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Purpose: Subcutaneous immunotherapy (SCIT) is an effective treatment for pediatric allergic rhinitis (AR), but its efficacy fluctuates
among individuals. This study aims to identify the profile of serum exosomes derived microRNAs (miRNAs) and evaluate their
capacities to early predict SCIT efficacy in pediatric AR.

Patients and Methods: High-throughput sequencing was applied to identify the miRNA of serum exosomes in AR children. GO
enrichment and KEGG pathway analysis were performed to enrich the biological annotations of target mRNAs of miRNAs. Then we
validated differentially expressed miRNAs in two independent cohorts by RT-qPCR. Logistic regression and receiver operating
characteristic curve (ROC) were applied to evaluate the abilities of identified miRNAs in predicting the efficacy of SCIT in AR children.
Results: A total of 812 miRNAs were detected in the serum exosomes, including 16 upregulated and 14 downregulated. Differentially
expressed genes are enriched in the biological process of developmental process and regulation of cellular process, and gathered in
pathways such as the signaling pathways regulating pluripotency of stem cells and the Wnt signaling pathway. In the first validation
cohort, hsa-miR-4669 (P=0.009) and hsa-miR-4686 (P=0.032) were significantly downregulated in the effective group than the
ineffective group, while hsa-miR-3196 (P=0.015) was upregulated. In the second cohort, hsa-miR-4669 level (P<0.0001) was
downregulated in the effective group than the ineffective group. In addition, logistic regression revealed that hsa-miR-4669 level
was correlated with the visual analogue scale (r=0.323, P=0.001) and total nasal symptoms score (r=0.269, P =0.007). ROC curve
highlighted that hsa-miR-4669 level exhibited a reliable accuracy in predicting SCIT efficacy in pediatric AR (AUC=0.785).
Conclusion: Serum exosomes derived miRNA were associated with the efficacy of SCIT. Serum exosomes derived hsa-miR-4669
might serve as a novel biomarker for early predicting the response of SCIT in AR children.
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Introduction

Allergic rhinitis (AR) is a common allergic disease caused by exposure to aeroallergens.'” The prevalence rate of AR
varies around the world and increased dramatically in recent years. According to longitudinal studies, AR mostly occurs
in childhood, and the prevalence increases with the growth of age.>* Several epidemiological questionnaires in China
showed that the self-reported prevalence of AR in children ranged from 18.10% to 49.68%.>’ Meanwhile, a previous
research reported that 42% of AR children accompanied with asthma.® AR has become a global public health problem
with huge government sanitary investment, and it also brought heavy financial and mental burdens to patients.*’
Currently, AR therapies consist of allergen avoidance, antiallergic agents, allergen immunotherapy (AIT), and surgery.'
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Mainly performed subcutaneously (SCIT) or sublingually (SLIT), AIT is the only approach to alert the disease process
and is generally recommended for allergic patients who respond poorly to pharmacotherapy.'®!" SCIT exhibited better
performance in symptom control and adherence, especially in children.'*'* However, there still were some patients who
did not respond well to SCIT, and AR children were at higher risk of adverse reactions during SCIT.'>"'” Therefore, a
trustworthy biomarker to predict the clinical efficacy of SCIT was crucial.'® Although previous publications discovered
that IgG4 antibodies, serum periostin, and specific IgE/total-IgE ratio were associated with SCIT responses and
contributed to the immune tolerance formation.'®>' However, it is still insufficient because of their inadequate
sensitivities and specificities, and constructing an early SCIT response forecasting system is ongoing.

Exosomes, extracellular vesicles with sizes of 40-100 nm, are endocytically originated and released by cells and
widely dissolved in human body fluids, including serum.*? Exosomes containing proteins and small RNAs such as
microRNAs (miRNAs), act as crucial signaling mediators in transcellular material transportation and intercellular
communication.”> %> Previous studies showed that tumor exosomes regulated immune response via blocking dendritic
cell maturation and decreasing Th1 cell differentiation.”® Exosomal IncRNA GASS5 inhibited EZH2 and T-bet expression
and mediated the helper T cell differentiation in AR.>” These investigations indicated that the exosomes regulate immune
response by transferring essential signaling molecules. MiRNA silences target genes at the post-transcriptional level and
down-regulates the expression of target genes. It has been reported that miRNAs played crucial roles in the immune

microenvironment,zg’29

suggesting that they might participate in the occurrence and development of AR. However, little
is known about the role of exosome-derived miRNAs in SCIT response of AR patients.

Thus, we hypothesized that miRNAs derived from serum exosomes might be involved in the immune response to
SCIT in pediatric AR. To test this hypothesis, we profiled the exosomal miRNAs by RNA sequencing, and validated the
potential differential expressed miRNAs in two independent cohorts. The capacity of miRNA for predicting SCTI
response was assessed with logistic regression and receiver operating characteristic (ROC) curve. The flowchart of this

study was displayed in Figure 1.
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Figure | Graphic workflow of this study, including miRNA sequencing, validation and clinical significance.
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Materials and Methods

Participants

AR children (age>6 and <14 years old) who have been receiving SCIT (Novo-Helisen-Depot allergen extracts,
Allergopharma, Reinbek, Germany) for more than 1 year were included in our study. All patients were diagnosed with
HDM-induced AR, referring to the ARIA guidelines.! The participant’s inclusion and exclusion criteria, immunotherapy
schedules and efficacy assessment strategy were carried out as our previous study described.*® Eight patients were
allocated to the effective group (n=4) and ineffective group (n=4) for sequencing. The validation was conducted with two
independent cohorts. Fifty-two children were assigned to the first validation cohort from January 2019 to March 2019,
including 26 children in the effective group and 26 in the ineffective group. Another cohort recruited 50 children between
June 2019 and August 2019, with 25 in the effective group and 25 in the ineffective group. This study complied with the
Declaration of Helsinki, and was approved by the Medical Ethics Committee of Xiangya Hospital of Central South
University (No.201901713). Guardians of all children were informed and consented before collecting information and
clinical samples.

Serum Specimen Collection and Exosome RNA lIsolation

All serum specimens were obtained before the onset of SCIT. We collected SmL peripheral blood from every participant
and kept it at room temperature for 1 hour. All samples were centrifuged at 3000 g/min for 10 min. We separated the
supernatants and stored them at —80°C for further experiments. The serum exosome isolation was conducted with
miRCURY Exosome Serum/Plasma Kit (Qiagen, No.76603, Hilden, Germany), and RNAs were extracted with
miRNeasy Micro Kit (Qiagen, No.217084, Hilden, Germany), following the manufacturer’s instructions. The miRNA
cel-miR-39-3p was used as an external reference.

Exosome Identification

Isolated exosome sediments were resuspended. The exosomes were identified by transmission electron microscopy
(TEM). The exosome suspension (10uL) was put on a copper grid, and then 2% phosphotungstic acid was added to the
suspension. The equipment used for analyzing exosomes mounted on the grid was HITACHI H-7650 (Hitachi Limited,
Tokyo, Japan). The particle size of the exosome was detected with Zetasizer Ultra (Malvern, Inc., Shanghai, China).

Library Construction and miRNA Sequencing

Library construction and miRNAs sequencing were performed by Aksomics Inc (Shanghai, China). The total RNAs were
extracted. The integrity examination of total RNA was conducted by agarose gel electrophoresis. Further RNA
quantifying and quality testing has proceeded with NanoDrop ND-1000. MiRNA library was constructed with NEB
Multiplex Small RNA Library Prep Set for Illumina (Illumina, USA) based on the manufacturer’s instructions. The
quality of sequencing libraries was tested with Agilent 2100 Bioanalyzer. Libraries were mixed and degenerated into
single-stranded DNA with 0.1M NaOH. The mixed samples were sequenced 50 cycles with Illumina NextSeq 500
(Illumina, USA).

Differentially Expressed miRNAs Identification and Data Analysis

Raw sequencing data underwent the quality control process to assess the data usability. Then data was pre-processed to
produce the trimmed data aligned with the reference genome (STAR version 2.5.2b). MiRNAs were included in the
statistical analysis when the mean of counts per million reads > 1. Differential expressions of miRNAs were calculated
with the edgeR package (version 3.20.9) in the statistical R program (version 3.5.0). MiRNAs were selected as
differentially expressed genes with a fold change (FC) >1.5 or FC <0.67 and P<0.05 between groups.

Target Gene Prediction
The targeted mRNAs of the differentially expressed miRNAs were predicted with miRDB (http://www.mirdb.org) and

Targetscan version 7.2, and were illustrated with Cytoscape version 2.8.2.
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Gene Ontology (GO) Enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway Analysis

The GO enrichment analysis was performed in Gene Ontology (geneontology.org). The biological process (BP), cellular
component (CC), and molecular function (MF) of the predicted target mRNA of identified miRNAs were enriched. The
KEGG pathway analysis enriched the predicted target genes pathway with the KEGG database (www.genome.jp/kegg).

Real-Time Quantification

The qRT-PCR was performed to validate the miRNAs identified by sequencing. Six miRNAs were selected, including the
top three upregulated and three downregulated miRNAs. All primers were compounded by RiboBio (Shanghai, China). The
cDNA synthesis was performed with total RNA and Mir-X miRNA First-Strand Synthesis Kit (Takara Bio USA, Inc.)
following the instructions. The qRT-PCR reaction was performed with PerfectStart™ Green qPCR SuperMix (TransGene
Biotech, Beijing, China) on the ABI 7500HT qRT-PCR system (Applied Biosystems, Foster City, CA). The reaction
procedure was 94°C for 30s, followed by 45 cycles of 94°C for 5s, 55°C for 15s, and 72°C for 10s. The comparative miRNA
expressed level was normalized to the external control cel-miR-39 and calculated according to the 2“2 method.*'

Statistical Analyses

Numerical data were described as the mean + SEM, and #-test or Mann—Whitney U-test was used for difference comparison.
Categorical data were expressed as frequencies and percentages, and the Chi-square test or Fisher’s exact test was applied.
Logistic regression and ROC curve were used for effectiveness evaluation. All statistical analyses in this study were carried
out using GraphPad Prism 7.0 software, and the difference was considered statistically significant when the P-value was
less than 0.05.

Results

Demographic Characteristics of Study Participants

The first validation cohort consisted of 26 effective children and 26 ineffective children who finished 1-year following up, and
25 paired subjects were included in the second cohort. The clinical parameters of enrolled participant from two cohorts were
presented in Tables 1 and 2, respectively. There was no statistical difference in gender, age, BMI, concomitant diseases,
baseline disease severity, and allergen species between the two groups in both validation cohorts.

Table | The Demographic Character of the First Validation Group

Variables Effective Group (n=26) | Ineffective Group (n=26) | P-value
Gender 0.760
Male 18 19
Female 8 7
Age (years) 9.6+2.3 9.3%£2.2 0.627
BMI (kg/m?) 17.243.2 16.1+3.5 0.275
Concomitant diseases
Asthma 4/22 4/22 1.000
Allergic conjunctivitis | 3/23 4/22 0.685
Baseline VAS 64 %03 7.1 £04 0.124
Baseline TNSS 85+03 93+03 0.087
Multiple allergens 0.638
Yes 2 3
No 24 23

Abbreviations: VAS, Visual analogue scale; TNSS, Total nasal symptoms score.
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Table 2 The Demographic Character of the Second Validation Group

Variables Effective Group (n=24) | Ineffective Group (n=24) | P-value
Gender 0.540
Male 17 15
Female 7 9
Age (years) 9.5+2.5 10.8+2.4 0.061
BMI (kg/m?) 16.6+2.1 17.4£2.9 0.845
Concomitant diseases
Asthma 5/19 5/19 1.000
Allergic conjunctivitis | 2/22 2/22 1.000
Baseline VAS 6.6 03 59+03 0.072
Baseline TNSS 8.6+ 03 89 +04 0.621
Multiple allergens 0.551
Yes | 2
No 23 22

Abbreviations: VAS, Visual analogue scale; TNSS, Total nasal symptoms score.

Exosomal miRNA Sequencing Profile in Serum of Pediatric AR Patients
Serum exosomes were identified by TEM, and particle diameter detection. Consistent with previous studies, our results
indicated that the exosomes were small cup-shaped bilayer membrane vesicle structures (Figure 2A and B).

A total of 812 miRNAs were detected by sequencing, and 30 were identified as differentially expressed. Sixteen
miRNAs were significantly upregulated in the effective group, while 14 miRNAs were downregulated (Figure 3A and B).
Table 3 summarized the differentially expressed miRNAs.

GO and KEGG Pathway Analysis of miRNAs Profile

To better understand high-level functions and utilities of the identified serum exosomal miRNAss, we conducted GO
enrichment and KEGG Pathway analysis among the target genes of detected miRNAs. The top 10 enriched GO terms
were profiled in Figure 4. The developmental process [GO:0032502] and regulation of cellular process [GO:0050794] in
BP, cytoplasm [GO:0005737] and cell periphery [GO:0071944] in CC, and protein binding [GO:0005515] in MF were
identified as the most enriched GO terms. Figure 5 manifested that the detected serum exosomal miRNAs enriched in
pathways such as the signaling pathways regulating pluripotency of stem cells [hsa04550] and the Wnt signaling pathway
[hsa04310] etc.

Validation of Differential Expressed miRNAs
The top three upregulated and the downregulated miRNAs were selected for further validation according to the FC-value.
In the first experimental cohort, we found that hsa-miR-4669 (P=0.009) and hsa-miR-4686 (P=0.032) levels were

INTENSITY{%)

SIZE (D.NM)

Figure 2 Identification of serum exosomes. (A) The morphology of serum-derived exosomes was observed by TEM. Scale bar= 100 nm. (B) Particle diameter detection of
exosomes.
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Figure 3 MiRNA sequencing of serum exosomes. (A) The volcano plots displayed identified miRNAs in the effective and ineffective groups. (B) The heat map showed the
cluster analysis of differentially expressed miRNAs (P<0.05).

significantly downregulated in the effective group, while hsa-miR-3196 (P=0.015) concentration was upregulated
(Figure 6). Moreover, we further verified the results with a second cohort. Hsa-miR-4669 (P<0.0001) level was proven
to be significantly downregulated in the effective group (Figure 7A). The target genes of hsa-miR-4669 were predicted,
and 34 genes were found to exhibit the potentials of binding hsa-miR-4669 (Figure 7B).

Altered Hsa-miR-4669 Predicted the Efficacy of SCIT and Was Correlated with

Disease Severity
Correlation analysis was applied to explore the relationships between hsa-miR-4669 level and clinical parameters in AR.

The results indicated that the VAS (r=0.323, P=0.001) and TNSS (r=0.269, P =0.007) were correlated with hsa-miR-4669
level (Figure 8). We further performed a logistic regression and found that hsa-miR-4669 level was an independent factor
associated with SCIT efficacy in AR children. The ROC curve (Figure S1) indicated that exosomes derived hsa-miR-
4669 was a potential biomarker with promising accuracy and reliability in predicting the efficacy of SCIT (AUC=0.785).

Table 3 Differentially Expressed miRNAs Between the Effective and Ineffective Groups

MiRNA ID Pre Locus FC-value P-value
hsa-miR-449¢-5p chr5:55172262-55172353(-) 0.009765985 0.022
hsa-miR-12135 chr15:73299910-73299979(+) 0.010086941 0.026
hsa-miR-3196 chr20:63238779-63238842(+) 0.014304379 0.049
hsa-miR-4669 chr9:134379411-134379472(+) 104.4577892 0.028
hsa-miR-4482-5p chr10:104268336—104268405(-) 93.86569420 0.029
hsa-miR-4686 chrl1:2173063-2173138(+) 87.58597604 0.033
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Figure 4 GO analysis of the parental genes of the target mRNAs of the differentially expressed miRNA:s, includes the following categories: biological process (BP), cellular
component (CC) and molecular function (MF). GO analysis of the target mMRNAs of (A—C) upregulated and (D-F) downregulated miRNAs in the effective group.

Discussion

In this study, we profiled serum exosomal miRNAs in pediatric AR patients before SCIT and then enriched the function
and pathways of target genes of identified miRNAs. We further validated the differential expressed miRNAs with two
cohorts and evaluated their correlation with clinical parameters and efficiency of SCIT. Our results corroborated that the
exosomal miRNAs possessed predictive value of SCIT efficacy in pediatric AR patients and might be involved in the

mechanisms of SCIT-induced immune tolerance formation.
Exosomes were proved to function in various diseases, such as acute myocardial infarction,32 breast cancer,

32 and

asthma.”* MiRNAs can be transferred by exosomes, and generally function by binding target mRNA transcripts and
regulating the cellular response pathways.*> EV-derived miRNAs were reported to be differentially expressed between
chronic rhinosinusitis and healthy controls in nasal lavage fluid, suggesting that they might be involved in the
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Figure 5 KEGG pathway analysis of the target mRNAs of the differentially expressed miRNAs. (A) Upregulated miRNAs and (B) downregulated miRNAs.

pathomechanism of upper airway inflammatory diseases.** In the present study, we sequenced the serum exosomal

miRNAs in pediatric AR patients under SCIT. The results indicated that exosomal miRNAs were differentially expressed

between the effective and ineffective groups. The potential target genes of detected miRNAs enriching in GO terms such

as developmental process, cytoplasm, and protein binding, and might participate in the Signaling pathways regulating

pluripotency of stem cells and the Wnt signaling pathway, etc. The stem cells and the Wnt signaling pathway have been

described as important components in allergic diseases.’>° Therefore, it was reasonable to believe that the exosomal

miRNAs were involved in the immune response to SCIT in pediatric AR.

5070  reee Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Jiang et al

MiRNA expression level

MiRNA expression level

2.0

0.0

8.0

6.0

4.0

2.0

0.0

mm  [neffective group

— . mm  Effective group

Hsa-miR-4669 Hsa-miR-4482-5p Hsa-miR-4686

mm  [neffective group
| —— |

T = Effective group

Hsa-miR-449¢-5p Hsa-miR-12135 Hsa-miR-3196

Figure 6 Relative expression level of differentially expressed miRNAs in serum exosomes in the first validation. The identified top three (A) downregulated miRNAs and (B)
upregulated miRNA:s in the effective group. *P <0.05, **P <0.01.

Abbreviation: ns, no significance.

>

MiRNA expression level

»
)

@
)

g
o

=
S

mm  [neffective group
ns mm  Effective group
| — |
>k 3k 3k %k ns
| p— |

S
)

choras
iemepoALISTEYOrT L 8P ) 0SBPLT o1 {36620
s

woH PRAMEF17 TONEP1
cEocer

FAMISSA focWRARRIST92 74 RASGEF1C
OYFigaNTD1 $YT2 RoANZ Vo LATS2  gingy -
Acitons1s
o ToRzAUBE2L SECIES o AcouTZ1S

= PIRAS1 NOUFAB
UBE2N RIBCY C20r4PROMT MMA
muct
[ J ZNF337 | RCVRN 1 NRG1
ZNO% 602 00K11 Gy om0 sicasta ™ oUseis

PSMOAC11061PRPFISRATES

Figure 7 Exosomes derived hsa-miR-4669 was significantly downregulated in the effective group. (A) The relative expression level in nasal mucous of the effective group
versus the ineffective group in the second validation. (B) Prediction of potential target genes of hsa-miR-4669. ***P <0.0001.

Abbreviation: ns, no significance.

Journal of Inflammation Research 2022:|

5

5071

Dove:


https://www.dovepress.com
https://www.dovepress.com

Jiang et al Dove

B

»

7]

£

r=0.323, P=0.001
5 r=0.269, P=0.007
0 T T T T 1 0 T T T T 1
0 2 4 6 8 0 2 4 6 8
Hsa-miR-4669 expression level Hsa-miR-4669 expression level

Figure 8 Altered hsa-miR-4669 was correlated with disease severity. Correlation between exosomes derived hsa-miR-4669 level and (A) VAS and (B) TNSS.

Although previous publications discovered that [gG4 antibodies, serum periostin, and specific IgE/total-IgE ratio were

1921 these biomarkers were still

associated with SCIT responses and contributed to the immune tolerance formation,
unavailable in clinical application because of their deficiency in sensitivity and specificity. To address this predicament,
we focused on the serum-derived exosomal miRNAs. Zhou et al’’ observed that the miR-511-3p could modulate
macrophage polarization and alleviate inflammation response in allergen-induced lung disease. Zeng et al*® found that
the miR-181a and miR-155 were involved in AR development by regulating the differentiation of regulatory T cells. In
this study, sequencing and cohort verification results demonstrated that hsa-miR-4669 level was significantly decreased in
the serum exosomes in AR children who responded well to SCIT. A prior study found that hsa-miR-4669 polymorphism
was associated with the susceptibility of ischemic stroke in a Korean population, and positively correlated with the
baseline disease severity.*> Through GO analysis, the target genes of hsa-miR-4669 were enriched in acute myeloid
leukemia[hsa05221], cholesterol metabolism[hsa04979], and cell adhesion molecules (CAMs)[hsa04514]. Immune cells
play nonredundant roles in immune pathomechanism,*® and CAMs are strongly associated with immune cell migration
and chemotaxis.*’ Meanwhile, CAMs participated in airway allergic inflammation by involving the progression of
epithelial cell adhesion. Thus, we assumed that serum exosomes might influence the body’s response to SCIT by
transferring miRNAs such as hsa-miR-4669 and participating in immune tolerance formation. A high-level hsa-miR-
4669 baseline might contribute to a failure to form immune tolerance and indicate an unsatisfactory response to SCIT in
pediatric AR patients.

Overall, this study emphasizes the significance of serum exosomal miRNAs in SCIT and strengthens the existing
understanding of miRNAs in AR. Meanwhile, miRNAs are promising in the immunotherapy area, as agents of sustained-
release preparations or molecular therapy targets.*> Nevertheless, there are still some limitations in this present study.
First, the sample size of this study was limited to some extent. Second, this study was not furthered in disease mechanism
exploration. Last, the relatively short follow-up period may undermine the credibility of the conclusion.

Conclusion

In conclusion, this study suggested that serum exosomal hsa-miR-4669 was an expectant predictive biomarker of SCIT
efficacy in AR children. Despite its exploratory nature, this study offers valuable insights into the relationship between
exosomal miRNAs and AR. It demonstrates that exosomal miRNAs possess a fruitful area for further exploring and lays
the groundwork for future molecularly targeted therapy research.
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