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Purpose: Recent studies had shown that gut microbiota played a significant role in the development of the immune system and may
affect the course of airway allergic disease. We conducted this study to determine unique gut microbial associated with allergic disease
in children by shotgun gene sequencing.

Methods: We collected fecal samples from children with allergic asthma (n =23) and allergic rhinitis (n = 18), and healthy control (n = 19).
The gut microbiota of specimens was analyzed by high-throughput metagenomic shotgun gene sequencing.

Results: The intestinal microbiota of children with allergic asthma and allergic rhinitis was characterized by increased microbial
richness and diversity. Simpson and Shannon were significantly elevated in children with allergic asthma. Principal coordinates
analysis (PCoA) showed that the gut microbial communities cluster patterns of children with asthma or rhinitis were significantly
different from those of healthy controls. However, no significant difference was found between asthma group and rhinitis group At the
phylum level, higher relative abundance of Firmicutes was found in the allergic rhinitis group and allergic asthma group, while the
level of Bacteroidetes was significantly lower. At the genus level, Corynebacterium, Streptococcus, Dorea, Actinomyces,
Bifidobacterium, Blautia, and Rothia were significantly enriched in the allergic asthma group. Finally, a random forest classifier
model selected 16 general signatures to discriminate the allergic asthma group from the healthy control group.

Conclusion: In conclusion, children in the allergic rhinitis group and allergic asthma group had altered gut microbiomes in
comparison with the healthy control group. Compared to healthy children, the gut microbiome in children with allergic diseases has
higher pro-inflammatory potential and increased production of pro-inflammatory molecules.
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Introduction

Allergic airway diseases affect many people worldwide, and incidences are still increasing gradually. Allergic rhinitis and
allergic asthma, are typical chronic nasopharyngitis respiratory diseases in pediatric, causing an enormous burden of illness
and high economic costs to the community." Allergic rhinitis and allergic asthma are immunoglobulin E (IgE)-mediated
inflammatory diseases that occur after exposure to allergens and involve multiple immune active cells and cytokines.”

A growing amount of evidence has pointed to the important roles of the microbiota in human health, including mucosal
immunity regulationf*5 metabolism,*’ and immune responses.® With the development of DNA and RNA sequencing
technologies, using 16S rRNA sequencing technology, metagenomic shotgun sequencing technology, and other culture-
independent methods can conduct detailed assessments of the microbiome diversity, taxonomic composition, and func-
tional characteristics.” The human gastrointestinal tract is rich in microorganisms including Firmicutes, Bacteroidetes,
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Actinomyces, and Proteobacteria.'” The gastrointestinal microbiota is a key factor influencing host immune responses,
metabolism, and allergic disease progression.'' Microecological disorders, especially in the intestinal tract, usually disrupt
intestinal homeostasis and increase intestinal permeability, which in turn influence the function and maturity of the
immunology system and induces a variety of immune-induced diseases such as allergic rhinitis and asthma.'?

Several longitudinal and prospective studies have revealed that changes in the earlier-life gut microbiota are
connected to allergic disease development later in life. The period from gestation to 2 years of age is the window
of opportunity for the development of the gut microbiota. During this period, the infant intestinal tract micro-
biota constitution is susceptible to interference by various factors, including gestational period delivery method,
feeding method, drug use, environmental factors, genetic factors, and the colonization and abnormality of the gut
microbiota in early infancy are closely related to the development of allergic diseases in later stages.'®> '’
However, even if the microbiota changes in the near life are neglected, we should pay attention to the possibility
of modifying the allergic disease conditions through modulation of the microbiota. In addition, the research on
the new concept of the “gut-lung axis” will be a hot topic for future research. We should pay attention to the
complex correlation between gut microbiota and lung microbiota and reveal the complex mechanism between
them. Meanwhile, the particular bacterial strains associated with the etiology of rhinitis and asthma remain
confusing. Current studies have largely been based on 16s rRNA sequencing,'® which has limited capacity to
describe non-bacterial modules and functional characteristics of the gut microbiome. Recently, many studies have
investigated the role of probiotics in counteracting microbiome dysregulation and improving the patient’s quality
of life in allergy and asthma.'”'® However, the specific bacterial strains associated with the pathogenesis of
allergic rhinitis and asthma remain elusive. The thorough comprehension of the mechanisms by which the gut
microbiome regulates allergic diseases may be valuable for the selection of suitable treatment methods.

In this study, we performed a shotgun metagenomic sequencing of 18 allergic rhinitis children, 23 allergic asthma
children, and 19 healthy control subjects. Accordingly, the functional and compositional features of intestinal between
allergic patients and healthy individuals were compared. The aim of present study was to identify the specific gut
microbiota and potential pathways of gut microbiota that were closely related to allergic rhinitis as well as allergic

asthma.

Materials and Methods
Study Participants

We conducted a cross-section survey to investigate the intestinal microflora of children aged 6—14 years diagnosed with
allergic rhinitis alone, allergic asthma alone, and healthy controls. This study enrolled children who presented at the
Departments of Pediatric Allergy and Immunology of the Second Affiliated Hospital and Yuying Children’s Hospital of
Wenzhou Medical University for allergic rhinitis treatment or allergic asthma treatment from April 2020 to
December 2021. In addition, healthy subjects with age and gender-matched and without a history of asthma or allergic
rhinitis were recruited from the local community.

The inclusion criteria of allergic asthma were as follows: (i) having the generation of noninfectious wheeze in
the past one year, or asthma medical treatment currently in use, according to the guidelines of the Global
Initiative for Asthma, (ii) results of positive serum-specific IgE and (iii) positive skin prick tests. People who
were diagnosed with allergic rhinitis according to their diagnostic such as sternutation, stuffy nose itching, pale
and edematous nasal mucosa, and results of positive serum-specific IgE and/or positive skin prick tests. Healthy
children without an allergic history or infections were enrolled as healthy control subjects. The inclusion criteria
of healthy children were as follows: (i) no history of the allergic condition; (ii) no respiratory infections; and
(iii) voluntary for this research. The exclusion standards of the study were as follows: (i) antibiotics, prebiotics,
probiotics, or synbiotics use within 2 months or (ii) suffered an upper respiratory tract infection or chronic viral
infection, or (iii) severe gastrointestinal abnormalities, neurodevelopmental disorders and (iv) any severe

diseases.
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Ethical Permission

The ethical confirmation for this research was approved by the Ethics Committee of the Second Affiliated Hospital and
Yuying Children’s Hospital of Wenzhou Medical University (Permit Number ID: 2021-K-92-01). This research abides by
the mission of the Declaration of Helsinki. All of the experimental research were constructed by current guidelines and
statutes and all guardians provide their informed consent before they participated in this study.

Sample Collection and Processing

Stool sampling was performed in subjects without receiving probiotics or antibiotics therapy for at least 2 month weeks
prior to the sampling. Fresh fecal samples of children used in this study were collected by the nurses of our hospital with
instructions on proper method of collection at hospital using a standard stool collection specimen jar. Researchers quickly
freeze and transport stools samples on ice to laboratory —80°C freezers until further processing within 2 hours after
sampling.

Metagenomic Shotgun Sequencing

Genomic DNA extraction from these fecal samples was multiplexed and paired-end sequenced on the NovaSeq 6000
platform at the Novogene Bioinformatics Technology Co., Ltd by metagenomic shotgun sequencing (150 %150 bp). The
Fastq tool was used to cut adapters and filter out low-quality reads.'” We use metawrap to map trimmed reads to the

human reference genome.?’

Then, MetaPhlan2 was next used to assess the taxonomic compositional profile of the
remaining reads,?' which provided a library of distinct clade-specific markers to explore the taxonomic clades present in
each sample and calculate estimates of relative abundance at the species level. Functional profiling and quantification of
processed sequence data were profiled using HUMANN2 with the Uniref50 protein database.?” The output files generated
by HUMAnNN2 contain pathway abundance, pathway coverage, and gene family abundance. And pathway abundance
was chosen for further analysis. The different relative abundance of the pathway between different groups was evaluated

by LEfSe.”?

Statistical Analysis

All parametric clinical data were analyzed using one-way analysis of variance (ANOVA) and nonparametric data were
analyzed using the Kruskal-Wallis test. Analysis of microbiota data was evaluated using R packages (version 4.0.4).
Alpha diversity was evaluated using two kinds of different indices: the Simpson index and the Shannon index. We used
t-test to evaluate the dissimilarity in alpha diversity between different groups. The Bray-Curtis difference and Jaccard
index derived from principal coordinate analysis (PCOA) were used to visualize diversity in a two-dimensional microbial
community composition. The Adonis function was used for Permutational multivariate ANOVA (PERMANOVA), which
is in the R package Vegan. The linear discriminant analysis (LDA) effect size (LEfSe) algorithm was used to detect the
differential abundance of species between groups and further find a biomarker. And taxon with an LDA score>5 and
P<0.05 (Kruskal-Wallis test) was considered a significant biomarker. For the significantly different species profile, the
R package “RandomForest” was performed to obtain the taxonomic contributions of microbiome communities. The
average area under the curve (AUC) was used to evaluate the predictive performance of the random forest model. Mean
decrease accuracy (MDA) and mean decrease Gini (MDGQG) are used for variable ordering and variable selection.

Results

Population Characteristics

In this study, 60 children including 18 children with allergic rhinitis, 23 children with allergic asthma, and 19 healthy
controls were recruited. Their age, gender and body mass index were matched. Table 1 showed the demographics and
clinical characteristics of children with allergic rhinitis, allergic asthma, and healthy controls. Difference was not
statistically significant in sex, height, weight, maternal atopy and BMI between groups. The flow of this study is
shown in Figure 1.
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Table | Demographics and Clinical Characteristics of Participants in This Study

Rhinitis Asthma Healthy Controls P-value

(n=18) (n=23) (n=19)
Age 89 7.5 9.5 0.006
Sex, male 10 (55.6%) 15 (65.2%) 11 (57.9%) 0.601
Height, cm 131.1 127.2 134.7 0.116
Weight, kg 31.0 27.2 345 0.060
Body mass index 17.8 17.3 18.6 0.752
Maternal atopy 10 (55.6%) 11 (47.8%) 10 (52.6%) 0.953

Alpha Diversity and Beta Diversity of the Gut Microbiome

Shannon diversity index and Simpson diversity index were used to evaluate Alpha diversity. Significantly higher Shannon’s
diversity index and Simpson’s diversity index were found in asthmatic children than those of healthy control group (Kruskal—
Wallis test; P=0.0029 for Shannon index and P=0.0016 for Simpson index; Figure 2A). PCOA and PERMANOVA analysis
showed that the gut microbial communities cluster patterns of children with asthma or rhinitis were significantly different from
that of healthy controls based on Bray-Curtis dissimilarities. However, no significant difference was found between asthma group
and rhinitis group (Controls vs asthma, P=0.001; controls vs rhinitis, P=0.001; asthma vs rhinitis, P=0.703; Figure 2B).

Altered Microbiota Communities in the Gut Microbiome

To explore the taxonomic composition of allergic asthma and allergic rhinitis groups, we further analyzed the relative
abundance of the microbial community in three groups. At the phylum level, we found that the gut microbiome of healthy
controls was dominated by Bacteroidetes, followed by Firmicutes (Figure 3A). Compared with controls, asthma, and rhinitis
individuals presented a significant increase in the phylum Firmicutes and Proteobacteria in the gut (Figure 3B). On the

[ Study Participants ]

[ Healthy Control Subjects(19) ] [ Allergic Rhinitis Group(18) ] [ Allergic Asthma Group(23) ]

l |

Sample Collection and Processing ]

~

Metagenomic Shotgun Sequencing ]

\
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Figure | The flow of this study.
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Figure 2 Alpha and beta diversity of microbiota. (A) Alpha diversity is based the Shannon diversity index and Simpson index. (B) Beta diversity is on measured by Bray-
Curtis dissimilarities.
Abbreviation: PCoA, Principal coordinates analysis.

contrary, asthma and rhinitis group contained significantly lower levels of Bacteroidetes. At the genus level, we find a total of
134 genera, 11 genera with >1% average relative abundance, including Bacteroides, bifidobacterium, Faecalibacterium,
Ruminococcus, Alistipes, Blautia, Roseburia, Megamonas, Eubacterium, Parabacteroides, and Subdoligranulum. Out of the
11 genera, Bacteroides, bifidobacterium, Faecalibacterium, Ruminococcus, and Alistipes were the top five genera (P < 0.05,
Wilcoxon rank-sum test, Figure 3C). Notably, there was a total of 26 bacteria were discovered to be differentially abundant
between any two of the three groups. Seven bacterial populations including Corynebacterium, Streptococcus, Dorea,
Actinomyces, Bifidobacterium, Blautia, and Rothia were significantly enriched in the asthma group, whereas three bacterial
populations including Bacteroides, Alistipes, and Acidaminococcus were significantly reduced in asthma versus those in the
healthy controls (P<0.01, Wilcoxon rank-sum test, Figure 3D and E). The phylogenetic profile of the gut microbiome of
asthma patients and rhinitis patients were depicted in a cladogram (Figure 4A). Linear discriminant analysis effect size
(LEfSe) was usually used to demonstrate the significant difference of microbial taxa in each group. At the species level, we
used LEfSe to further explore the specific gut microbiota taxa associated with asthma groups or rhinitis groups versus healthy
controls. Based on the linear discriminant analysis (LDA) selection, 15 discriminative features were identified to be
differentially relatively abundant between asthma individuals and controls through LEfSe (LDA score>3, Kruskal-Wallis
test, Benjamini-Hochberg FDR, q<0.05; Figure 4B), and 15 specific bacterial were screened to be different between rhinitis
and healthy controls (LDA score>3, Kruskal-Wallis test, Benjamini-Hochberg FDR, q<0.05; Figure 4C).

Classification of Disease Status Using Bacterial Genus-Level Biomarkers

To assess the capacity of intestinal microflora biomarker as a noninvasive diagnostic instrument. We use random forest classifier
model to discriminate asthma group from healthy control group. We only choose 34 significant bacterial communities that were
significantly different between the two groups for further analysis to build the random forest model. At last, 16 general signatures
were selected as the optimal biomarkers set to differentiate the asthma group from the control group. The capability of the best
predictive model was evaluated by 100 random ROC analyses, and the average AUC value achieved 92.29% (Figure 5A). We
calculated the average MDA value after each characteristic variable was deleted, based on the fact that removing characteristic
variables from the prediction model increases the error. The average MDA for the random 100 times of these optimal markers is
shown in Figure 5B.

Functional Alterations in the Gut Microbiome
Recently, studies on the relationship between functional composition and gut microbiome are still lacking. In this study,
the metagenomic shotgun sequencing results were mapped onto MetaPhlAn2 and ChocoPhlAn pangenome databases
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Figure 3 Fecal microbial abundance at the major phylum level and major genera in the gut microbiome of patients with allergic rhinitis, allergic asthma, and healthy subjects.
(A) Bacterial composition and relative abundance at the phylum level. (B) Differences at the phylum level. (C) Major genera of each group, less abundant (<1%), and
unclassified taxa are grouped as “other” (D) The 26 different genus profiles of average relative abundance across three groups. The dark green star indicates P<0.01, the light
green star indicates P<0.05, and the gray star indicates P20.05. (E) The relative abundance of 26 genera abundant in three groups was exhibited with a box plot.
Abbreviations: H, control; A, asthma; R, rhinitis.

using HUMAnN2. The whole diversity in the pathways between groups were visualized in PCoA plots based on an
assessment of Bray-Curtis dissimilarity (PERMANOVA; R2=0.198, P=0.025; Figure 6A). Compared with the control
group, several functional pathways were identified with significant alterations between the patient and healthy group
through LEfSe. The functional gene pathways with significant differences were shown by the heatmap in Figure 6B. We
found that the functional pathways related to nucleotides degradation, phylloquinol biosynthesis, and L—arginine
biosynthesis were significantly enriched in children with allergic asthma. In contrast the pathway related to peptidoglycan

maturation were significantly decreased.
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Figure 4 Taxonomic changes in the intestinal microbial. (A) Cladogram of the gut microbiome taxa associated with allergic asthma and allergic rhinitis LEfSe analysis. (B)
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Discussion

In this study, we used metagenomic shotgun sequencing and subsequent bioinformatics analysis to compare the
species composition and functional characteristics of the intestinal microbiota in child with allergies, including
asthmatic child, children with allergic rhinitis, and healthy individuals. The aim was to identify certain micro-
organisms that differentiate allergic patients from healthy individuals. We systematically compared the bacterial
diversity and abundance at different levels. We found that children in the allergic rhinitis group and allergic
asthma group had altered gut microbiomes in comparison with the healthy control group. Compared to healthy
children, the gut microbiome in children with allergic diseases has higher pro-inflammatory potential and

increased production of pro-inflammatory molecules.
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The relationship between intestinal microbiome and atopic disease has been investigated in a large number of studies,
and microbiota structural signatures for diverse allergic responses have been identified, but the results have not been
generally consistent.”**> Most of the previous studies were based on 16s rRNA sequencing. In recent years, there have
been many researches on the new concept of the “gut-lung axis”. We have found that different lung diseases can be
affected by the intestinal microenvironment. The mechanism regulating the communication between the intestine and the
lungs is still obscure, but it has been suggested that the signals released by endothelial cells can be absorbed by epithelial
cells and immune cells, forming a local cytokine microenvironment that leads to changes in the immune response at the
distal site.'® Intestinal flora has an important influence on immune cell maturation and resistance to pathogens. The
bacterial biodiversity of the intestinal microbiota in the earlier period of life played a very important role in micro-
organism-host interactions that contribute to the development of the immunology system and allergic disease. Different
from previous studies, we found obviously increased alpha-diversity in the allergy group. Many studies showed that the
microbiological diversity of the allergic rhinitis group was lower than healthy controls.?®** However, some studies have
found that the bacterial diversity between the allergic rhinitis group and the healthy controls was not significantly
different.”® A recent study based on 16s sequencing found that bacterial diversity was significantly higher in the adult
patient with allergic rhinitis than in the healthy control group, which corroborates our results.*® Furthermore, based on
the Sankey chart of the intestinal microbiome in this research, it was observed that the increased microbiome diversity in
individuals with allergic rhinitis because of the bacterial community in Firmicutes. In the analysis of beta diversity, the
allergic asthma group and the allergic rhinitis group were significantly separated from the healthy controls, indicating that
the gut microbial community structure was significantly altered in the disease group.

Our research found that the relative abundance of Firmicutes was increased and the relative abundance of
Bacteroidetes was decrease in the gut microbiota of allergic children compared with healthy controls, which is consistent
with previous studies.’>*' The proportions of Bacteroidetes were lower in the allergic asthma group as compared with
healthy controls, and Bacteroidetes have been discovered to increase the overall amount of Tregs.*> >* At the same time,
increased relative abundance of Proteobacteria in the allergic group, which is inconsistent with the outcomes of
a previous research on atopic dermatitis in children, although this dissimilarity mainly ascribed to inequality in
participant age.®> All Proteobacteria have an outside membrane mainly consists of lipopolysaccharide, which are gram-
negative and the elevated levels of Proteobacteria may result in increased levels of lipopolysaccharide and increase the
risk of inflammation and immune abnormalities.>® We found an increase in Proteobacteria in the disease group, further
confirming the pathogenesis of phytoconstituent-regulated allergic diseases.

At the genus level, we observed that Corynebacterium, Streptococcus, Dorea, Actinomyces, Bifidobacterium, Blautia,
and Rothia were significantly enriched in the allergic asthma group, while Bacteroides, Alistipes, and Acidamcoccus
were significantly reduced. In addition, the allergic rhinitis group had significant enrichment of Parasutterella and
Burkholderia, while the relative abundance of Bacteroides and Acidaminococcus decreased significantly. Bacteroides
spp- showed a significant reduction in relative abundance in children who developed IgE-related allergic disease.
Bacteroidetes are intestinal symbionts that stimulate epithelial mucin production and degradation and are important for
intestinal barrier function.*” A previous study found that a lower relative abundance of Bacteroides spp. was related to
a higher danger of subsequent atopic dermatitis.’® Studies also have found that the genus Parasutterell could affect the
flora and host metabolism.>® Together, these studies and our results suggested an important role for changes in bacterial
population genera in the course of allergic disease and in host metabolism.

At the species level, compared with the control group, the current study found that many species were differentially
enriched in the disease group. Among these species, several were identified as associated with atopies, such as
Escherichia coli and Bifidobacterium longum. We chose the best predictors to build a random forests model to
discriminate the allergic asthma group from the healthy control group. The integration of the best predictive classification
units for identifying the allergic asthma group and the healthy group had high reliability of 92.5%. It indicates that these
different microbiome community structure have an identification capability.

As the composition of the microbial altered, the functional profiles were also changed. Short-chain fatty acids
(SCFAs) are key signaling molecules in the intestinal that limit inflammation and have been identified as critical signals
in the regulation of the immunoregulation system. SCFAs levels are highly rely on the fermented fiber content of the diet
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and the microorganism community.>® Similarity, dietary fiber can lead to the growth of Bacteroidetes with enhanced
SCFAs fermentation by means of a change in the proportion of Firmicutes to bacteroides.***' The intestinal microbiota
of kids with allergic diseases displayed more lipopolysaccharide biosynthesis-related genes. Lipopolysaccharide can

4243 and is partici-

stimulate the cascade inflammation reaction by activating the generation of proinflammatory factor,
pated in the pathogenetic mechanism of allergic rhinitis.** Conversely, the allergic intestinal microbiome showed
a reduced likelihood of complex fiber degradation, which explains why lower propionate and butyrate concentrations
were found in allergic patients compared to healthy control group.*® Thus, compared with healthy child, intestinal flora in
allergic diseases has increased pro-inflammatory capacity, higher generation of pro-inflammatory molecules, and reduced
tolerogenic SCFAs and biosynthesis of anti-inflammatory. Because of their protection effects against intestinal and
respiratory inflammatory diseases, SCFAs and diets represent a hopeful treatment method, and a better comprehension of
the molecular and cellular effects of SCFAs will enhance the potentiality for treatment prevention.

There are some shortcomings in this study. Firstly, the microbiota is modulated by many factors such as age, food,
and region, so we still need to expand our sample size to study the role of gut microbiota in childhood airway allergic
disease. Secondly, we need large-scale prospective studies and experimental verification to explore the microecological
composition and clinical information of patients before and after the disease to understand the disease course and clinical
phenotype, the relationship between susceptibility to disease progression, and response to treatment. Future studies can
further use multi-omics integrative analysis, including the combined use of 16s, metagenomics, and metabolomics to
explore the mechanism of allergic disease development and reveal the multidirectional connections between specific
microbiota strains, metabolites, host immune system, and allergens.

Conclusion

We found altered gut microbiomes in the allergic rhinitis group and allergic asthma group in comparison with the healthy
control group. Compared with healthy children, the gut microbiota in allergic diseases can increase the production of pro-
inflammatory molecules and the reduction of anti-inflammatory molecules and tolerogenic short-chain fatty acids, thus
having higher pro-inflammatory potential. As realized that microbial metabolites also play a crucial role, we will
continue to be focused on early-life microbiota in the gut and lungs.
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