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Low let-7d microRNA levels in chick embryos
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gallisepticum by suppressing
the mitogen-activated protein kinase pathway
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Abstract

MAPK pathway

Chick embryos are a valuable model for studying immunity and vaccines. Therefore, it is crucial to investigate the
molecular mechanism of the Mycoplasma gallisepticum (MG)-induced immune response in chick embryos for the
prevention and control of MG. In this study, we screened for downregulated let-7d microRNA in MG-infected chicken
embryonic lungs to explore its involvement in the innate immune mechanism against MG. Here, we demonstrated
that low levels of let-7d are a protective mechanism for chicken embryo primary type Il pneumocytes (CP-Il) in the
presence of MG. Specifically, we found that depressed levels of let-7 in CP-II cells reduced the adhesion capacity of
MG. This suppressive effect was achieved through the activated mitogen-activated protein kinase phosphatase 1
(MKP1) target gene and the inactivated mitogen-activated protein kinase (MAPK) pathway. Furthermore, MG-induced
hyperinflammation and cell death were both alleviated by downregulation of let-7d. In conclusion, chick embryos
protect themselves against MG infection through the innate immune molecule let-7d, which may result from its func-
tion as an inhibitor of the MAPK pathway to effectively mitigate MG adhesion, the inflammatory response and cell
apoptosis. This study may provide new insight into the development of vaccines against MG.
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Introduction

Mycoplasma gallisepticum (MQ) is a notorious pathogen
with a high prevalence in poultry worldwide that causes
highly contagious chronic respiratory disease (CRD) in
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chickens [1, 2]. Adhesion of MG is a complex multifac-
torial process and is a prerequisite for its pathogenicity
[3]. MG adheres to avian lungs and triggers a vigorous
inflammatory response, leading to lung tissue lesions
[4, 5]. The MG-HS strain, a virulent strain, was isolated
from Hubei, and pMGA1.2 is a major adhesion protein of
MG-HS and is necessary for MG-HS infection in chick-
ens [6]. Worse, our previous studies have demonstrated
the ability of MG to evade host immunity through the
gga-mir-365-3p/SOCS5/STATs axis [7]. Elimination of
the risk of MG infection is a challenge for the poultry
industry [8].
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Vaccination is currently an effective approach to pre-
vent MG infection. The nonspecific response of innate
immunity is a prerequisite for the initiation of the
acquired immune response to vaccines [9]. Due to the
high variability of strain antigens and the instability of
attenuated vaccines, the development of novel vaccines is
needed. An in-depth understanding of the innate immu-
nity mechanism of chick embryos against MG facilitates
vaccine development.

MicroRNAs (miRNAs) are short endogenous noncod-
ing RNAs that are thought to be important regulators of
innate and adaptive immune responses in most eukary-
otes [10]. In a previous study, we found that let-7 possi-
bly participated in the innate immune process of chick
embryos against MG infection, but its exact mechanism
is not yet clear [11]. Let-7, one of the first miRNAs identi-
fied, has been shown to be involved in innate immunity
to a variety of pathogenic microorganisms. For example,
in Caenorhabditis elegans, let-7 plays a role in regulating
innate immunity in the intestine and neurons [12]; let-7
directly inhibits TLR4, thereby contributing to the initia-
tion of the innate immune response and inflammation
during Helicobacter pylori or Cryptosporidium parvum
infection [13, 14].

The mitogen-activated protein kinase (MAPK) sig-
nalling pathway, a major effector limb of inflammatory
lesions and immune responses, is an attractive thera-
peutic target [15]. Mitogen-activated protein kinase
phosphatase 1 (MKP1) belongs to the bispecific phos-
phatase family and is an endogenous negative regulator
of MAPK signalling [16]. Dephosphorylation of MKP1
suppresses the activated protein-1 (AP-1) signalling
pathway, resulting in downregulation of the inflamma-
tory cytokines IL-6, IL-8, IL-12, TNF-a, and COX2 [17].
AP-1 consists of a DNA-binding complex of Jun, Fos and
the cCAMP response element binding the protein family
of activated transcription factors [18]. It has been previ-
ously demonstrated that inhibition of the MAPK pathway
leads to weakened inflammation, thereby activating host
innate immune mechanisms. Nevertheless, the mecha-
nism through which let-7d regulates the innate immune
response in MG-infected chick embryos remains unclear.

In this study, we identified enrichment of let-7d target
genes within the MAPK pathway. As such, we sought to
investigate the potential role of let-7d in regulating the
innate immune response against MG infection in chick
embryos by modulating the MAPK signalling pathway.

Materials and methods

Chicken embryo primary type Il pneumocyte (CP-II) culture
CP-1I cells were prepared using standard techniques
from 14-day-old specific pathogen-free (SPF) embryos.
Chicken embryonic lungs were cut into tiny tissue pieces
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and then digested using 0.25% trypsin and 0.1% type
IV collagenase (Invitrogen-Gibco) at 37 °C for 15 and
20 min, respectively. The cell suspension was filtered
through a 200-mesh sieve and incubated with 10% foetal
bovine serum for one hour, and then, the supernatant was
collected to remove the adhered cells. The supernatant
collected in the above step was centrifuged at 1200 r/min
for 5 min to collect the unattached cells. Subsequently,
the precipitated cells were resuspended in DMEM and
then filtered through a 400-mesh sieve to obtain CP-II
cells. The purified CP-II cells were counted and inocu-
lated in appropriate amounts into culture plates in a car-
bon dioxide cell incubator with 5% CO, at 37 °C [19].

Mycoplasma strains and infection experiments

MG-HS, a virulent strain of mycoplasma, was isolated
from a chicken farm in Hubei Province, China [20, 21].
MG-HS was provided by the State Key Laboratory of
Agricultural Microbiology, College of Veterinary Medi-
cine, Huazhong Agricultural University (Wuhan, China).
MG-HS was cultured on the basis of a previous study
[22]. In brief, MG-HS was cultured at 37 °C in modified
FM-4 medium with 12% (v/v) porcine serum and 10%
yeast extract until the mid-log phase.

The concentration of viable Mycoplasmas in a suspen-
sion was then determined by a colour-changing unit
(CCU) assay that was reported in detail in our previous
studies [23]. Briefly, twenty sterilized 2 mL centrifuge
tubes were prepared, and 1.8 mL of medium was added
to tubes 1-19. Next, 0.2 mL of the mycoplasma solution
was added to the first centrifuge tube and mixed thor-
oughly. Subsequently, 0.2 mL of the mixture was aspi-
rated into the second centrifuge tube and mixed well.
This process was repeated for each subsequent centrifuge
tube until reaching the 19" tube, at which point 0.2 mL
of liquid was discarded after mixing. The 20 centrifuge
tube (tube 20) was designated as the control. The tubes
were then incubated at a constant temperature of 37 °C
for a duration of two weeks, during which the colour
change of the medium was observed.

The concentration of MG-HS in this study was 10°
CCU/mL. In addition, White Leghorn specific-pathogen-
free (SPF) chick embryos were used for MG-HS infec-
tion experiments. The experimental method was detailed
in our previous reports [11]. In short, the chick embryo
allantoic cavity was injected with 300 pL of MG after 9
days of incubation. Then, samples of chicken embryonic
lung tissue were collected at 3-7 days post-infection
(equivalent to days 12-16 of egg hatching).

DNA primers and RNA oligonucleotides
In this experiment, the total sequences of the DNA
primers that were adopted are presented in Table 1. In
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Table 1 Sequences of DNA primers.
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Name Primer sequence (5’-3')
Primers for CDS Cloning
MKP1-CDS-F CCCTCGAGATGGTGAACCTGCGGGTGT
MKP1-CDS-R TTGCGGCCGCTCAGCAGCTCGGGGAGG
Primers for 3'UTR Cloning
MKP1 3'UTR-F CCCTCGAGTTGTCCTAAGCCTGCTGCAT
MKP1 3'UTR-R TTGCGGCCGCGCAACTCAAGAAGCACTCGC

Mut- MKP1 3'UTR-F
Mut- MKP1 3'UTR-R

GAPDH-F
GAPDH-R
MKP1-F
MKP1-R
ERK-F
ERK-R
P38-F
P38-R
INK-F
INK-R
C-jun-F
CHjun-R
C-fos-F
C-fos-R
CCL4-F
CCL4-R
CCL5-F
CCL5-R
PMGA1.2-F
PMGA1.2-R
RT-Let-7d-F
miR-let-7d-F
miR-let-7d-R
5s-rRNA-F
5s-rRNA-R
RT-5S

AGAGAAACCAAATGATCGAGTATTTTTTTTTTGGTACTGTAATCCTGTGTGT
AAATACTCGATCATTTGGTTTCTCTAGAAATGCAACTTCAGGTTCATG
Primers for RT-gPCR

GAGGGTAGTGAAGGCTGCTG

CACAACACGGTTGCTGTATC

GGCACTACCAGTACAAAAGCATC
CAAGGACCTGCGACTCGAAC

GTGACTTCGGACTGGC

TCCTGGAAAGATGGGT

ACGGCTACTGAAGCATAT

TCTGTAAGTTTCTGGCATT

AAGCAAGCGTGACAAC

ATCATAGGCTGCACATAC

CGGCTCATCATCCAGTCC

CCCTCTTGCTCGTCGGTA

TACACCTCCACCTTCGTCTTCACC

TTGCTGCTGCTGCCCTTCC

CCTCGCTGTCCTCCTCA

CTGGCTGTTGGTCTCGTAG

CTCAAGCCTCTTCATCTCC

GCATTTGCTGCTGGTGT

TCATATAAAAACTTAATGGCTACTC
CTCTTCTGTGATTGTATTAGCAG
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACTATGCA
CTGGTAGGAGAGGTAGTGGGTTGC
ACTGGTGTCGTGGAGTCGGC

CCATACCACCCTGGAAACGC

TACTAACCGAGCCCGACCCT

AACTGGTGTCGTGGAGTCGGC

Table 2 Sequences of RNA oligonucleotides.

Name Sequences (5'-3')
Si-NC CAGUACUUUUGUGUAGUACAA
Si-gga-MKP1 GAAAGCAAGTAGTAATTGA

addition, all RNA oligonucleotides were designed and
synthesized by GenePharm (Shanghai, China). The
RNA oligonucleotide sequences are shown in Table 2.

RNA isolation and quantitative real-time PCR

According to the manufacturer’s instructions, total RNA
was isolated from postinfected and noninfected cells
using the FastPure® Cell Total RNA isolation kit (RC112-
01, Vazyme Biotech Co., Ltd., China). RNA was reverse
transcribed to cDNA with the First Strand cDNA Synthe-
sis Kit (Cat No. 11,119-11,141; Yeasen, Shanghai, China),
and reverse transcription PCR (RT-PCR) was performed.
The total volume of the reaction was 10 pL, and the ther-
mocycler program was as follows: 94 °C for 10 min and
40 cycles of 94 °C for 20 s, 58 °C for 20 s, and 72 °C for
20 s. The relative mRNA levels were calculated using the
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2 —AACt method [24]. GAPDH was used as an internal
control.

Construction of the 3’-UTR-luciferase plasmid

and dual-luciferase reporter assay

The wild-type and mutant 3’-UTR DNA fragments of
MKP1 covering the predicted binding sites of let-7d were
successfully replicated. The psiCHECK "-2-MKP1-3'-
UTR (wild type and mutant) vector was constructed by
combining the luciferase vector psi-CHECK™-2 (Pro-
mega, Madison, WI, USA) with the MKP1 3’-UTR (wild-
type and mutant). The dual-luciferase reporter assay was
performed as we previously reported [25].

Cell transfection

Once 80-90% confluence was achieved, each group of
cells was transfected with let-7d-mimics, let-7d-mimic
negative control, let-7d-inhibitor, and let-7d-inhibi-
tor negative control. CP-II cells transfected with let-
7d-mimics were marked as mimics; cells transfected
with let-7d-inhibitor were marked as Inhibitor; and cells
transfected with a nonspecific RNA were marked as
mimics-NC or Inhibitor-NC. The cells were harvested for
subsequent studies 48 h after transfection.

Cell proliferation and apoptosis assays

Cell Counting Kit-8 (CCK-8, Dojindo, Shanghai, China)
assays were used for cell proliferation experiments. CP-II
cells were inoculated in a 96-well plate at 2x 10* cells per
well. Each group of cells was separately transfected with
different oligonucleotides (let-7d, let-7d-NC, let-7d-in-
hibitor, let-7d-inhibitor-NC, Si-MKP1, Si-MKP1-NC) or
plasmids (pcDNA3.1-empty, pcDNA3.1-MKP1) using
Lipofectamine” 3000, and each group had 6 biologi-
cal replicates. Next, MG-HS (7 pL, 10'° CCU/mL) was
utilized to infect CP-II cells for 2 h. At 24 h, 48 h, and
72 h post-transfection, cell proliferation curve was meas-
ured by the CCK-8 kit according to the manufacturer’s
instructions.

Transfection treatments were described above. An
Annexin V FITC apoptosis detection kit (Dojindo) was
used to test cell apoptosis. The cell suspension, which
was made from logarithmic growth phase CP-II cells, was
infected with MG for 2 h and then separately transfected
with RNA oligonucleotides according to the instructions
of FectinMore™ (purchased from Chamot Biotechnology
Co., Ltd.). At 48 h post-transfection, ice-cold phosphate-
buffered saline (PBS) was utilized to wash cells once, and
harvested cells were centrifuged (2000 r/min, 5 min)
and resuspended in binding buffer containing 5 pL of
Annexin V-FITC at a density of 1-5x 10° cells/mL. Cells
were then incubated with 5 pL of propidium iodide (PI)
for 15 min in the dark. Finally, the apoptosis of CP-II was
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analysed by fluorescence-activated cell sorting (BD Bio-
sciences). Each group was assayed three times.

ELISAs

The grouping of transfection treatments was described
above. Forty-eight hours after transfection, the superna-
tants were collected, and the proinflammatory cytokine
(IL-6, IL-10, IL-15 and TNF-a) levels were detected with
enzyme-linked immunosorbent assay kits (Bio Legend,
San Diego, CA, USA) according to the manufacturer’s
directions.

Western blot

The grouping of transfection treatments was described
above. Forty-eight hours after transfection, the total
proteins were extracted from CP-II cells, and their con-
centrations were then determined using a bicinchoninic
acid (BCA) protein assay reagent kit (Transgen, Shang-
hai, China). Equal amounts of protein were separated by
12% SDS-polyacrylamide gel electrophoresis (Beyotime,
China) and blocked with 5% skim milk for 1 h. Then, pri-
mary antibodies for rabbit anti-MKP1 (ABclonal, A2919),
p-ERK (ABclonal, AP0472), p-JNK (ABclonal, A4867),
P38 (ABclonal, A0227), GAPDH (Abmart, M20024) or
B-actin (Abmart, T40104) (at 1:5000 dilution) protein
were incubated overnight at 4 ‘C. Finally, the membrane
was incubated with secondary antibody for 1 h after
Tris-buffered saline with Tween-20 (TBST) (a 1X con-
centrated solution of Tris-buffered saline with Tween-20
with a concentration of 10 mM Tris-HCI, 15 mM NacCl,
0.05% Tween-20 at pH 7.5) washing. The enhanced
chemiluminescence (ECL) detection system (Bio-Rad)
was used to detect protein expression.

Statistical analysis

Three independent duplicates were set in each experi-
mental group, and the results were analysed using
GraphPad Prism 7. After one-way ANOVA, multiple
comparisons of Tukey’s HSD method were used to com-
pare the different experimental values or Student’s ¢ test
was used for the comparison of two conditions. The data
are expressed as the mean +SD. P values < 0.05 were con-
sidered to indicate significant differences.

Results

Let-7d expression is decreased in MG-infected CP-I cells
First, we used MG-infected CP-II cells as a model to
investigate the molecular mechanisms of innate immu-
nity against MG in chick embryos. Our previous miRNA
deep sequencing data showed that let-7d was signifi-
cantly downregulated in MG-infected chicken embryonic
lung tissue [11]. In the present experiment, we observed
a significant decrease in let-7d expression in the lungs
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of the MG-infected chick embryos compared to that of
the noninfected group on the 3™ to 7 days post-infec-
tion (equivalent to the 12" to 16" days of egg hatching)
(Figure 1A). Subsequently, we isolated and purified pri-
mary type II pneumocytes from chicken embryos. As
expected, the qPCR results showed that let-7d expres-
sion was also significantly inhibited in MG-infected CP-II
cells (Figure 1B).

Downregulated let-7d inhibits pMGA1.2 expression

Adhesion is a necessary step for MG to establish an
infection in host cells. The main surface adhesion pro-
tein of the MG-HS strain is pMGAL1.2, which interacts
with apolipoprotein on host cells and promotes the rapid
spread of MG-HS in host tissues [6]. To investigate the
regulatory effect of let-7d on MG-HS infection, we meas-
ured the level of pMGA1.2 by qPCR and Western blot-
ting. Our results demonstrated that both the mRNA and
protein levels of pMGA1.2 were significantly increased
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overexpression of let-7d further increased the level of
pMGAL1.2 in CP-II cells, while the let-7d inhibitor signifi-
cantly inhibited the level of pMGA1.2 (Figure 1C, D).

Downregulated let-7d inhibits the inflammatory response

Cytokines play a crucial role in innate immunity. To fur-
ther investigate the regulatory effect of let-7d on innate
immunity in MG infection, we measured the levels of
inflammatory cytokines, including IL-6, IL-1p, IL-10,
and TNF-o, using ELISAs. Our results showed that the
expression levels of proinflammatory cytokines (IL-6,
IL-1B, and TNF-a) were significantly increased in the
MG-infected CP-II cells (P<0.05). Interestingly, the
expression levels of TNF-a, IL-1B, and IL-6 were signifi-
cantly higher in the let-7d overexpression group [mimics
(MG+)] than in the negative control group [NC (MG+)],
while the results were opposite in the let-7d inhibition
group [inhibitor (MG+)] (P<0.05) (Figure 1E). However,
we observed an opposite trend in the anti-inflammatory
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Figure 1 Relative let-7d expression level in CP-II cells and chicken embryonic lung tissue. (A) The relative level of let-7d in chicken embryonic
lungs. (B) The relative level of let-7d in CP-Il cells. The above data were corrected via 5sRNA as the internal quantitative control gene. (C, D) gPCR and
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These findings suggest that MG infection can induce cel-
lular inflammation, and the low expression of let-7d may
inhibit the production of inflammatory cytokines to miti-
gate inflammation.

Let-7d contributes to innate immune regulation

by targeting MPK1

miRNAs regulate gene expression by binding to mRNA
transcripts, leading to their degradation or transla-
tional inhibition. Therefore, the present study aimed
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to investigate the targets of let-7d involved in innate
immunity to elucidate the molecular mechanisms under-
lying the inhibition of MG adhesion. Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway and Gene
Ontology (GO) analyses of let-7d target genes revealed
its involvement in multiple innate immune-related sig-
nalling pathways, including the MAPK signalling path-
way (Figures 2A, B). Bioinformatics analysis revealed a
complementary binding site for let-7d’s seed region in
the 3-UTR of MKP1 mRNA, an endogenous negative
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regulator of MAPK signalling that is conserved across
species (Figure 2C). Moreover, MKP1 expression was
significantly upregulated in both MG-infected chicken
embryonic lung tissue and CP-II cells, in contrast to the
downregulation of let-7d expression (Figures 2D, E). To
confirm the relationship between let-7d and MKP1, we
constructed dual-luciferase reporter vectors containing
either the wild-type or mutant 3-UTR of MKPI1. The
results showed that let-7d mimics could significantly
reduce the luciferase activity of the reporter containing
the wild-type 3’-UTR but had no significant effect on the
luciferase activity of the mutant 3’-UTR reporter (Fig-
ure 2F). This finding indicated that let-7d could be com-
plementarily bound to the 3’-UTR of MKP1.
Furthermore, the expression of MKP1 was detected in
CP-II cells treated with MG-HS and/or RNA oligonu-
cleotides. As expected, the expression of MKP1 was sig-
nificantly increased in MG-HS-infected CP-II. Treatment
with let-7d mimics significantly inhibited the protein
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expression of MKP1, while treatment with let-7d inhibi-
tor had the opposite effect (Figure 3). These results con-
firmed that MKP1 was a direct target of let-7d in CP-II
and that its expression was negatively regulated by let-7d.
Overall, the study revealed the regulatory effect of let-7d
on MG-HS infection and its involvement in the innate
immune response through the targeting of MKP1 in the
MAPK signalling pathway.

The MAPK signalling pathway is activated by let-7d

The above results confirmed that let-7d can directly tar-
get the MKP1 gene. To investigate whether let-7d can
regulate the MAPK pathway, we detected MAPK signal-
ling pathway-related genes, including P38, ERK, JNK,
and c-jun. CP-II cells were transfected with synthesized
RNA oligonucleotides and then challenged with 100 pL
of MG-HS (1x10° CCU/mL) for 12 h. RT-qPCR was
used to measure the relative mRNA expression, while
WB was used to detect the protein levels of MAPK
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pathway-related genes. Additionally, Western blot-
ting was performed to assess the protein levels of p38,
P-p38, INK, P-JNK, ERK, and P-ERK in different treat-
ment groups. Our findings revealed that the overexpres-
sion of let-7d in MG-HS-infected CP-II cells significantly
increased the mRNA levels of P38, ERK, JNK, and c-jun.
Furthermore, WB results showed that the expression of
P38, ERK, JNK, and c-jun was noticeably increased by
upregulated let-7d, but there was little effect on their
total protein in CP-II cells. Conversely, the levels of P38,
ERK, JNK, and c-jun were markedly decreased by the
let-7d inhibitor but not total protein (Figures 4A and C).
Additionally, the overexpression of let-7d significantly
upregulated the mRNA expression of c-fos, CCL4, and
CCL5, while inhibition of let-7d produced the opposite
effect (Figure 4B).

The target gene MKP1 inhibits the MAPK pathway

To further elucidate the mechanism underlying the regu-
lation of innate immunity by let-7d, we conducted exper-
iments to investigate the effects of MKP1 overexpression
or si-MKP1 transfection in CP-II cells infected with MG.
As expected, our results showed a significant increase in
the level of MKP1 in CP-II cells infected with MG, con-
sistent with our previous findings. We confirmed the
knockdown and overexpression of MKP1 in Figures 5A
and B. Furthermore, we observed that overexpression of
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MKP1 resulted in a significant decrease in the levels of
p38, ERK, and JNK, whereas their levels were increased
by si-MKP1 transfection (Figures 5 C, D).

MKP1 participates in innate immune regulation

An ELISA kit was used to detect the levels of immune
factors, including IL-6, IL-1p, IL-10, and TNF-a (Fig-
ure 6). The results showed that MG infection signifi-
cantly induced the release of proinflammatory cytokines
(including IL-6, IL-1f5, and TNF-a) but suppressed the
release of the anti-inflammatory cytokine IL-10 com-
pared to those of the uninfected group. To investigate
the role of MKP1 in regulating inflammatory responses,
we examined the effects of MKP1 overexpression and
deletion on cytokine production. Our results showed
that overexpression of MKP1 significantly inhibited the
production of proinflammatory factors (including IL-6,
IL-18, and TNF-a), while deletion of MKP1 had the
opposite effect. Notably, differential expression of MKP1
in the uninfected group did not affect IL-10 expression.
However, in the MG-infected group, MKP1 alleviated the
inhibitory effect of MG on IL-10 (Figure 6).

MPK1 exerts proproliferative and antiapoptotic effects

on CP-lI

To further explore how let-7d regulates the anti-
MG infection role of MPK1, we manipulated MPK1
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expression by knockdown or overexpression. Cell
proliferation at different time points was detected
using the CCK-8 kit, and CP-II cells were stained with
Annexin V-PI and analysed using a flow cytometer.
The results indicated that MPK1 overexpression sig-
nificantly promoted cell proliferation and inhibited
apoptosis in CP-II cells, whereas MPK1 knockdown
had the opposite effect (Figure 7).

Downregulated let-7d increases cell proliferation

and inhibits apoptosis by targeting MKP1

CCK-8 and flow cytometry results showed that after
MG infection of CP-II cells, cell proliferation was
significantly reduced and the apoptosis rate was sig-
nificantly increased compared with those of the nor-
mal group. Overexpression of let-7d had a significant
antiproliferative and proapoptotic effect on CP-II
cells, and this effect was partially inhibited by MKP1.
Knockout of let-7d showed that the reduction in let-
7d promoted cell proliferation and inhibited cell apop-
tosis, which could be partially mitigated by MPK1
siRNA. These findings provide further evidence that
let-7d regulates the proliferation and apoptosis of MG-
infected CP-II cells by targeting MKP1 (Figures 8A
and B).

Discussion

After a pathogen infection, the innate immunity of the
host is the first line of defence against pathogens. It is
the primary method to fight pathogenic infections in
chick embryos with weak immune systems [26]. MG
is a common causative agent of respiratory infections
in the poultry industry that can be spread horizontally
and vertically, making it difficult to eliminate the patho-
gens that typically accompany the eggs laid by infected
chickens [27]. For prevention and control of the spread
of MG and development of a vaccine against MG, it is
essential to understand the innate immunity mechanism
of chick embryos against MG. In previous sequencing
data, we found a significant downregulation of let-7d in
MG-infected chick embryos. We isolated and purified
chicken primary type II pneumocytes (CP-1I) to mimic
the chicken embryo innate immunity process and found
that low expression of let-7d could inhibit the expression
of MG-HS adhesion protein (pMGA1.2) (Figures 1A—
D), which is essential for the MG-induced inflamma-
tory response [6, 21]. Our data showed that let-7d may
be involved in the innate immune mechanism of resist-
ance to MG infection. However, numerous prediction
software programs failed to show that let-7d contained
a direct binding site to the pMGA1.2 protein sequence.
It is predicted that let-7d does not directly inhibit



Wang et al. Veterinary Research (2023) 54:50
-
A o ?m @ * u ?0' a2
—_ 3383 133 W 3223 131
! H —~ o]
Q 4 FRRCE
E Q 3
é 1° 0 g
R o v
[~ 10T
S w4 2 v
0 | L3
5 1 E g
> ] Q o4
o' 404 3 ' 404 a3
O "las 200 i P 61
R T el et RPN | R R e i R ]
IDn 10 w0 IDe mg 10° 10° 0 10° \08
-
' 3398 993 W 358
e ~ 3
(O] o R
= E| o 3
£ i 3
o o] S v 1
S v Q wi
W g w4
2 = 1
B i -
, 3800 261 o 197
L R B B T e ] By vy oy
B 10° 10? 10 10° 10° !
* ~ 80
= 5 g *
g o =
g * E% £
e s * 2
: Be 3
0
2 20 ] 2
% 8 20 ;-
g g I
< 8
< T T T T T T T T >
N O N N =
cH S A & R o S 7}
P A ©
> < & O & N
0@‘* o 6}.\* )
o' <

Page 11 of 14

=
8
10 ?m @ " o ?m o2
j 2 7da
10 4186 128 w3288 181
~"3 ]
3 0
& s T 1
S ¢4 O 4
=2 | > k|
o < i
a "7 - E]
X aJ ™ o4
1w 1
=" <3
U m:}‘
= k|
o i Q 3
> wn'40s o3 O o'Hos a3
H o
o i 205 L Isia 311
i :
o

Si-MKP1(MG+)

Si-NC(MG+)

' 404 a3
o 3518 342

~o= Over-MKP1 (MG-) T 37 -e- Si-MKP1 (MG-)
-= pcDNA3.1 (MG-) g -= Si-NC (MG-) .
- Over-MKP1 (MG+) J: 2 - Si-MKP1 (MG+) ik
—e pcDNA3.1 (MG+) S 29 - SiNC (MGH) i
<
2
* * =
1 % 31
>
3
2‘4 3’6 4’8 2‘4 3‘5 4’8

Hour Hour

Figure 7 The effect of MKP1 on CP-Il cell proliferation and apoptosis. CP-Il cells were transfected with pcDNA3.1-MKP1 (over MKP1), empty
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MKP1 inhibitor was denoted as Si-NC. A CCK-8 kit was used to detect cell proliferation at different times (A, B). After 48 h of treatment, the apoptotic
cell ratio was analysed by flow cytometry. (C). A CCK-8 kit was used to detect cell proliferation at different times. All data from the experiments
carried out independently three times are shown as the mean value +SD, and * p <0.05, ** p<0.01 indicated significant differences.

MG adhesion but may be engaged in the regulation of
pMGAL.2 through the modulation of innate immune-
related factors.

Although the inflammatory response is the first
response of the innate immune system against pathogens,
an excessive immune response to pathogen invasion
can cause a “cytokine storm” that severely damages host
organs and even leads to death. Numerous studies have
shown that miRNAs are involved in the regulation of host
cytokine storms upon pathogen invasion. MiR-223 atten-
uates acute inflammation in the lungs of mice caused by
Streptococcus agalactiae [28]; inhibition of miRNA-34a
promotes M2 macrophage polarization and ameliorates
LPS-induced lung injury by targeting Kruppel-like fac-
tor 4 (KLF4) [29]; and miR-126-5p regulates host innate
immune responses by suppressing the host inflammatory
factor storm [30]. In the present study, we found that let-
7d was able to suppress the MG-triggered cytokine storm
to regulate the host immune response (Figure 1E). This
negative regulation effectively avoids damage to the host
from an excessively strong immune response.

Our findings suggest that let-7d may play a role in
innate immunity by regulating the MAPK pathway

through targeting the MKP1 gene (Figure 2). MAPKs
are a family of serine/threonine protein kinases that
direct cellular responses to various stimuli, includ-
ing pathogens and inflammatory cytokines such as
TNF-a and IL-6. These stimuli regulate immunore-
action, cell proliferation, cell survival, and apoptosis
[31, 32]. Numerous studies have shown that MAPKs
can be activated by pathogens, and activated MAPKs
phosphorylate various proteins, including transcrip-
tion factors, leading to the regulation of inflammatory
responses [33]. The inflammatory response is a major
pathological feature of MG infection, causing chronic
respiratory disease in chickens [34]. In addition, our
previous results showed that the MAPK pathway might
be a critical regulatory route for MG infection [11].
Our results showed that low expression of let-7d acti-
vated the MAPK pathway, thereby inhibiting the MG-
induced inflammatory response to anti-MG infection
(Figures 4, 6). This finding is consistent with other
researchers who have observed that let-7d can play an
important role in resistance to pathogen infection and
immune regulation [35]. Perhaps precisely for the spec-
ificity of let-7, as described in this paper, let-7d plays a
critical regulatory role in CP-II cells infected with MG.
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MKP1, a major factor in the negative regulation of
p38, JNK and ERK, inhibits phosphorylation of the
MAPK family [15]. Phosphorylation or dephospho-
rylation of p38, JNK, and ERK regulates the activa-
tion or inactivation of downstream inflammatory and
apoptotic pathways [36]. MKP1 has been reported to
be involved in immunoregulation, the inflammatory
response, and apoptosis through the regulation of the
MAPK signalling pathway in the pathogenesis of sev-
eral diseases [37]. Downregulation of MKP1 can pro-
mote the proliferation of tumours at advanced stages of
tumorigenesis by enhancing the ERK/MAPK signalling
pathway [15]. Knockdown of the MKP1 gene promotes
the production of proinflammatory cytokines (TNF-a
and IL-6) and chemokines (MIP-1a/CCL3) in mouse
models of Escherichia coli and S. aureus infection
[38]. In many cancer studies, MKP1 inhibits tumour
progression by inhibiting ERK phosphorylation. JNK
phosphorylation has been reported to upregulate the
expression of IL-6 and TNF-a [39]. More importantly,
the mechanism of action of many commonly used
anti-disease drugs is through the modulation of MKP1
[40]. NSC 95,397 exerts antiproliferative and proap-
optotic effects on colon cancer cells through inhibi-
tion of MKP-1 activity and subsequent activation of

ERK1/2 [41]. Sinomenine (SIN) was found to attenuate
LPS-induced inflammatory damage in HaCaT cells by
regulating MKP-1 [42]. In addition, numerous stud-
ies have shown that altered innate immune responses
are associated with disorders of cell proliferation and
apoptotic signalling. Consistent with these results,
our results showed that MKP1, a target gene of let-7d,
could be significantly upregulated after infection with
MG (Figure 2). Overexpression of MKP1 inhibited the
MAPK signalling pathway, promoted proliferation and
inhibited apoptosis by significantly downregulating the
expression of the MAPK pathway genes P38, JNK and
ERK (Figures 5, 7). Moreover, it could resist MG infec-
tion by decreasing the release of TNF-«, IL-1§ and IL-6
but elevating the secretion of IL-10 (Figure 6).

In conclusion, our results demonstrate that let-7d
is involved in the innate immune response of chick
embryos against MG infection by regulating the MAPK
pathway through targeting MKP1. The findings shed
light on the regulatory mechanisms of innate immunity
against MG and provide a potential target for the devel-
opment of new anti-MG therapies. Further investigation
is needed to fully understand the complex interactions
among let-7d, the MAPK pathway, and innate immunity
in MG infection. Our study provides a foundation for
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future studies on the roles of miRNAs in innate immu-
nity and host-pathogen interactions.
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