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ABSTRACT Exosomes play important roles in cellu-
lar communication by delivering exosomal proteins and
nucleic acid molecules to cells. In particular, exosomal
miRNAs can modulate various biological processes in
recipient cells by repressing target gene expression. In
this study, to identify the composition of exosomal miR-
NAs and their regulatory mechanisms against bacterial
and viral infections, profiles of exosomal miRNAs from
lipopolysaccharide (LPS) and polyinosinic-polycytidylic
acid (poly(I:C))-stimulated chicken macrophage cell
line (HD11) were analyzed by small RNA sequencing.
Exosomes were purified after stimulation with LPS (1
png/mL) and poly(I:C) (50 pug/mL) for 24 h. Then, exo-
somal RNA were analyzed for small RNA sequencing
using the HiSeq 2500 System. Thirty six differentially
expressed miRNAs (DE miRNAs) were obtained by

comparing LPS-stimulated exosomes (LPS-EXO) and
unstimulated exosomes (CTRL-EXO), 42 DE miRNAs
in poly(I:C)-stimulated exosomes (POLY-EXO) and
CTRL-EXO, and 45 DE miRNAs in LPS-EXO and
POLY-EXO. Target genes of DE miRNAs were pre-
dicted using miRDB and TargetScan. KEGG pathway
analysis showed that most of the target genes were
related to mitogen-activated protein kinase and Wnt
signaling pathways. Moreover, results of qRT-PCR for
miRNAs (gga-miR-142-3p, gga-miR-19a-3p, gga-miR-
21-3p, gga-miR-301a-3p, gga-miR-338-3p, and gga-miR-
3523) were consistent with the sequencing results. This
study will provide knowledge about immuno-regulatory
mechanisms of exosomal miRNAs derived from macro-
phages against pathological insults such as bacterial and
viral infections.
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INTRODUCTION

Macrophages defend the host against pathogen infec-
tions by regulating the innate and adaptive immune sys-
tems (Billack, 2006). In particular, macrophages
recognize foreign stimuli using receptors such as toll-like
receptors and other pattern recognition receptors, by
detecting pathogen-associated molecular patterns of
pathogens (Reimer et al., 2008). Activated macrophages
kill invading pathogens by phagocytosis and stimulate
the immune system through various pathways (Aderem
and Underhill, 1999; Koh and DiPietro, 2011).

Lipopolysaccharide (LPS), a structural component of
gram-negative bacteria, is detected by TLR4. In
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addition, polyinosinic-polycytidylic acid (poly(I:C)), a
synthetic double-stranded RNA (dsRNA) generated
during the replication of viruses, is detected by TLR3,
cytosolic RNA helicases retinoic acid-inducible protein I
(absent in chicken), and melanoma differentiation-asso-
ciated protein 5 (MDA-5) (Thompson et al., 2011).
Upon LPS recognition, the signal is transmitted to the
nucleus by activating nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-¢B) and transcription
of proinflammatory cytokines is induced. When poly(I:
C) is recognized by their receptors, the signal stimulates
activation of interferon regulatory factor3/7 and NF-«B
by inducing transcription of type I interferons (Kim and
Zhou, 2015).

Extracellular vesicles (EVs) are cell membrane-
derived vesicles with a diverse diameter of 30 to
1,000 nm (Tkach and Théry, 2016). EVs can be divided
into 3 classes according to the method of secretion from
cells— microvesicles, exosomes, and apoptotic bodies
(Zhang et al., 2015; Chen et al., 2018). Exosomes involve
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multiple components, including membrane proteins,
cytoskeletal proteins, MVB-making proteins, signaling
proteins, enzymes, mRNAs, microRNAs (miRNAs),
other non-coding RNAs, and DNA (Mathivanan et al.,
2010; Gross et al., 2012). In particular, exosomal miR-
NAs, the small non-coding RNAs, can modulate various
biological processes by repressing the translation of tar-
get mRNAs in recipient cells (Tkach et al., 2016; Bou-
langer et al., 2017). Therefore, those derived from
immune cells can be transferred to recipient cells where
they inhibit the expression of target genes by regulating
biological responses such as induction of anti-/pro-
inflammation, wound healing, and tumor (Montecalvo
et al., 2012; Ti et al., 2015; Dalvi et al., 2017; Yin et al.,
2019; Kalluri and LeBleu, 2020).

Macrophages are essential immune cells for phagocy-
tosis, wound healing, antigen presentation, and cytokine
production (Aderem and Underhill, 1999; Koh and
DiPietro, 2011). Macrophages defend the host against
bacterial and viral infections. LPS, a structural compo-
nent of gram-negative bacteria, and poly(I:C), a syn-
thetic viral-like dSRNA, can simulate bacterial and viral
infection in macrophages, respectively. Our previous
studies have shown that LPS and poly(I:C)-stimulated
exosomes modulate the immune response of chicken
macrophages and T cells (Hong et al., 2021a, b). How-
ever, exosomal contents of LPS- and poly(I:C)-stimu-
lated cells have not been studied yet. Therefore, we
conducted exosomal small RNA sequencing and ana-
lyzed expression profiles of exosomal miRNAs derived
from LPS- and poly(I:C)-stimulated chicken macro-
phage cell line (HD11) to determine immune response
induced by LPS and poly(L:C) is reflected in exosomal
miRNA composition and to identify regulatory mecha-
nisms of miRNAs.

MATERIALS AND METHODS
Cell line Culture

The chicken macrophage cell line HD11 (Klasing and
Peng, 1987) was maintained in complete Roswell Park
Memorial Institute (RPMI) 1640 medium (Thermo
Fisher Scientific, Waltham, MA) containing 100 IU/mL
penicillin, 100 mg/mL streptomycin, and 10% heat-inac-
tivated fetal bovine serum (Thermo Fisher Scientific) in
a humidified 5% CO, atmosphere at 41°C. For exosome
purification, HD11cells (1.0 x 107) were seeded in eight
100-mm cell culture dishes (SPL Life Sciences, Pocheon,
Korea) with complete RPMI 1640 medium. The next
day, the medium was replaced with fresh exosome-
depleted RPMI 1640 medium containing 100 IU/mL
penicillin, 100 mg/mL streptomycin, and 10% exosome-
depleted fetal bovine serum (#EXO-FBSHI-250A-1;
System Bioscience, Palo Alto, CA) with or without 1
wug/mL LPS from FEscherichia coli O127:B8 (#L4516;
Sigma-Aldrich, St. Louis, MO) and 50 ug/mL poly(I:C)
(#P1530; Sigma-Aldrich) and incubated for 24 h. Then,
the cell culture supernatant was collected for exosome
purification.

Exosome Purification

A total of 80 mL of cell culture supernatant was col-
lected to purify exosomes with ExoQuick-TC
(#EXOTC50A-1; System Bioscience) following the
manufacturer’s protocol. Cell culture supernatants were
centrifuged at 3,000 x g for 15 min. Supernatants were
then transferred, mixed with 16 mL of ExoQuick-TC by
inverting, and incubated overnight at 4°C. The mixture
was subsequently centrifuged at 1,500 x g for 30 min,
following which, exosomes were resuspended in 600 uL
of phosphate-buffered saline (pH 7.4). The concentra-
tion of purified exosomes was measured using the Pierce
bicinchoninic acid protein assay kit (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions.
For the characterization of exosomes, particle size was
measured using a nanoparticle analyzer (SZ-100; Horiba,
Kyoto, Japan). Furthermore, a western blot assay was
performed using CD9 (#13174, Cell Signaling Technol-
ogy, Danvers, MA) and CD81 (#56039, Cell Signaling
Technology) antibodies according to previously
described methods (Hong et al., 2020).

Exosomal RNA Extraction and Small RNA
Sequencing

Exosomal RNA was extracted using the miRNeasy
Serum/Plasma Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions. Library construc-
tion and small RNA sequencing were conducted for
exosomes from unstimulated HD11 (CTRL-EXO),
LPS-stimulated HD11 (LPS-EXO), and poly(I:C)-
stimulated HD11 (POLY-EXO). The library was con-
structed using the SMARTer smRNA-Seq Kit for Illu-
mina (TAKARA Bio Inc., Otsu, Shiga, Japan)
according to the manufacturer’s instructions. Next,
small RNA sequencing was conducted by Macrogen
(Seoul, Republic of Korea) using a HiSeq 2500 System
(Ilumina Inc., San Diego, CA).

Bioinformatics Analysis

After sequencing, raw sequence reads were filtered
based on quality using FastQC v0.11.7 (http://www.bio
informatics.babraham.ac.uk/projects/fastqc/). Adapter
sequences were additionally trimmed from raw sequence
reads using Cutadapt 2.8 (https://cutadapt.readthe
docs.org/en/stable/). Both trimmed reads and non-
adapter reads analyzed long targets (> 50bp), and proc-
essed reads were then gathered to form a unique cluster.
Unique clustered reads were sequentially aligned to the
reference genome, miRBase v22.1 (http://www.mir
base.org/), and non-coding RNA database, RN Acentral
14.0 (https://rnacentral.org/) to classify known miR-
NAs and other types of RNA such as tRNA, snRNA,
and snoRNA. Genome mapping was performed using
Bowtie v1.1.2 (http://bowtie-bio.sourceforge.net /index.
shtml) and RSEM version v1.3.1, STAR 2.6.0c (http:/
deweylab.github.io/RSEM/). Known/novel miRNAs
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predicted by miRDeep2 v2.0.0.8 (https://www.mdc-ber
lin.de/content /mirdeep2-documentation) and other
miRNAs matching RNAcentral were aligned using Bow-
tie (target smRNA, <50 nt) and HISAT2 version 2.1.0,
Bowtie2 2.3.4.1 (https://dachwankimlab.github.io
hisat2/) (target smRNA, >50nt). Read counts for each
miRNA were extracted from mapped miRNAs to deter-
mine the abundance of each miRNA. For differentially
expressed miRNA (DE miRINA) analysis, read counts
of mature miRNAs obtained from miRDeep 2 were used
as the original raw data. During data pre-processing,
low-quality miRNAs were filtered, and TMM normaliza-
tion was performed. Statistical analysis of DE miRNAs
was performed using fold change and exact Test using
edge R (empirical analysis of digital gene expres-
sion data in R). Significant results were selected on the
conditions of [fold-change|>2 & exact Test raw P-value
< 0.05. For significant DE miRNAs, hierarchical cluster-
ing analysis was performed to group similar samples and
mature miRNAs. Target genes of DE miRNAs were pre-
dicted using miRDB (http://www.mirdb.org/) and Tar-
getScan (http://www.targetscan.org/vert 72/).
Target genes with a target score over 80 were selected in
miRDB, and genes with conserved sites in TargetScan
were selected. Gene ontology (GO) functional enrich-
ment analysis of target genes was performed using gPro-
filer (http://biit.cs.ut.ee/gprofiler/gost).

miRNA Primer Design

Quantitative real-time PCR (qRT-PCR) for miR-
NAs required a forward primer to be designed for indi-
vidual miRNAs and a universal reverse primer provided
with the miScript SYBR Green PCR Kit (Qiagen). All
known chicken miRNA sequences were obtained from
miRBase (http://microrna.sanger.ac.uk/sequences/ftp.
shtml). Oligonucleotide primers for these miRNAs were
designed using full-length mature miRNA sequences.
Primers were synthesized by Genotech (Daejeon, South
Korea; Table 1).

miRNA Expression Analysis by qRT-PCR

c¢DNA synthesis was performed using the miScript II RT
Kit (Qiagen) according to previously described methods
(Hong et al., 2021c). The synthesized cDNA was used as a
template for gqRT-PCR. The miScript SYBR Green PCR.
Kit (Qiagen) was used to determine miRNA expression in
the CFX Connect Real-Time PCR Detection System (Bio-
Rad, Hercules, CA) according to the manufacturer’s

Table 1. Sequences of primers for qRT-PCR analysis.

miRNAs

UlA CTGCATAATTTGTGGTAGTGG
gga-miR-19a-3p TGTGCAAATCTATGCAAAACTGA
gga-miR-21-3p CAACAACAGTCGGTAGGCTGTC
gga-miR-301a-3p CAGTGCAATAATATTGTCAAAGCAT
gga-miR-338-3p TCCAGCATCAGTGATTTTGTTGA
gga-miR-3523 CCGCGCAGTGCCTCGTCCTCGA

Sequences (5'- 3')

protocol. In brief, for 25 uL of reaction mix, the following
components were added: 12.5 uL of 2 x QuantiTect
SYBR Green PCR Master Mix, 2.5 uL of 10 uM forward
primer, 2.5 uLi of 10 x universal primer, 2.5 L of tem-
plate cDNA, and RNase-free water up to 25 uL. The
cycling conditions were as follows: 95°C for 15 min to acti-
vate the initial step, followed by 40 cycles of 94°C for 15 s,
55°C for 30 s, and 70°C for 30 s. Gene expression was calcu-
lated using the 2784t method after normalization with
U1A (Livak and Schmittgen, 2001). All gqRT-PCR. analy-
ses were performed in triplicates.

Statistical Analysis

Statistical analysis was performed using SPSS soft-
ware (version 26.0; IBM, Chicago, IL). Data are
expressed as the mean + SEM. Statistical comparisons
were performed using one-way ANOVA and Tukey’s
multiple comparison test, and the level of statistical sig-
nificance was set at P < 0.05.

RESULTS
Characterization of Exosomes

Exosomes from LPS- and poly(I:C)-stimulated HD11
and non-stimulated HD11 were purified and character-
ized by particle size and exosomal biomarkers (Figure
S1). The size range of exosome was 72.87 to 279.04 nm
for CTRL-EXO, 93.02 to 315.27 nm for LPS-EXO, and
82.33 to 315.27 nm for POLY-EXO. The average size of
exosomes was 132 nm for CTRL-EXO, 169 nm for LPS-
EXO, and 159.9 nm for POLY-EXO (Figure S1A). Exo-
somal markers of CD9 and CD81 were detected by west-
ern blotting in CTRL-EXO, LPS-EXO, and POLY-
EXO (Figure S1B).

Statistical Assessment of Small RNA
Sequencing

In CTRL-EXO, 56,954,938 reads were produced, and
the total read bases were 2.9 Gbp, while those of LPS-
EXO and POLY-EXO were 46,637,883 reads and 2.4
Gbp and 45,066,267 reads and 2.3 Gbp, respectively
(Table 2). GC contents of CTRL-EXO, LPS-EXO, and
POLY-EXO were 36.74, 39.28, and 36.49%, respec-
tively, and the corresponding ratio of bases with a Phred
quality score >30 (Q30) were 89.4, 87.06, and 80.42%.
Table 3 shows the number of mapped reads to the

Table 2. Raw data statistics (raw FASTQ statistics).

Sample Total bases

CTRL-EXO 2,904,701,838
LPS-EXO 2,378,532,033
POLY-EXO 2,298,379,617

Read count GC (%) Q20 (%) Q30 (%)

56,954,938  36.74 93.78 89.4
46,637,883  39.28 92.31 87.06
45,066,267  36.49 86.8 80.42

Total bases (= Total reads x Read length) indicate the total number of
bases sequenced.

Q20 (%) and Q30 (%) are ratios of bases that have phred quality score
greater than or equal to 20 and 30, respectively.


https://www.mdc-berlin.de/content/mirdeep2-documentation
https://www.mdc-berlin.de/content/mirdeep2-documentation
https://daehwankimlab.github.io/hisat2/
https://daehwankimlab.github.io/hisat2/
http://www.mirdb.org/
http://www.targetscan.org/vert_72/
http://biit.cs.ut.ee/gprofiler/gost
http://microrna.sanger.ac.uk/sequences/ftp.shtml
http://microrna.sanger.ac.uk/sequences/ftp.shtml

4 HONG ET AL.

Table 3. Mapped reads to miRBase precursor.

Sample Processed reads Mapped reads Known miRNA in Sample Known miRNA in Species (miRBase v22.1)
CTRL-EXO 34,634,118 207,112 (0.6%) 361 1,235

LPS-EXO 23,012,701 90,736 (0.39%) 297 1,235

POLY-EXO 20,519,518 10,440 (0.05%) 168 1,235

Processed reads indicate reads which were trimmed and removed unwanted sources from them.

miRBase precursor and the number of known miRNAs
with read counts greater than 1 for each sample. In
CTRL-EXO, among 34,634,118 processed reads,
207,112 (0.6%) reads mapped to the miRBase precursor,
and 361 known miRNAs were detected, while those in
LPS-EXO and POLY-EXO corresponded to 23,012,701
processed reads, 90,736 (0.39%) reads, 297 known miR-
NAs and 20,519,518 processed reads, 10,440 (0.05%)
reads mapped, and 168 known mi RNAs.

Analysis of Differentially Expressed miRNAs
Between CTRL, LPS, and POLY-EXOs

DE miRNAs were analyzed in 3 comparison groups:
LPS-EXO vs. CTRL-EXO, POLY-EXO vs. CTRL-EXO,

A

change (LPS-EXO/CTRL-EXO)

and LPS-EXO vs. POLY-EXO. In the LPS-EXO vs.
CTRL-EXO comparison, a total of 36 DE miRNAs were
found, and 23 miRNAs were upregulated and 13 miRNAs
were downregulated in LPS-EXOs compared with those in
CTRL-EXO (Figure 1). In POLY-EXO vs. CTRL-EXO
comparison, 42 DE miRNAs were detected, and 28 miR-~
NAs were upregulated and 14 miRNAs were downregu-
lated in POLY-EXO compared with those in CTRL-EXO.
In the LPS-EXO vs. POLY-EXO comparison, a total of 45
DE miRNAs were found, and 19 miRNAs were upregu-
lated and 26 miRNAs were downregulated in LPS-EXO
compared with those in POLY-EXO. TableS1 shows the
fold change in DE miRNAs and read counts. Among 36
DE miRNAs in LPS-EXO vs. CTRL-EXO comparison,
the expression level of gga-miR-16¢-5p was the highest,
with a fold change of 19.51, and the expression level of

LPS-EXO vs. CTRL-EXO
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Figure 1. Fold-change of differentially expressed miRNAs of (A) lipopolysaccharide-stimulated exosomes (LPS-EXO) vs. unstimulated HD11
(CTRL-EXO), (B) poly(I:C)-stimulated exosomes (POLY-EXO) vs. CTRL-EXO, and (C) LPS-EXO vs. POLY-EXO. Significant differentially
expressed miRNAs were selected on conditions of |[FC|> 2 and exact Test raw P-value < 0.05.
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gga-miR-29b-2-5p was the lowest, with a fold change of
—16.77 in LPS-EXO. Among 42 DE miRNAs in POLY-
EXO vs. CTRL-EXO comparison, expression of gga-miR-
20a-3p was the highest, with a fold change of 127.91, and
the expression level of gga-miR-122-5p was the lowest,
with a fold change —7.62 in POLY-EXO. Among the 45
DE miRNAs in LPS-EXO vs. POLY-EXO comparison,
the expression level of gga-miR-3523 was the highest, with
a fold change of 11.21, and the expression level of gga-miR~
19a-3p was the lowest, with a fold change of —56.45 in
LPS-EXO. In the volcano plot, logs fold change and P-val-
ues obtained from the comparison between the 2 groups
were plotted (Figure 2). We further compared 70 miRNAs
among the 3 samples and performed heat map and hierar-
chical clustering analysis, as shown in Figure 3. miRNA
expression pattern of CTRL-EXO was similar to LPS-
EXO than POLY-EXO. Moreover, although the expres-
sion pattern of miRNAs in LPS-EXO and POLY-EXO
had some similarities, most miRNAs expressions were
opposite. Figure 4 shows the Venn diagram of DE miRNAs
in the 3 comparisons. Seven miRNAs (gga-miR-338-3p,

gga-miR-142-3p, gga-miR-19a-3p, gga-miR-16¢c-5p, gga-
miR-3523, gga-miR-21-3p, and gga-miR-301a-3p) were
found to be overlapping DE miRNAs in the 3 compari-
sons. Moreover, 4 miRNAs (gga-miR-6651-5p, gga-
miR-~12258-5p, gga-miR-21, and gga-miR-106-5p) were
common DE miRNAs only in LPS-EXO vs. CTRL-
EXO and POLY-EXO vs. CTRL-EXO comparisons. 9
miRNAs (gga-miR-10b-5p, gga-miR-130b-3p, gga-
miR-146a-5p, gga-miR-92-3p, gga-miR-1684a-3p, gga-
miR-193a-5p, gga-miR-101-3p, gga-miR-425-5p, gga-
miR-140-5p) were found as common DE miRNAs only
in LPS-EXO vs. CTRL-EXO and LPS-EXO wvs.
POLY-EXO comparisons. 26 miRNAs (gga-miR-214,
gga-miR-1451-5p, gga-miR-30c-1-3p, gga-miR-130a-
3p, gga-miR-19b-3p, gga-miR-20a-3p, gga-miR-210a-
5p, gga-miR-148b-5p, gga-miR-190a-5p, gga-miR-17-
3p, gga-miR-122-5p, gga-miR-1729-3p, gga-let-7k-3p,
gga-let-7d, gga-miR-22-3p, gga-miR-~142-5p, gga-miR-
33-2-5p, gga-let-7b, gga-miR-16-1-3p, gga-miR-33-5p,
gga-miR-191-3p, gga-let-7a-5p, gga-miR-219b, gga-
miR-130c-3p, gga-let-7a-3p, and gga-let-7j-5p) were
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Figure 2. Volcano plot of differentially expressed miRNAs of (A) lipopolysaccharide-stimulated exosomes (LPS-EXO) vs. unstimulated HD11
(CTRL-EXO), (B) poly(I:C)-stimulated exosomes (POLY-EXO) vs. CTRL-EXO, and (C) LPS-EXO vs. POLY-EXO. The vertical lines correspond
to 2-fold up and down, respectively, and the horizontal line represents a P-value of 0.05. X-axis, log, fold-change; Y-axis, —log;o P-value. Yellow dots
indicate FC > 2 and raw P-value < 0.05; blue dot indicate FC <—2 and raw P-value < 0.05.
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Heat map of the one-way Hierachical Clustering
using Z-score for normalized value (log2 based)
(70 Mature miRNAs satisfying with fc2 & raw.p)

Color Key I S
-1 0051 [l FoLv-Exo
Value

b L L

CTRL-EXO

=

gga-let-7j-5p
gga-let-7a-5p
gga-let-7d
gga-let-7k-5p
gga-let-71-5p

-miR-191-3p
gga-miR-30c-1-3p
gga-let-7b
gga-miR-122-5p
gga-miR-1451-5p
gga-miR-106-5p
gga-miR-130b-5p
gga-miR-425-5p
gga-miR-193a-5p
gga-miR-10b-5p
gga-miR-214
gga-miR-3523
gga-miR-130b-3p

gga-miR-1581
gga-miR-1596-5p
gga-miR-16¢-5p
gga-miR-12258-5p
gga-miR-365-2-5p
gga-miR-1563
gga-miR-6651-5p
gga-miR-10b-3p
gga-let-7k-3p
gga-let-7a-3p

gga-miR-21-3p
gga-miR-20a-3p
gga-miR-22-3p
gga-miR-130c-3p
gga-miR-190a-5p
gga-miR-142-5p
gga-miR-17-3p
gga-miR-16-1-3p
gga-miR-130a-3p
gga-miR-33-5p
gga-miR-33-2-5p
gga-miR-19b-3p
gga-miR-9-4-3p
gga-miR-19a-3p
gga-miR-1729-3p
gga-miR-301a-3p

gga-miR-142-3p
gga-miR-219b
gga-miR-20b-5p

gga-miR-29b-2-5p
gga-miR-17-5p
gga-miR-181b-5p
gga-miR-140-5p
gga-miR-27b-3p

LPS-EXO
POLY-EXO

Figure 3. Heatmap and hierarchical clustering analysis of 70 differentially expressed miRNAs using R program. This analysis was conducted
using the Euclidean method and complete linkage. The red color box indicates unstimulated HD11 (CTRL-EXO), the green color box indicates lipo-
polysaccharide-stimulated exosomes (LPS-EXO), and the blue color box indicates poly(I:C)-stimulated exosomes (POLY-EXO). Z-score is the esti-

mated coefficient of variation divided by its standard error.

overlapping DE miRNAs only in POLY-EXO wvs.
CTRL-EXO and LPS-EXO vs. POLY-EXO compari-
sons.

Target Genes Prediction

For each comparison, prediction of target genes of DE
miRNAs was performed using miRDB and TargetScan.
Target genes with a target score over 80 were selected in
miRDB, and genes with conserved sites in TargetScan
were selected. A Venn diagram of the predicted target

genes by miRDB and TargetScan is presented in
Figure 5. In the LPS-EXO and CTRL-EXO compari-
sons, 3,743 target genes were predicted by miRDB,
5,416 target genes were predicted by TargetScan, and
2,139 genes overlapped (Figure 5A). In the POLY-EXO
and CTRL-EXO comparisons, 3,805 target genes were
predicted by miRDB, 6,034 target genes were predicted
by TargetScan, and 2,274 genes overlapped (Figure 5B).
In the LPS-EXO and POLY-EXO comparisons, 4,095
genes were predicted as target genes by miRDB and
6,072 genes were predicted as target genes by TargetS-
can, and 2,420 genes overlapped (Figure 5C).
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Figure 4. Venn diagram for overlapping differentially expressed miRNAs in three comparisons. The numbers indicate miRNA counts in the
indicated area.

GO and KEGG Pathway Analysis processes, and 51 GO terms for cellular components
(Table S2). Figure 6 shows the top 10 significantly

For GO and KEGG pathway analyses, overlapping  enriched GO in the LPS-EXO and CTRL-EXO compar-
target genes between miRDB and TargetScan were  ison. In KEGG pathway analysis, 20 KEGG pathways
used. In GO analysis, 2,139 target genes from LPS-EXO  were related to target genes, and most of the target
vs. CTRL-EXO were classified into 60 GO terms for  genes were related to the MAPK signaling pathway
molecular functions, 385 GO terms for biological  (Table S2 and Figure 6). Using 2,274 genes from POLY-

A miRDB TargetScan B miRDB TargetScan
LPS-EXO vs. CTRL-EXO POLY-EXO vs. CTRL-EXO
C miRDB TargetScan

LPS-EXO vs. POLY-EXO

Figure 5. Venn diagram of predicted target genes from miRDB and TargetScan. Target genes of DE miRNAs from (A) lipopolysaccharide-stim-
ulated exosomes (LPS-EXO) vs. unstimulated HD11 (CTRL-EXO), (B) poly(I:C)-stimulated exosomes (POLY-EXO) vs. CTRL-EXO, and (C)
LPS-EXO vs. POLY-EXO were predicted using two different software, miRDB and TargetScan. The numbers indicate the gene counts in the indi-
cated area.
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EXO vs. CTRL-EXO comparison, 52 GO terms were
found in molecular functions, 441 GO terms in biological
processes, and 56 GO terms in cellular components
(Table S3). Figure S2 also demonstrates the top 10 sig-
nificantly enriched GO in POLY-EXO vs. CTRL-EXO
comparison. In KEGG pathway analysis, 19 KEGG
pathways were identified, and the MAPK signaling
pathway was the most enriched pathway (Table S3 and
Figure S2). Finally, in the LPS-EXO vs. POLY-EXO
comparison, 51 GO terms in molecular functions, 534
GO terms in biological processes, and 66 GO terms in
cellular components were found (Table S4). Moreover,
Figure S3 reveals the top 10 significantly enriched GO in
the LPS-EXO vs. POLY-EXO comparison. In KEGG
pathway analysis, 19 pathways were found, and the

gga-miR-142-3p

gga-miR-19a-3p
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TOP 10 significantly enriched Gene ontology (GO) and KEGG analysis using target genes from DE miRNAs of lipopolysaccharide-
stimulated exosomes (LPS-EXO) vs. unstimulated HD11 (CTRL-EXO).

Wnt signaling pathway was the most enriched pathway
(Table S4 and Figure S3).

Validation of Sequencing Results by qRT-
PCR

Small RNA sequencing of exosomes was confirmed
using qRT-PCR. For qRT-PCR, 6 miRNAs were
selected from the overlapping DE miRNAs in 3 compari-
sons. Expression levels of miRNAs were normalized
using CTRL-EXO, and furthermore qRT-PCR results
were consistent with sequencing results (Figure 7). The
expression of gga-miR-142-3p was 0.16 times lower in
LPS-EXO and 4.09 times higher in POLY-EXO, as

gga-miR-21-3p
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Figure 7. qRT-PCR of exosomal miRNA. Relative quantitation data are represented as mean + SEM normalized to UlA using the

CTRL-EXO LPS-EXO POLY-EXO

CTRL-EXO LPS-EXO POLY-EXO
92~ AACt

method. The expression level of unstimulated HD11 (CTRL-EXO) was used for normalization. The data are expressed as the mean + standard error
of the mean and are representative of three independent experiments. Different lowercase letters above the dots indicate significant differences (P <
0.05) as determined by analysis of variance with Tukey’s multiple comparison test.
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compared with CTRL-EXO. Expression patterns of gga-
miR-19a-3p was 0.31-fold change in LPS-EXO and 5.63-
fold change in POLY-EXO compared with CTRL-EXO.
gga-miR-21-3p was 1.53-fold change in LPS-EXO and
2.41-fold change in POLY-EXO compared with CTRL-
EXO. gga-miR-301a-3p was 0.17-fold change in LPS-
EXO and 6.36-fold change in POLY-EXO compared
with CTRL-EXO. gga-miR-338-3p was 0.17-fold change
in LPS-EXO and 4.15-fold change in POLY-EXO com-
pared with CTRL-EXO. gga-miR-3523 was 2.17 fold-
change in LPS-EXO and 0.70-fold change in POLY-
EXO compared with CTRL-EXO.

DISCUSSION

Exosomes are important mediators of cell communica-
tion and released exosomes from donor cells can be deliv-
ered to distant and neighboring cells by biological fluids.
In particular, miRNAs delivered by exosomes can regu-
late gene expression in recipient cells. Moreover, our pre-
vious studies have demonstrated that exosomes from
LPS and poly(I:C)-stimulated chicken macrophage cell
line modulate immune responses (Hong et al., 2021a, b).
Therefore, in this study, we analyzed miRNA profiles of
LPS and poly(I:C)-stimulated chicken macrophage cell
lines by high-throughput small RNA sequencing. miR-
NAs can be key regulatory factors in the various immuno-
modulatory roles of exosomes. For examples, the
expression of exosomal miRNA from bone marrow-
derived dendritic cells was different depending on their
maturation, and delivered exosomal miRNAs regulate
the expression of their target genes (Montecalvo et al.,
2012). Moreover, exosomes derived from interferon-o and
LPS-stimulated monocytes changed compositions of miR-
NAs and stimulated brain vascular function through the
TLR4/myeloid differentiation primary response gene 88
pathway (Dalvi et al., 2017). Exosomes derived from
LPS-preconditioned mesenchymal stromal cells alleviate
inflammation and enhance cutaneous wound healing by
delivering let-7b (Ti et al., 2015). Furthermore, exosomes
derived from tumor-associated macrophages express
miR~501-3p, deliver miR-501-3p, inhibit the expression of
tumor suppressor TGFBR3 gene, and promote pancreatic
ductal adenocarcinoma (Yin et al., 2019). Interestingly,
Neerukonda et al. (2019) compared exosomal miRNA
expression pattern between Marek’s disease virus
(MDV)-vaccinated chickens and unvaccinated chickens
and they found that exosomes from MDV-vaccinated
chickens contained MDV mRNAs that can induce
immune response by delivered to antigen presenting cells.

In this study, poly(I:C) was used to stimulate the
chicken macrophage cell line. Since dsRNA is generated
via viral replication, stimulation of chicken macrophage
cell line with poly(I:C), a synthetic dSRNA, simulates viral
infection by activating TLR3 and MDA-5. In POLY-EXO
vs. CTRL-EXO comparison, gga-miR-142-5p was upregu-
lated and gga-let-7b and gga-miR-122-5p were downregu-
lated. In a previous study, we analyzed miRNA profiles of
exosomes derived from avian influenza virus H5NI1-

infected chickens and found that gga-miR-142-5p, gga-let-
7b, and gga-miR-122-5p were differentially expressed
between infected and noninfected exosomes (Hong et al.,
2021c). In particular, expression patterns were similar to
those in this study—gga-miR-142-5p was upregulated
(2.96-fold change), and gga-let-7b (-3.43 fold-change) and
gga-miR~122-5p (—2.89 fold change) were downregulated.
Moreover, for DE miRNAs from LPS vs. CTRL-EXO
comparison, expression patterns of gga-miR-21-3p (2.59
fold change) and gga-miR-146a-5p (4.58-fold change)
were also similar to those of a previous study; mmu-miR-
21-3p (114.07-fold change) and mmu-miR-146a-5p (9.81-
fold change) were upregulated in exosomes derived from
LPS-stimulated RAW 264.7, compared with non-stimu-
lated cells (McDonald et al., 2014). In addition, for LPS-
EXO vs. CTRL-EXO comparison, the expression level of
gga-miR-29b-2-5p was the lowest (—16.77 fold change).
MicorRNA-29b-5p promotes the binding of Shigella flex-
neri to host cells and replication (Sunkavalli et al., 2017).
Because Shigella flexneri is a gram-negative bacterium,
we suggest that upon stimulation by LPS, a structural
component of gram-negative bacteria, macrophages
downregulate the expression of gga-miR-29b-2-5p to
inhibit bacterial binding and replication, and that infor-
mation will be delivered to other immune cells by exo-
somes.

The MAPK signaling pathway plays an important role
in host defense against bacterial and viral infections by reg-
ulating the inflammatory response (He et al., 2018) and
Wt signaling pathways plays various roles, such as main-
taining homeostasis of immune response, immunological
surveillance, and phagocytosis against infected pathogens
(Jati et al., 2019). In KEGG pathway analysis, the MAPK
signaling pathway was strongly regulated by target genes
of DE miRNAs in the three comparisons (Figure 6 and Fig-
ures S2 and S3). Moreover, the Wnt signaling pathway
was strongly related to the target genes of DE miRNAs in
LPS-EXO vs. POLY-EXO. Therefore, we propose that
exosomal miRNAs from LPS and poly(I:C)-stimulated
chicken macrophages can regulate the MAPK and Wnt
signaling pathways for antiviral immune response.

In summary, we examined the expression of exosomal
miRNAs of LPS and poly(I:C)-stimulated chicken macro-
phage cell lines by small RNA sequencing. A total of 36
DE miRNAs were found in LPS-EXO vs. CTRL-EXO, 42
DE miRNAs in POLY-EXO vs. CTRL-EXO, and 45 DE
miRNAs in LPS-EXO vs. POLY-EXO. Moreover, we pre-
dicted target genes of DE miRNAs using miRDB and Tar-
getScan. Interestingly, MAPK and Wnt signaling
pathways were highly correlated with DE miRNAs in 3
comparisons. This study provides an understanding of the
immuno-regulatory mechanisms of exosomal miRNAs
against bacterial and viral infections.
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