiota diversity,
relative abundance of bacteria or fungi taxa (at the species, genus,
or family level), and any measure of association in relation to
diversity or abundance.

Study quality assessment strategy

To evaluate the quality of included studies and provide context
for interpreting the findings, 2 reviewers independently conducted
a critical appraisal based on the Newcastle-Ottawa scale, a quality
assessment tool that considers biases and limitations in study
design. These results were translated into ratings of good, fair, or
poor (see Tables E2-E5 in this article’s Online Repository at
www.jaci-global.org) according to thresholds aligned with the
standards set by the Agency for Health Research and Quality.
In cases where studies included multiple analyses addressing
different research questions, the quality assessments were applied
only to the analyses relevant to this systematic review.

RESULTS

A total of 5727 titles and abstracts were reviewed and 5711
studies excluded. Inclusion criteria included peer-reviewed,
original research in children where child gut microbiota was the

exposure, as measured by 16S rRNA sequencing, and asthma and/
or wheezing the outcome. The reasons for exclusion included
nonprimary research, animal studies, in vitro studies, or studies in
which probiotics were administered, or where the exposure or
outcome did not align with the research question. After con-
ducting a full-text review of the remaining 149 studies, 16 studies
were deemed eligible for inclusion (Fig 1). Important findings
from these studies are summarized in Tables I and II.

Of the 16 studies included, 10 were cohort studies,zz’3 1391 was
an observational study,’ 3 were nested case—control studies,”’'
and 2 were prospective case—control studies.**"’

All included studies used 16S rRNA sequencing from V3 and/
or V4 regions to analyze the bacterial composition. Three
studies®>*** used the V3 region, and 10 studieg?>> 1344042
used the V4 region. Two studies™** used both V3 and V4 regions.
Eight studies”'”*¥73%%2 ysed the Illumina MiSeq
sequencing platform, and 3 studies®***** used Illumina HiSeq.
Five studies”™ >***>** used the SILVA database,” while 9
studies®' 7739413 ysed the Greengenes reference database.
Four studies assessed the fungal microbiome. One study
used the fungal internal transcribed spacer region 1 UNITE dy-
namic database,” another used 18S rRNA V4,"” the third used
ITS-2 rRNA gene sequencing, quantitative PCR-based total fun-
gus load,”” and the last used fungal internal transcribed spacer re-
gion 2 UNITE database V6.”

Sample sizes varied between the 16 included studies. The
smallest sample size was 58 subjects,” while the largest sample
size was 917 individuals,™ yielding a mean of 487.5 individuals.
Stool samples were collected at various ages depending on the
study. The earliest stool sample collection took place postpartum,
from 1-month-olds (n = 306),” and the oldest participants had
their stool samples taken between ages 9 and 17 years (n = 80).*

In most studies, asthmatic status was evaluated several years
after the stool samples were gathered, and ages varied from
neonates to 17 years. Of the 16 studies, 3 studies included
stool samples from infants who were 1 month old.*'***! Six
studies included stool samples from infants at 3 months

35,37,39,42
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TABLE I. Study results stratified by age at stool sample

versus no asthma
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collection and relative abundance of bacteria and fungal taxa in asthma

Time between
gut microbiota

Age at gut Age at asthma assessment and
microbiota outcome asthma Relative abundance of bacterial taxa in
Study Year determination determination assessment Alpha diversity children with asthma vs no asthma*
Arrieta® 2015 e 3 months 1 year (atopic 33 months/24 No difference ® At 3 months: Lower Veillonella, Lachno-
® | year wheeze) months spira, Rothia, Faecalibacterium
3 years (asthma) ® At 1 year: Lower Faecalibacterium, Lach-
nospira, Rothia, Veillonella, Peptostrep-
tococcus
Stiemsma™! 2016 e 1 month 4 years (asthma) 47 months/36 No difference ® Lower Lachnospira
® | year months ® Higher Clostridium neonatale
Fujimura®’ 2016 e 1 month 4 years (high risk 47 months/42 Not reported ® (Bacteria) Lower Bifidobacterium, Lacto-
® 6 months of asthma) months bacillus, Faecalibacterium, Akkermansia
® (Fungi) Lower Malassezia; higher
Candida, Rhodotorula
Stokholm®' 2018 @ 1 week 5 years (asthma) 60 months/59 No difference ® Lower Roseburia, Alistipes,
® 1 month months/48 Flavonifractor
® | year months @ Higher Veillonella
Arrieta®” 2018 @ 3 months 5 years (atopic 57 months No difference ® (Bacteria) Lower Bifidobacterium; higher
wheeze) Streptococcus, Veillonella
® (Fungi) Higher Pichia kudriavzevii
Lee-Sarwar’> 2019 @ 3 years 3 years (asthma) 36 months No difference @ Higher Christensenellaceae
Chiu™ 2019 @ 4-7 years with 4-7 years (asthma) O months Not reported @ (Phylum) Lower Firmicutes
asthma, and (assessed in ® (Species) Lower Faecalibacterium, Anae-
healthy controls children with rostipes, Eubacterium, Roseburia; higher
(n = 58) existing Clostridium
asthma + ® (Genera) Higher Escherichia, Alistipes,
controls) Bilophila, Enterococcus
@® In healthy controls: Higher Faecalibacte-
rium, Roseburia
Bannier® 2019 e 2-3 years with 2-3 years Approximation: No difference ® Lower Collinsella, Dorea
wheezing (wheeze) between 48 and ® Higher Gemmiger, Escherichia
24 months
Galazzo™ 2020 @ 5 weeks Approximation: No difference ® Lower Lachnobacterium, Lachnospira,
® 3.3 months between 65 and Dialister
® 5.3 months 131 months
» ® 7.8 months
Patrick™ 2020 e 3 months 5 years (asthma) 60 months Decreased alpha ® Lower Faecalibacterium prausnitzii,
® 1 year diversity Ruminococcus bromii, (Family)
Rikenellaceae
® (Genus) Higher Dialister
Depner™ 2020 e 2 months 6 years (asthma) 70 months/60 Decreased alpha ® At age 2 months: Lower Bacteroides,
® | year months diversity Parabacteroides; higher Enterococcus
® At age 1 year: Lower Roseburia,
Ruminococcus, Faecalibacterium
Boutin®® 2020 e 3 months 1 year (recurrent 9 months Increased alpha @ Children with recurrent wheeze vs healthy

wheeze and
atopic wheeze)

diversity at 3
months was
protective of
recurrent and
atopic wheeze

children: Lower Faecalibacterium,
Lachnospira, Coprococcus, Oscillospira
@ Children with atopic wheeze vs healthy
children: Lower Faecalibacterium,
Lachnospira, Coprococcus, Roseburia,
Blautia, Parabacteroides, Ruminococcus

(Continued)
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Time between
gut microbiota

Age at gut Age at asthma assessment and
microbiota outcome asthma Relative abundance of bacterial taxa in
Study Year determination determination assessment Alpha diversity children with asthma vs no asthma*
Boutin®’ 2021 @ 3 months 5 years (asthma) 57 months/48 Three-month stool @ Saccharomyces cerevisiae (ASV1) found
® 1 year months sample: to be indicator from infants who devel-
Increased alpha oped inhalant atopy at age 5 years
diversity ® At 3 months: Lower Malassezia; higher
associated with Rhodotorula, non-albicans Candida
inhalant atopy. ® At 1 year: Lower Debaryomyces, Saccha-
One-year sample: romyces, Candida; higher allergy-
Decreased associated fungi such as Alternaria
alpha diversity
associated with
inhalant atopy.

Hsieh* 2021 e Children aged 9-17 years 0 months No difference ® No difference reported

9-17 years (asthma) (assessed in
children with
existing
asthma +
controls)

Lee-Sarwar’® 2022 @ Children with 3 years (high risk 0 months No difference ® Lower Holdemanella, Senegalimossilia,
asthma at 3 of asthma; Colidextribacter, Eubacterium fissicatena
years recurrent group; (Family) Lachnospiraceae (Lach-

wheeze) nospiraceae CAG-56), Oscillospiraceae
(Oscillospiraceae UCG-003,
Oscillospiraceae UCG-005),
Ruminococceae (Ruminococceae CAG-
352)

@ Higher Veillonella, Roseburia, Parasuter-
ella, Ruminococcus (Ruminococcus
gouvreauii group), Eubacterium (Eubac-
terium siraeum group), Clostridium
(Clostridium sensu stricto 1); (Class)
Clostridia UCG-014; (Family) Anaero-
voracaceae Family XIII ADI group

Lee-Sarwar’> 2023 @ 3-6 months 3 years (high risk ~ Approximation: No difference ® Lower Staphylococcus, Bacteroides

® 1 year of asthma; between 36 and
® 3 years recurrent 69 months
wheeze)

6 years (asthma)

*Reported at genus level unless otherwise stated.

old.?*¥*-36-37:42%3 §even studies included stool samples from chil-

dren at 1 year of age.”>*'?*333741%3 Ages 1 and 3 months were
the most explored.

The included studies used various methods*’ of evaluating the
presence of asthma and/or respiratory disease status such as
atopic wheeze in the study group. All studies used clinical assess-
ment to evaluate outcomes. Two studies additionally used skin
prick test response to assess atopic wheeze.*”*’ Nine
studies??? > 3430-38404143:95 hentioned the use of questionnaires
filled out by the parents to assess outcomes, whereas 3
studies®**'*> mentioned the used of ISAAC (International Study
of Asthma and Allergies in Childhood) questionnaires. One study
additionally used the asthma predictive index (aka API) to predict
the incidence of active asthma between 6 and 13 years.* Further-
more, some studies subdivided asthma into several categories. For
example, one study compared early, active, and transient
asthma.”> Another study subdivided asthma into moderate—
severe and well-controlled asthma.’

Most studies had some adjustment for confounders, such as
breast-feeding, presence of older siblings, or delivery method.
Some studies used questionnaires to document confounders. For
example, in one study, questionnaires were used to gather
information about environmental exposures, psychosocial
stresses, nutrition, and general health.*

Thirteen of 16 studies mentioned assessment of alpha diversity
regarding asthma and/or wheeze outcome. The 3 remaining
studies did not mention alpha diversity assessment.”>%** Eight
studies reported no significant difference in alpha
diversity.?>'#%404345 Ope study showed that an increased alpha
diversity had protective effects against the development of asthma
at 1 year of age (P =.046).”* Another study assessed alpha diver-
sity using principal component analysis (PCA).* It found that at 2
months, PCA axis showed a protective effect (P = .024) that
correlated positively with abundance of Bacteroides and Para-
bacteroides and negatively with Enterococcus. In this study, the
estimated microbiome age (EMA) was strongly correlated with
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TABLE Il. Summary of trends of higher or lower relative
abundance of bacterial or fungal taxa in asthma versus no
asthma

Relative abundance of
microbes associated with

asthmatic outcomes Microbe References
Lower Bacteria
Bifidobacterium 40, 43
Faecalibacterium 34-36, 40, 43, 45
Lachnospira 33, 36, 39, 42, 43
Roseburia 31, 35, 36, 45
Ruminococcus 34, 36, 39
Bacteroides 35, 38
Fungi
Malassezia 37, 40
Higher Bacteria
Veillonella 31, 39, 43
Clostridium 42, 45
Escherichia 45, 46
Fungi
Rhodotorula 37, 40

PCA at month 12 (P =.75) and alpha diversity (P =.70) but not
with PCA at 2 months. One study showed that increased alpha di-
versity at age 3 months was protective for recurrent wheeze (P =
.007) and atopic wheeze (P = .016).>° Another study showed that
at 3 months, increased alpha diversity was associated with
inhalant atopy (P = .21). Conversely, the same study showed
that at 1 year of age, a decreased alpha diversity was associated
with inhalant atopy.’’

In 8 of 16 studies mentioned, beta diversity was assessed
regarding asthma and/or wheeze outcome. The 8 remaining
studies™ ***"**** did not mention beta diversity. In 4 of the
studies that mentioned beta diversity, there was no significant dif-
ference reported.’®*****> One study reported that bacterial
(PERMANOVA; R®> =009, P< .001) and fungal Bray-Curtis;
PERMANOVA, R?> = 0.037,P = .068) beta diversity differed be-
tween clusters in children with high risk of asthma compared to
those with low risk.”> Another study’' found no difference in
beta diversity at 1 week and 1 month but found a difference in
beta diversity in 1-year-olds with asthma, contrary to asthma-
free 1-year-olds (PERMANOVA; F = 3.4, R? = 0.6%, P =
.003). With the collection of 3-month stool samples, another study
determined significant differences in beta diversity associated
with sensitization to inhalant allergies at 5 years of age.”’ Howev-
er, no differences were found at 1 year of age. Finally, one study
reported beta diversity associated with active asthma in 3-year-
olds (PERMANOVA; F = 2.50, P = .004).*

Fourteen of the 16 included studies reported microbial diversity
and relative abundance. Only one study reported no difference in
microbial diversity in children with asthma compared to control
subjects.*” One study focused entirely on fungi.’’ In the remain-
ing studies, microbial diversity varied; however, lower abundance
in Faecalibacterium at 3 months and 1 year was reported in 6
studies.* 3% 1 ower abundance in Lachnospira was re-
ported in 5 studies™*****143 at 3 months and in one study38 at
3 years. Lower abundance in Bifidobacterium was found in 2
studies.””*? Decrease in relative abundance of Roseburia in 4
studies,‘}1’35’3(”44 Ruminococcus in 3 studies,g’“l’g(’38 and Bacter-
oides in 2 studies”*> was found to be associated with asthmatic
outcomes. Higher relative abundances of Veillonella,>'>%*
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41,44 44,45

Clostridium, and Escherichia were found to be associ-
ated with asthma and asthmatic outcomes at ages 1 to 7 years.

Four studies investigated the association of fungal composition
and asthma.”*"***> One study reported lower abundance (P <
.05) of Malassezia and higher abundance of Candida and Rhodo-
torula in children with high risk of asthma compared to those at
low risk.*” In one study, asthmatic individuals had a difference
in EMA at 2 months of age and had lower EMA at age 1 year
than children without asthma.” In another study, asthmatic indi-
viduals had a difference in EMA at age 2 months and lower EMA
at age 1 year than children without asthma.” One study collected
samples at both 3 months and 1 year, and showed that Saccharo-
myces cerevisiae was found to be an indicator in infants for devel-
opment of inhalant atopy at age 5 years (stat = 0.882; P =.005),
atopy at age 5 years (stat = 0.879; P =.005), or asthma at age 5
years (stat = 0.892; P =.005).”’ This study also reported a lower
abundance of Malassezia and a greater abundance of Rhodotor-
ula, non-albicans Candida at 3 months; lower abundance of De-
baryomyces, Saccharomyces, and Candida, and a higher
abundance of allergy-associated fungi such as Alternaria at 1
year of age in children who developed inhalant atopy compared
to a control group (P <.05).

DISCUSSION

Results of this systematic review found a trend showing that a
higher alpha diversity of bacteria is protective against asthmatic
outcomes in children.***® Previous studies have also shown a
reduced bacterial diversity in airways of individuals with asthma,
especially those with higher eosinophilic inflammation.**” It is
possible that the GLA plays a significant role in the microbial
composition dynamics of both the airways and the gut. However,
most studies included in this systematic review reported alpha di-
versity as not having a significant difference on asthmatic
outcomes, > H3840-43:495 gpe study reported greater alpha di-
versity of fungi at 3 months, and lower alpha diversity of fungi
at 1 year, to be associated with asthmatic outcomes.’’

Results trended toward lower relative abundances of the

. . 3042 . . 34.36,39,43,44
bacteria  Bifidobacterium,’ Faecalibacterium,” "
. 33,36,38,41,43 . 31,35,36,44
Lachnospira,™ """ Roseburia,” 777"
. 34,36,38 L 2235 q - .
Ruminococcus,” " and Bacteroides being associated

with asthma or atopic wheeze between ages 1 and 7 years. In
contrast, higher relative abundances of Veillonella,®'*** Clos-
tridium,*"** and Escherichia***> were found to be associated
with asthma and asthmatic outcomes at ages 1 to 7 years. Lower
relative abundance of the fungi Malassezia and higher relative
abundance of Rhodotorula in infancy were also found to be asso-
ciated with asthmatic outcomes in children aged between 4 and 5
years.”

A previous systematic review by Alcazar and colleagues’m
explored the association between infant gut microbiota and child-
hood respiratory diseases, such as wheezing, asthma, and respira-
tory infections. It included 11 studies, with the most recent being
from 2020. Nine of them were included in our systematic re-
view, 113336394143 by 2 were excluded because they tested res-
piratory infections as an outcome rather than asthma or atopic
wheeze. The authors concluded that there was evidence linking
childhood respiratory illnesses to low alpha diversity and relative
abundance of the specific gut-commensal bacteria genera Bifido-
bacterium, Faecalibacterium, Ruminococcus, and Roseburia.
Three of the studies included in their review also reported findings
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on fungi composition, although all studies showed varying fungal
associations with asthmatic outcomes.””**** In addition to these
3 studies, a study by Boutin et al’’ was included in our review that
also assessed fungal composition. Inclusion of this single addi-
tional study enabled us to find at least 2 studies that show the as-
sociation of lowered relative abundance of Malassezia and higher
relative abundance of Rhodotorula with asthmatic outcomes.”’’

Caution must be practiced before absolute generalizations can
be made on the associations found between specific microbiota
and their impact on asthmatic outcomes as a result of the
heterogenous sample sizes, definition of outcomes, follow-up
times, bioinformatic and statistical approaches, and reference
databases utilized for bacterial taxonomic classification. Addi-
tionally, although an exhaustive search was conducted, there is a
chance we missed some smaller studies when we executed our
search.

Eleven of 16 studies collected stool samples at the age of 1 year
or younger. Seven of 16 studies collected stool samples at 3
months of age, with 5 before the age of 3 months.>>>!#437:3%:41-43
Similarly, 7 studies also collected stool samples at age 1
year,2231:34:35.37.41,43

Four studies collected stool samples at 3 years of age.
Only 2 studies collected stool samples at an age greater than 3
years: one between ages 4 and 7 years and another between
ages 9 and 17 years."”** Most asthma diagnoses occurred around
3 years and beyond. Evidently there is a greater percentage of
asthma diagnoses made via stool samples taken at a later age.*"**

Six of the 11 studies that collected stool at 1 year of age or
younger showed no difference in alpha diversity.zz’3 1334143
However, 2 studies displayed an increase in alpha diversity at 3
months of age.“’35 In contrast, 3 studies that collected stool at
1 year old showed a decrease in alpha diversity.”**>*" This
further solidifies the theory that a diverse gut microbiome at 3
months of age is protective against the future development of
asthma. Four studies of children with stool collected at 3 months
old showed a decrease in Lachnospira.>>>%*** Greater Escheri-
chia abundance was seen in children where the stool sample was
taken from 2 to 7 years of age.“’45 Last, children who had samples
taken between the ages of 9 and 17 years showed no significant
difference in gut microbiota than the control, as well as absence
of alpha and beta diversity.‘m

Any comparison between studies that analyzed stool samples
within the first year of life (0-1 years), as opposed to those that
tested stool samples from older children (above 3 years) should be
interpreted carefully. While acknowledging this caveat, this
systematic review did reveal discernible patterns in the gut
microbiota composition of younger children exhibiting asthmatic
outcomes compared to older children with asthmatic outcomes. In
both age groups, elevated levels of Clostridium, Enterococcus,
and Veillonella were observed, while diminished levels of
Faecalibacterium,>*33%4344 Lachnospira, 33,36384143  and
Ruminococcus®*%** were noted. Regarding distinctions between
the age groups, children aged O to 1 year manifested lower con-
centrations of Bacteroides,””” Bifidobacterium,””"** and Rosebu-
ria.>'2%* Conversely, children aged 3 to 17 years exhibited
higher levels of Escherichia.*** Conclusions about studies that
analyzed stool samples collected after 1 year should be treated
with caution because administration of inhaled corticosteroids
and PB-agonists can also influence gut microbes, resulting in
less-diverse bacteria.

22,32,38,45
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Microbial associations

Bacteria. According to the results of this systematic review, a
significant decrease in levels of Bifidobacterium was observed in
children with asthma or atopic wheeze. Bifidobacterium is a pre-
dominant genus of bacteria in the infant gut and has been demon-
strated to play a crucial role in immune modulation and immune
system development by stimulating the maturation of gut-
associated lymphoid tissue and enhancing the production of reg-
ulatory T cells.”® Furthermore, Bifidobacterium has been shown
to produce an exopolysaccharide that is connected with the cell
surface, the presence of which reduced immune response from
host B cells.”’ Several studies have explored the effects of supple-
menting gut microbiota with Bifidobacterium in animal models to
evaluate its impact on atopic wheeze and asthmatic outcomes.
One murine model of chronic allergic asthma demonstrated the
effectiveness of Bifidobacterium breve treatment as being compa-
rable to budesonide in reducing inflammation.”® Another study
demonstrated strong anti-inflammatory properties of Bifidobacte-
rium breve in conjunction with oligosaccharides in a murine
ovalbumin-induced chronic asthma model.”” Results of this com-
bined treatment demonstrated repressed pulmonary airway
inflammation, decreased T cell-activation and mast cell degranu-
lation, and prevented airway remodelling.

Faecalibacterium, Lachnospira and Roseburia are commensal
bacteria found in the infant gut that have been identified as having
an important role in immune modulation through their production
of butyrate.”* Butyrate is a short-chain fatty acid known for
possessing anti-inflammatory properties. It has been shown to
promote production of anti-inflammatory cytokines such as IL-
10.°°° Animal studies have also shown its involvement in pro-
motion of differentiation and function of regulatory T cells and
dendritic cells, which play a crucial role in maintaining immune
tolerance through the prevention of excessive immune re-
sponses.”*”’ A decreased level of fecal butyrate is associated
with greater levels of IgE and risk of early childhood asthma.**
In contrast, there is a negative correlation seen with increased
levels of Clostridium and butyrate levels. In fact, Clostridium sup-
presses butyrate production.44 Studies that have explored the use
of butyrate as treatment in a mouse model of allergic asthma have
shown reduced airway hyperreactivity and lung inflammation as
well as improved respiratory function.”®’ Further studies that
test the therapeutic use of butyrate-producing bacteria Faecali-
bacterium, Lachnospira and Roseburia in animal models could
be useful in determining probiotic strategies to provide prophy-
laxis against asthmatic risk and pathogenesis.

Fungi. Fungi play an important role in the developing immune
system.”’ Asthma is well known to be triggered by inhaled fungi,
and individuals who are sensitized to fungi have higher rates of
developing asthma compared to those who are sensitized to other
allergens.®!

In the present systematic review, lower relative abundance of
the fungi Malassezia was found to be associated with increased
asthmatic outcomes. Although there are several studies that
have demonstrated the importance of skin microbiota, and specif-
ically Malassezia, in atopic dermatitis, only few have investigated
the serology of Malassezia IgE in asthmatic patients.®” However,
atopic dermatitis is itself linked to the increased incidence of
atopic respiratory illnesses, including asthma, and therefore care-
ful analysis of these studies might provide insights into the role
Malassezia may play in allergy.®® Incidentally, Fujimura et al®’
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reported Malassezia as being “characteristically enriched” in
newborn gut microbiota. Further studies focused on its biochem-
ical role in immune modulation may be required to understand
how its dysbiosis in the gut might influence asthma development.

In contrast, Rhodotorula was found to be increased in children
at high risk of developing asthma. Previously, airway microbiota
of individuals with eosinophilic asthma has been found to be en-
riched with Rhodotorula.®* It would be interesting to compare re-
sults of studies that determine both airway and gut microbiota in
order to determine the extent of GLA interaction and the role it
may play in the regulation of asthmatic outcomes.

Candida was another fungus found to be associated with
asthma in children. While Fujimura et al’” found higher levels
of gut Candida at 1 and 6 months to be associated with asthma
at 4 years, Boutin et al’’ found higher levels of non-albicans
Candida at 3 months and lower levels of Candida at 1 year to
be associated with asthma at age 5 years. While these results
are contradictory, previously, Candida albicans—specific IgE
sensitization has been shown to be strongly correlated with persis-
tent serious illness in asthma.®” Candida in the gut produces pros-
taglandin E,, which can travel to the lungs and induce lung M2
macrophage polarization, leading to allergic airway inflamma-
tion."> Further studies focusing on determining the association
of Candida dysbiosis in the gut to asthmatic outcomes are
required.

Clinical implications

The association between gut microbiota composition and
asthma pathogenesis has significant clinical implications. Recent
studies have even demonstrated that early asthma is linked to
maternal fecal beta diversity during pregnancy (PERMANOVA;
F = 1.65, P =.05).”” In the future, early screening and risk assess-
ment of gut microbiota composition from both infants and preg-
nant mothers may help determine microbial signatures
associated with asthma susceptibility, therefore helping identify
at-risk individuals.

Within the scope of this systematic review, it is important to
acknowledge a notable limitation inherent in the analyzed studies.
A discernible gap emerges as the studies did not systematically
consider obesity as a confounding factor when evaluating
asthmatic status. This oversight gains significance considering
the findings by Michalovich et al,°® which emphasizes the influ-
ential role of obesity in restructuring microbiota composition
and amplifying perturbed microbiome—immune interactions
among asthma patients. The absence of obesity as a controlled
variable introduces a potential confounding influence, thereby
warranting a cautious interpretation of the identified associations
between gut microbiota dysbiosis and childhood asthma. Further-
more, the investigation by Michalovich et al offers compelling in-
sights into a prospective avenue for therapeutic intervention.
Specifically, it highlights a potential nonredundant role for Akker-
mansia muciniphila in individuals exhibiting a severe asthma
phenotype. The current systematic review did not identify dimin-
ished levels of A muciniphila in children with asthmatic out-
comes. Nevertheless, the observed inverse correlation between
the severity of asthma and fecal A muciniphila levels, coupled
with demonstrated alleviation of airway hyperreactivity and
inflammation in murine models after A muciniphila administra-
tion, underscores the need for sustained research in this direction.
Such investigations could hold promise for wuncovering
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personalized therapeutic approaches to mitigate repercussions
of severe asthma in pediatric populations.

Treatment strategies against asthma risk and severity may also
potentially include possible measures to restore the gut flora to
normal levels. Dietary factors play a pivotal part in shaping the
composition of the microbiota, and nutritional interventions
aimed at modifying the gut microbiota should thus be considered
in asthma management. A notable limitation of this proposition
stems from an inherent constraint in the methodologies used
across the studies we included in this systematic review.
Specifically, there is a lack of consideration of dietary patterns
among children with asthma in contrast to their nonasthmatic
counterparts. Nevertheless, it is pertinent to acknowledge that
interventions involving high-fiber diets have been implemented in
mouse models to investigate asthmatic outcomes, although they
have yielded conflicting results.”*® For instance, Wen et al®’
examined the effects of a high-cellulose diet in a mouse model
of asthma and found pathologic lung symptoms, changes in intes-
tinal microbiota, and alterations in short-chain fatty acids in the
mouse intestines. In mice with asthma, a diet high in cellulose
was found to lessen lung inflammation and asthmatic symptoms.
In contrast, Zhang et al®® found that an excessively high-fiber sup-
plement had a promoting allergic effect rather than a protective
one in allergic airway disease model mice. The high cellulose
supplement increased nasal rubbing and sneezing, eosinophil
inflammation, and goblet cell metaplasia in subepithelial mucosa,
and it promoted T2 skewing of the immune response as well as
production of serum levels of ovalbumin-specific IgE. Further
research in animal and human models can address the discrep-
ancies and may suggestive an optimal level of fiber supplementa-
tion for protective effects.

Probiotic interventions have emerged as a potential therapeutic
approach in modulating gut microbiota to mitigate asthmatic
symptoms. Probiotics are live microorganisms that, when admin-
istered in adequate amounts, confer health benefits to the host.
Various studies have investigated the efficacy of probiotics in
asthma management, albeit with conflicting results.*””’' In a
meta-analysis of randomized control trials conducted between
2009 and 2019, Wawryk-Gawda et al”' found postnatal probiotics
supplementation ineffective in asthmatic risk reduction; however,
in children who received prebiotics or synbiotics, some risk pre-
vention factors were observed. In contrast, a meta-analysis of ran-
domized controlled trials conducted by Uwaezuoke and
colleagues’” targeting studies between 2017 and 2022 did find
postnatal strain-specific probiotics to be effective in preventing
allergies, and also found specific strains to be more effective in
improving asthmatic outcomes. A systematic review by Colquitt
et al°” focused on probiotic supplementation during pregnancy to
determine risk reduction effects in asthmatic outcome of children.
While findings were mixed, there was some evidence that prenatal
probiotics are beneficial in children at high risk for developing al-
lergies. To infer a more conclusive answer on the effectiveness of
nutritional interventions, larger-scale research is necessary, with
at-risk groups as the focal point of such investigations.

Fecal microbiota transplantation (FMT), which involves trans-
ferring microbiota from a healthy donor to a recipient, has
demonstrated encouraging outcomes in the management of
various gastrointestinal illnesses.’” In one study, bacteriotherapy
activated a specific pathway involving the MyD88 protein and the
ROR-vt protein in regulatory T cells. This helps protect against
food allergies, which were lacking in food-allergic children and



J ALLERGY CLIN IMMUNOL GLOBAL
VOLUME 3, NUMBER 3

mice.”? Although its efficacy has not been studied properly in the
context of asthma, early research points to a potential therapeutic
benefit.”* A recent systematic review exploring the effects of
FMT on prevention of allergies concluded that, while promising,
further research is required in both animal and human models.”
Further research is thus warranted to investigate the long-term ef-
fects and optimal protocols for FMT in asthma treatment.

Conclusion

The interplay between gut microbiota composition and child-
hood asthma is a topic of significant interest. This systematic
review highlights the potential association between specific
microbial taxa and asthmatic outcomes, suggesting that higher
bacterial alpha diversity and certain beneficial bacteria may have
protective effects, while lower abundances of specific bacteria
and fungi may be associated with increased asthma risk. Because

. . . . 39
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. . 4-36.39.43 .44 . k 3
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Roseburia, and Bacteroides,
as well as the fungus Malassezia, were found to be associated
with asthma or atopic wheeze in young children, these bacteria
may be considered to play a beneficial role. These findings under-
score the importance of early life gut microbiota in shaping the
immune system and influencing asthma development. Further
research is needed to identify microbial signatures associated
with asthma susceptibility, allowing for early identification of
at-risk individuals and development of targeted preventative
and therapeutic interventions against asthma. Strategies such as
dietary modifications, probiotic supplementation, and FMT hold
promise and warrant further investigation. By unraveling the intri-
cate relationship between gut microbiota and childhood asthma,
we can pave the way for individualized approaches to asthma pre-
vention and treatment.

DISCLOSURE STATEMENT

Supported by Uniwersytet Jagiellonski,
Medicum.

Disclosure of potential conflict of interest: The authors declare
that they have no relevant conflicts of interest.

UJ Collegium

REFERENCES

1. The global asthma report, 2022. Int J Tuberc Lung Dis 2022;26(suppl 1):1-104.
https://doi.org/10.5588/ijtld.22.1010

2. Reddel HK, Bacharier LB, Bateman ED, Brightling CE, Brusselle GG, Buhl R,
et al. Global Initiative for Asthma Strategy 2021: executive summary and rationale
for key changes. Am J Respir Crit Care Med 2022;205:17-35. https://doi.org/
10.1164/rccm.202109-2205PP

3. Ducharme FM, Tse SM, Chauhan B. Diagnosis, management, and prognosis of pre-
school wheeze. Lancet 2014;383:1593-604. https://doi.org/10.1016/S0140-6736(14)
60615-2

4. Suarez CJ, Parker NJ, Finn PW. Innate immune mechanism in allergic asthma. Curr
Allergy Asthma Rep 2008;8:451-9. https://doi.org/10.1007/s11882-008-0085-8

5. Lambrecht B, Hammad H. The immunology of asthma. Nat Immunol 2015;16:
45-56. https://doi.org/10.1038/ni.3049

6. Huang YJ, Boushey HA. The microbiome in asthma. J Allergy Clin Immunol
2015;135:25-30. https://doi.org/10.1016/j.jaci.2014.11.011

7. Frati F, Salvatori C, Incorvaia C, Bellucci A, Di Cara G, Marcucci F, et al. The role
of the microbiome in asthma: the gut—lung axis. Int J Mol Sci 2018;20:123. https:
//doi.org/10.3390/ijms20010123

8. Lynch SV, Pedersen O. The human intestinal microbiome in health and disease. N
Engl J Med 2016;375:2369-79. https://doi.org/10.1056/NEJMral600266

9. Liu MY, Yang ZY, Dai WK, Huang JQ, Li YH, Zhang J, et al. Protective effect of
Bifidobacterium infantis CGMCC313-2 on ovalbumin-induced airway asthma and

10.

11.

15.

17.

18.

19.

20.

21.

22.

24.

25.

26.

217.

28.

29.

30.

ASLAM ET AL 9

beta-lactoglobulin—induced intestinal food allergy mouse models. World J Gastro-
enterol 2017;23:2149-58. https://doi.org/10.3748/wjg.v23.112.2149

Raftis EJ, Delday MI, Cowie P, McCluskey SM, Singh MD, Ettorre A, et al. Bifi-
dobacterium breve MRx0004 protects against airway inflammation in a severe
asthma model by suppressing both neutrophil and eosinophil lung infiltration.
Sci Rep 2018;8:12024. https://doi.org/10.1038/s41598-018-30448-z

Fujimura KE, Demoor T, Rauch M, Farugia AA, Jang S, Johnson C, et al. House
dust exposure mediates gut microbiome Lactobacillus enrichment and airway im-
mune defense against allergens and virus infection. Proc Natl Acad Sci U S A
2014;111:805-10. https://doi.org/10.1073/pnas.1310750111

. Gensollen T, Iyer SS, Kasper DL, Blumberg RS. How colonization by microbiota

in early life shapes the immune system. Science 2016;352:539-44. https:
//doi.org/10.1126/science.aad9378

. Abdel-Aziz MI, Vijverberg STH, Neerincx AH, Kraneveld AD, Maitland-van der

Zee AH. The crosstalk between microbiome and asthma: exploring associations
and challenges. Clin Exp Allergy 2019;49:1067-86. https://doi.org/10.1111/
cea.13444

. Budden KF, Gellatly SL, Wood DLA, Cooper MA, Morrison M, Hugenholtz P,

et al. Emerging pathogenic links between microbiota and the gut-lung axis. Nat
Rev Microbiol 2017;15:55-63. https://doi.org/10.1038/nrmicro.2016.142

Enaud R, Prevel R, Ciarlo E, Beaufils F, Wieérs G, Guery B, et al. The gut-lung
axis in health and respiratory diseases: a place for inter-organ and inter-kingdom
crosstalks. Front Cell Infect Microbiol 2020;10:9. https://doi.org/10.3389/
fcimb.2020.00009

. Abrahamsson TR, Jakobsson HE, Andersson AF, Bjorkstén B, Engstrand L,

Jenmalm MC. Low gut microbiota diversity in early infancy precedes asthma
at school age. Clin Exp Allergy 2014;44:842-50. https://doi.org/10.11
11/cea.12253

Simonyte Sjodin K, Vidman L, Ryden P, West CE. Emerging evidence of the role
of gut microbiota in the development of allergic diseases. Curr Opin Allergy Clin
Immunol 2016;16:390-5. https://doi.org/10.1097/ACI.0000000000000277
Tamburini S, Shen N, Wu HC, Clemente JC. The microbiome in early life: impli-
cations for health outcomes. Nat Med 2016;22:713-22. https://doi.org/10.1038/
nm.4142

Shao Y, Forster SC, Tsaliki E, Vervier K, Strang A, Simpson N, et al. Stunted mi-
crobiota and opportunistic pathogen colonization in caesarean-section birth. Nature
2019;574:117-21. https://doi.org/10.1038/s41586-019-1560-1

Gurdeniz G, Ernst M, Rago D, Kim M, Courraud J, Stokholm J, et al. Neonatal
metabolome of caesarean section and risk of childhood asthma. Eur Respir J
2022;59:2102406. https://doi.org/10.1183/13993003.02406-2021

Stokholm J, Thorsen J, Blaser MJ, Rasmussen MA, Hjelmso M, Shah S, et al. De-
livery mode and gut microbial changes correlate with an increased risk of child-
hood asthma. Sci Transl Med 2020;12:eaax9929. https://doi.org/10.1126/scitr
anslmed.aax9929

Lee-Sarwar KA, Chen YC, Chen YY, Kozyrskyj AL, Mandhane PJ, Turvey SE,
et al. The maternal prenatal and offspring early-life gut microbiome of childhood
asthma phenotypes. Allergy 2023;78:418-28. https://doi.org/10.1111/all.15516

. Lehtimaki J, Thorsen J, Rasmussen MA, Hjelmsg M, Shah S, Mortensen MS, et al.

Urbanized microbiota in infants, immune constitution, and later risk of atopic dis-
eases. J Allergy Clin Immunol 2021;148:234-43. https://doi.org/10.1016/j.jaci.
2020.12.621

Chao A, Chiu CH, Jost L. Unifying species diversity, phylogenetic diversity, functional
diversity, and related similarity and differentiation measures through hill numbers.
Annu Rev Ecol Evol Syst 2014;45:297-324. https://doi.org/10.1146/annurev-
ecolsys-120213-091540

Anderson MJ, Crist TO, Chase JM, Vellend M, Inouye BD, Freestone AL, et al.
Navigating the multiple meanings of B diversity: a roadmap for the practicing
ecologist. Ecol Lett 2011;14:19-28. https://doi.org/10.1111/j.1461-0248.
2010.01552.x

Williams RJ, Howe A, Hofmockel KS. Demonstrating microbial co-occurrence
pattern analyses within and between ecosystems. Front Microbiol 2014;5:358.
https://doi.org/10.3389/fmicb.2014.00358

Louca S, Polz MF, Mazel F, Albright MBN, Huber JA, O’Connor MI, et al. Func-
tion and functional redundancy in microbial systems. Nat Ecol Evol 2018;2:
936-43. https://doi.org/10.1038/s41559-018-0519-1

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK,
et al. QIIME allows analysis of high-throughput community sequencing data. Nat
Methods 2010;7:335-6. https://doi.org/10.1038/nmeth.f.303

Lozupone CA, Hamady M, Kelley ST, Knight R. Quantitative and qualitative 8 diver-
sity measures lead to different insights into factors that structure microbial commu-
nities. Appl Environ Microbiol 2007;73:1576-85. https://doi.org/10.1128/AEM.
01996-06

Alcazar CGM, Paes VM, Shao Y, Oesser C, Miltz A, Lawley TD, et al. The associ-
ation between early-life gut microbiota and childhood respiratory diseases: a


https://doi.org/10.5588/ijtld.22.1010
https://doi.org/<?show [?tjl=20mm]&tjlpc;[?tjl]?>10.1164/rccm.202109-2205PP
https://doi.org/<?show [?tjl=20mm]&tjlpc;[?tjl]?>10.1164/rccm.202109-2205PP
https://doi.org/10.1016/S0140-6736(14)60615-2
https://doi.org/10.1016/S0140-6736(14)60615-2
https://doi.org/10.1007/s11882-008-0085-8
https://doi.org/10.1038/ni.3049
https://doi.org/10.1016/j.jaci.2014.11.011
https://doi.org/10.3390/ijms20010123
https://doi.org/10.3390/ijms20010123
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.3748/wjg.v23.i12.2149
https://doi.org/10.1038/s41598-018-<?thyc=10?>30448-z<?thyc?>
https://doi.org/10.1073/pnas.1310750111
https://doi.org/10.1126/science.aad9378
https://doi.org/10.1126/science.aad9378
https://doi.org/10.1111/<?show [?tjl=20mm]&tjlpc;[?tjl]?>cea.13444
https://doi.org/10.1111/<?show [?tjl=20mm]&tjlpc;[?tjl]?>cea.13444
https://doi.org/10.1038/nrmicro.2016.142
https://doi.org/10.3389/<?show [?tjl=20mm]&tjlpc;[?tjl]?>fcimb.2020.00009
https://doi.org/10.3389/<?show [?tjl=20mm]&tjlpc;[?tjl]?>fcimb.2020.00009
https://doi.org/10.11<?show [?tjl=20mm]&tjlpc;[?tjl]?>11/cea.12253
https://doi.org/10.11<?show [?tjl=20mm]&tjlpc;[?tjl]?>11/cea.12253
https://doi.org/10.1097/ACI.0000000000000277
https://doi.org/10.1038/<?show [?tjl=20mm]&tjlpc;[?tjl]?>nm.4142
https://doi.org/10.1038/<?show [?tjl=20mm]&tjlpc;[?tjl]?>nm.4142
https://doi.org/10.1038/s41586-019-1560-1
https://doi.org/10.1183/13993003.02406-2021
https://doi.org/10.1126/scitr<?show [?tjl=20mm]&tjlpc;[?tjl]?>anslmed.aax9929
https://doi.org/10.1126/scitr<?show [?tjl=20mm]&tjlpc;[?tjl]?>anslmed.aax9929
https://doi.org/10.1111/all.15516
https://doi.org/10.1016/j.jaci.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2019.02.032
https://doi.org/10.1016/j.jaci.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2019.02.032
https://doi.org/10.1146/annurev-<?show [?tjl=20mm]&tjlpc;[?tjl]?>ecolsys-120213-091540
https://doi.org/10.1146/annurev-<?show [?tjl=20mm]&tjlpc;[?tjl]?>ecolsys-120213-091540
https://doi.org/10.1111/j.1461-0248.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2010.01552.x
https://doi.org/10.1111/j.1461-0248.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2010.01552.x
https://doi.org/10.3389/fmicb.2014.00358
https://doi.org/10.1038/s41559-018-0519-1
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1128/AEM.<?show [?tjl=20mm]&tjlpc;[?tjl]?>01996-06
https://doi.org/10.1128/AEM.<?show [?tjl=20mm]&tjlpc;[?tjl]?>01996-06

10 ASLAM ET AL

31.

32.

33.

34.

35.

37.

38.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

systematic review. Lancet Microbe 2022;3:e867-80. https://doi.org/10.1016/S2666-
5247(22)00184-7

Stokholm J, Blaser MJ, Thorsen J, Rasmussen MA, Waage J, Vinding RK, et al.
Maturation of the gut microbiome and risk of asthma in childhood. Nat Commun
2018;9:141. https://doi.org/10.1038/s41467-017-02573-2

Lee-Sarwar KA, Kelly RS, Lasky-Su J, Zeiger RS, O’Connor GT, Sandel MT,
et al. Integrative analysis of the intestinal metabolome of childhood asthma.
J Allergy Clin Immunol 2019;144:442-54. https://doi.org/10.1016/j.jaci.
2019.02.032

Galazzo G, van Best N, Bervoets L, Dapaah 10, Savelkoul PH, Hornef MW, et al.
Development of the microbiota and associations with birth mode, diet, and atopic
disorders in a longitudinal analysis of stool samples, collected from infancy
through early childhood. Gastroenterology 2020;158:1584-96. https://doi.org/
10.1053/j.gastro.2020.01.024

Patrick D, Sbihi H, Dai D, al Mamun A, Rasali D, Rose C, et al. Decreasing anti-
biotic use, the gut microbiota, and asthma incidence in children: evidence from
population-based and prospective cohort studies. Lancet Respir Med 2020;8:
1094-105. https://doi.org/10.1016/S2213-2600(20)30052-7

Depner M, Taft DH, Kirjavainen PV, Kalanetra KM, Karvonen AM, Peschel S,
et al. Maturation of the gut microbiome during the first year of life contributes
to the protective farm effect on childhood asthma. Nat Med 2020;26:1766-75.
https://doi.org/10.1038/s41591-020-1095-x

. Boutin RCT, Sbihi H, Dsouza M, Malhotra R, Petersen C, Dai D, et al. Mining the

infant gut microbiota for therapeutic targets against atopic disease. Allergy 2020;
75:2065. https://doi.org/10.1111/all.14244

Boutin RCT, Sbihi H, McLaughlin RJ, Hahn AS, Konwar KM, Loo RS, et al.
Composition and associations of the infant gut fungal microbiota with environ-
mental factors and childhood allergic outcomes. mBio 2021;12:¢0339620.
https://doi.org/10.1128/mBi0.03396-20

Lee-Sarwar K, Dedrick S, Momeni B, Kelly RS, Zeiger RS, O’Connor GT, et al.
Association of the gut microbiome and metabolome with wheeze frequency in
childhood asthma. J Allergy Clin Immunol 2022;150:325-36. https://doi.org/
10.1016/j.jaci.2022.02.005

. Fujimura KE, Sitarik AR, Havstad S, Lin DL, Levan S, Fadrosh D, et al. Neonatal

gut microbiota associates with childhood multisensitized atopy and T cell differen-
tiation. Nat Med 2016;22:1187-91. https://doi.org/10.1038/nm.4176

Hsieh CS, Rengarajan S, Kau A, Tarazona-Meza C, Nicholson A, Checkley W,
et al. Altered IgA response to gut bacteria is associated with childhood asthma
in Peru. J Immunol 2021;207:398-407. https://doi.org/10.4049/jimmunol.
2001296

Stiemsma LT, Arrieta MC, Dimitriu PA, Cheng J, Thorson L, Lefebvre DL, et al.
Shifts in Lachnospira and Clostridium sp in the 3-month stool microbiome are
associated with preschool age asthma. Clin Sci (Lond) 2016;130:2199-207.
Arrieta MC, Arévalo A, Stiemsma L, Dimitriu P, Chico ME, Loor S, et al. Asso-
ciations between infant fungal and bacterial dysbiosis and childhood atopic wheeze
in a nonindustrialized setting. J Allergy Clin Immunol 2018;142:424-34.e10. https:
//doi.org/10.1016/j.jaci.2017.08.041

Arrieta MC, Stiemsma L, Dimitriu P, Thorson L, Russell S, Yurist-Doutsch S,
et al. Early infancy microbial and metabolic alterations affect risk of childhood
asthma. Sci Transl Med 2015;7:307ral52. https://doi.org/10.1126/scitranslmed.
aab2271

Chiu CY, Cheng ML, Chiang MH, Kuo YL, Tsai MH, Chiu CC, et al. Gut
microbial-derived butyrate is inversely associated with IgE responses to allergens
in childhood asthma. Pediatr Allergy Immunol 2019;30:689-97. https://doi.org/
10.1111/pai.13096

Bannier M, Bervoets L, Best N Van, Jobsis Q, Dompeling E, Penders J. Gut micro-
biota in wheezing preschool children and the development of childhood asthma.
Eur Respir J 2019;54:PA4507. https://doi.org/10.1183/13993003.congress-2019.
PA4507

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ri-
bosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res 2013;41:D590-6. https://doi.org/10.1093//nar/gks1219
Expert Panel Report 3. (EPR-3): guidelines for the diagnosis and management of
asthma—summary report, 2007. J Allergy Clin Immunol 2007;120:594-138.
https://doi.org/10.1016/j.jaci.2007.09.029

Sverrild A, Kiilerich P, Brejnrod A, Pedersen R, Porsbjerg C, Bergqvist A, et al.
Eosinophilic airway inflammation in asthmatic patients is associated with an
altered airway microbiome. J Allergy Clin Immunol 2017;140:407-17.el1. https:
//doi.org/10.1016/j.jaci.2016.10.046

Taylor SL, Leong LEX, Choo JM, Wesselingh S, Yang IA, Upham JW, et al. In-
flammatory phenotypes in patients with severe asthma are associated with distinct
airway microbiology. J Allergy Clin Immunol 2018;141:94-103.e15. https:
//doi.org/10.1016/j.jaci.2017.03.044

50.

51

—

52.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

J ALLERGY CLIN IMMUNOL GLOBAL
AUGUST 2024

Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune responses
during health and disease. Nat Rev Immunol 2009;9:313-23. https://doi.org/10.
1038/nri2515

Fanning S, Hall L, Cronin M, Zomer A, MacSharry J, Goulding D, et al. Bifido-
bacterial ~surface-exopolysaccharide
through immune modulation and pathogen protection. Proc Natl Acad Sci U S A
2012;109:2108-13.

Sagar S, Morgan M, Chen S, Vos A, Garssen J, van bergenhenegouwen J, et al. Bi-
fidobacterium breve and Lactobacillus rhamnosus treatment is as effective as bude-
sonide at reducing inflammation in a murine model for chronic asthma. Respir Res
2014;15:46. https://doi.org/10.1186/1465-9921-15-46

facilitates commensal-host interaction

. Sagar S, Vos AP, Morgan ME, Garssen J, Georgiou NA, Boon L, et al. The com-

bination of Bifidobacterium breve with non-digestible oligosaccharides suppresses
airway inflammation in a murine model for chronic asthma. Biochim Biophys Acta
2014;1842:573-83. https://doi.org/10.1016/j.bbadis.2014.01.005

Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly-Y M,
et al. The microbial metabolites, short-chain fatty acids, regulate colonic Treg
cell homeostasis. Science 2013;341:569-73. https://doi.org/10.1126/SCIENCE.
1241165

Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al.
Commensal microbe—derived butyrate induces the differentiation of colonic regu-
latory T cells. Nature 2013;504:446-50. https://doi.org/10.1038/nature 12721
Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermidez-Humaran LG, Grata-
doux JJ, et al. Faecalibacterium prausnitzii is an anti-inflammatory commensal
bacterium identified by gut microbiota analysis of Crohn disease patients. Proc
Natl Acad Sci U S A 2008;105:16731-6. https://doi.org/10.1073/pnas.0804
812105

Louis P, Flint HJ. Formation of propionate and butyrate by the human colonic mi-
crobiota. Environ Microbiol 2017;19:29-41. https://doi.org/10.1111/1462-2920.
13589

Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, Ngom-Bru
C, et al. Gut microbiota metabolism of dietary fiber influences allergic airway
disease and hematopoiesis. Nat Med 2014;20:159-66. https://doi.org/10.10
38/nm.3444

Nembrini C, Sichelstiel A, Kisielow J, Kurrer M, Kopf M, Marsland BJ. Bacterial-
induced protection against allergic inflammation through a multicomponent immu-
noregulatory mechanism. Thorax 2011;66:755-63. https://doi.org/10.1136/thx.
2010.152512

Lagree K, Underhill DM. Candida-induced asthma steps up to the plate-lets. Im-
munity 2021;54:2442-4. https://doi.org/10.1016/j.immuni.2021.10.014

Valero A, Quirce S, Davila I, Delgado J, Dominguez-Ortega J. Allergic respiratory
disease: different allergens, different symptoms. Allergy 2017;72:1306-16. https:
/ldoi.org/10.1111/all.13141

Sonesson A, Bartosik J, Christiansen J, Roscher I, Nilsson F, Schmidtchen A, et al.
Sensitization to skin-associated microorganisms in adult patients with atopic
dermatitis is of importance for disease severity. Acta Derm Venereol 2013;93:
340-5. https://doi.org/10.2340/00015555-1465

Ong PY, Ferdman RM, Church JA. Association of microbial IgE sensitizations with
asthma in young children with atopic dermatitis. Ann Allergy Asthma Immunol
2012;108:212-3. https://doi.org/10.1016/j.anai.2011.12.016

Yang R, Zhang Q, Ren Z, Li H, Ma Q. Different airway inflammatory phenotypes
correlate with specific fungal and bacterial microbiota in asthma and chronic
obstructive pulmonary disease. J Immunol Res 2022;2022:2177810-84. https:
/ldoi.org/10.1155/2022/2177884

Woolnough KF, Richardson M, Newby C, Craner M, Bourne M, Monteiro W, et al.
The relationship between biomarkers of fungal allergy and lung damage in asthma.
Clin Exp Allergy 2017;47:48-56. https://doi.org/10.1111/cea.12848

Michalovich D, Rodriguez-Perez N, Smolinska S, Pirozynski M, Mayhew D, Ud-
din S, et al. Obesity and disease severity magnify disturbed microbiome—-immune
interactions in asthma patients. Nat Commun 2019;10:5711. https://doi.org/10.
1038/541467-019-13751-9

Wen S, Yuan G, Li C, Xiong Y, Zhong X, Li X. High cellulose dietary intake re-
lieves asthma inflammation through the intestinal microbiome in a mouse model.
PLoS One 2022;17:¢0263762. https://doi.org/10.1371/journal.pone.0263762
Zhang Z, Shi L, Pang W, Wang X, Li J, Wang H, et al. Is a high-fiber diet able to
influence ovalbumin-induced allergic airway inflammation in a mouse model? Al-
lergy Rhinol 2016;7:213-22. https://doi.org/10.2500/ar.2016.7.0186

Colquitt AS, Miles EA, Calder PC. Do probiotics in pregnancy reduce allergies and
asthma in infancy and childhood? A systematic review. Nutrients 2022;14:1852.
https://doi.org/10.3390/nu14091852

Uwaezuoke SNN, Ayuk ACC, Eze JNN, Odimegwu CLL, Ndiokwelu COO, Eze
ICC. Postnatal probiotic supplementation can prevent and optimize treatment of
childhood asthma and atopic disorders: a systematic review of randomized


https://doi.org/10.1016/S2666-<?show [?tjl=20mm]&tjlpc;[?tjl]?>5247(22)00184-7
https://doi.org/10.1016/S2666-<?show [?tjl=20mm]&tjlpc;[?tjl]?>5247(22)00184-7
https://doi.org/10.1038/s41467-017-02573-2
https://doi.org/10.1016/j.jaci.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2019.02.032
https://doi.org/10.1016/j.jaci.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2019.02.032
https://doi.org/<?show [?tjl=20mm]&tjlpc;[?tjl]?>10.1053/j.gastro.2020.01.024
https://doi.org/<?show [?tjl=20mm]&tjlpc;[?tjl]?>10.1053/j.gastro.2020.01.024
https://doi.org/10.1016/S2213-2600(20)30052-7
https://doi.org/10.1038/s41591-020-<?thyc=10?>1095-x<?thyc?>
https://doi.org/10.1111/all.14244
https://doi.org/10.1128/mBio.03396-20
https://doi.org/<?show [?tjl=20mm]&tjlpc;[?tjl]?>10.1016/j.jaci.2022.02.005
https://doi.org/<?show [?tjl=20mm]&tjlpc;[?tjl]?>10.1016/j.jaci.2022.02.005
https://doi.org/10.1038/nm.4176
https://doi.org/10.4049/jimmunol.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2001296
https://doi.org/10.4049/jimmunol.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2001296
http://refhub.elsevier.com/S2772-8293(24)00085-7/sref41
http://refhub.elsevier.com/S2772-8293(24)00085-7/sref41
http://refhub.elsevier.com/S2772-8293(24)00085-7/sref41
https://doi.org/10.1016/j.jaci.2017.08.041
https://doi.org/10.1016/j.jaci.2017.08.041
https://doi.org/10.1126/scitranslmed.<?show [?tjl=20mm]&tjlpc;[?tjl]?>aab2271
https://doi.org/10.1126/scitranslmed.<?show [?tjl=20mm]&tjlpc;[?tjl]?>aab2271
https://doi.org/<?show [?tjl=20mm]&tjlpc;[?tjl]?>10.1111/pai.13096
https://doi.org/<?show [?tjl=20mm]&tjlpc;[?tjl]?>10.1111/pai.13096
https://doi.org/10.1183/13993003.congress-2019.<?show [?tjl=20mm]&tjlpc;[?tjl]?>PA4507
https://doi.org/10.1183/13993003.congress-2019.<?show [?tjl=20mm]&tjlpc;[?tjl]?>PA4507
https://doi.org/10.1093//nar/gks1219
https://doi.org/10.1016/j.jaci.2007.09.029
https://doi.org/10.1016/j.jaci.2016.10.046
https://doi.org/10.1016/j.jaci.2016.10.046
https://doi.org/10.1016/j.jaci.2017.03.044
https://doi.org/10.1016/j.jaci.2017.03.044
https://doi.org/10.<?show [?tjl=20mm]&tjlpc;[?tjl]?>1038/nri2515
https://doi.org/10.<?show [?tjl=20mm]&tjlpc;[?tjl]?>1038/nri2515
http://refhub.elsevier.com/S2772-8293(24)00085-7/sref51
http://refhub.elsevier.com/S2772-8293(24)00085-7/sref51
http://refhub.elsevier.com/S2772-8293(24)00085-7/sref51
http://refhub.elsevier.com/S2772-8293(24)00085-7/sref51
https://doi.org/10.1186/1465-9921-15-46
https://doi.org/10.1016/j.bbadis.2014.01.005
https://doi.org/10.1126/SCIENCE.<?show [?tjl=20mm]&tjlpc;[?tjl]?>1241165
https://doi.org/10.1126/SCIENCE.<?show [?tjl=20mm]&tjlpc;[?tjl]?>1241165
https://doi.org/10.1038/nature12721
https://doi.org/10.1073/pnas.0804<?show [?tjl=20mm]&tjlpc;[?tjl]?>812105
https://doi.org/10.1073/pnas.0804<?show [?tjl=20mm]&tjlpc;[?tjl]?>812105
https://doi.org/10.1111/1462-2920.<?show [?tjl=20mm]&tjlpc;[?tjl]?>13589
https://doi.org/10.1111/1462-2920.<?show [?tjl=20mm]&tjlpc;[?tjl]?>13589
https://doi.org/10.10<?show [?tjl=20mm]&tjlpc;[?tjl]?>38/nm.3444
https://doi.org/10.10<?show [?tjl=20mm]&tjlpc;[?tjl]?>38/nm.3444
https://doi.org/10.1136/thx.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2010.152512
https://doi.org/10.1136/thx.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2010.152512
https://doi.org/10.1016/j.immuni.2021.10.014
https://doi.org/10.1111/all.13141
https://doi.org/10.1111/all.13141
https://doi.org/10.2340/00015555-1465
https://doi.org/10.1016/j.anai.2011.12.016
https://doi.org/10.1155/2022/2177884
https://doi.org/10.1155/2022/2177884
https://doi.org/10.1111/cea.12848
https://doi.org/10.<?show [?tjl=20mm]&tjlpc;[?tjl]?>1038/s41467-019-13751-9
https://doi.org/10.<?show [?tjl=20mm]&tjlpc;[?tjl]?>1038/s41467-019-13751-9
https://doi.org/10.1371/journal.pone.0263762
https://doi.org/10.2500/ar.2016.7.0186
https://doi.org/10.3390/nu14091852

J ALLERGY CLIN IMMUNOL GLOBAL
VOLUME 3, NUMBER 3

71.

72.

controlled trials. Front Pediatr 2022;10:956141. https://doi.org/10.3389/fped.
2022.956141

Wawryk-Gawda E, Markut-Miotta E, Emeryk A. Postnatal probiotics administra-
tion does not prevent asthma in children, but using prebiotics or synbiotics may
be the effective potential strategies to decrease the frequency of asthma in high-
risk children—a meta-analysis of clinical trials. Allergol Immunopathol (Madr)
2021;49:4-14. https://doi.org/10.15586/aei.v49i4.69

Cammarota G, Ianiro G, Bibbo S, Gasbarrini A. Gut microbiota modulation: pro-
biotics, antibiotics or fecal microbiota transplantation? Intern Emerg Med 2014;9:
365-73. https://doi.org/10.1007/s11739-014-1069-4

73.

74.

75.

ASLAM ET AL 11

Abdel-Gadir A, Stephen-Victor E, Gerber GK, Noval Rivas M, Wang S, Harb H,
et al. Microbiota therapy acts via a regulatory T cell MyD88/RORvt pathway to
suppress food allergy. Nat Med 2019;25:1164-74. https://doi.org/10.1038/s41
591-019-0461-z

Kang Y, Cai Y. Future prospect of faecal microbiota transplantation as a potential
therapy in asthma. Allergol Immunopathol (Madr) 2018;46:307-9. https:
/ldoi.org/10.1016/j.aller.2017.04.008

Jensen C, Antonsen MF, Lied GA. Gut microbiota and fecal microbiota transplan-
tation in patients with food allergies: a systematic review. Microorganisms 2022;
10:1904. https://doi.org/10.3390/microorganisms10101904


https://doi.org/10.3389/fped.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2022.956141
https://doi.org/10.3389/fped.<?show [?tjl=20mm]&tjlpc;[?tjl]?>2022.956141
https://doi.org/10.15586/aei.v49i4.69
https://doi.org/10.1007/s11739-014-1069-4
https://doi.org/10.1038/s41<?show [?tjl=20mm]&tjlpc;[?tjl]?>591-019-<?thyc=10?>0461-z<?thyc?>
https://doi.org/10.1038/s41<?show [?tjl=20mm]&tjlpc;[?tjl]?>591-019-<?thyc=10?>0461-z<?thyc?>
https://doi.org/10.1016/j.aller.2017.04.008
https://doi.org/10.1016/j.aller.2017.04.008
https://doi.org/10.3390/microorganisms10101904

	Link between gut microbiota dysbiosis and childhood asthma: Insights from a systematic review
	Methods
	Search strategy
	Inclusion and exclusion criteria
	Preliminary screening strategy and data extraction
	Data synthesis strategy
	Study quality assessment strategy

	Results
	Discussion
	Microbial associations
	Bacteria
	Fungi

	Clinical implications
	Conclusion

	Disclosure statement
	References


