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Synopsis
As a critical adapter protein in Toll-like receptor (TLR)/Interleukin (IL)-1R signalling pathway, myeloid differentiation
protein 88 (MyD88) plays an important role in immune responses and host defence against pathogens. The present
study was designed to provide a foundation and an important reagent for the mechanistic study of MyD88 and its
role TLR/IL-1R signalling pathways in porcine immunity. Lentivirus-mediated RNAi was used to generate a porcine
PK15 cell line with a silenced MyD88 gene and quantitative real-time PCR (qPCR) and Western blotting were used
to detect changes in the expression of critical genes in the Toll-like receptor 4 (TLR4) signalling pathway. ELISA was
used to measure the levels of seven proinflammatory cytokines – interleukin-1β (IL-1β), tumour necrosis factor-α
(TNF-α), IL-6, IL-8, IL-12, macrophage inflammatory protein (MIP)-1α and MIP-1β – in cell culture supernatants after
MyD88 silencing. We successfully obtained a PK15 cell line with 61% MyD88 mRNA transcript down-regulated. In
PK15 cells with MyD88 silencing, the transcript levels of TLR4 and IL-1β were significantly reduced, whereas there
were no significant changes in the expression levels of cluster of differentiation antigen 14 (CD14), interferon-α
(IFN-α) or TNF-α. The ELISA results showed that the levels of most cytokines were not significantly changed apart
from IL-8 without stimulation, which was significantly up-regulated. When cells were induced by lipopolysaccharide
(LPS) (0.1 μg/ml) for 6 h, the global level of seven proinflammatory cytokines up-regulated and the level of IL-1β,
TNF-α, IL-6, IL-8 and IL-12 of Blank and negative control (NC) group up-regulated more significantly than RNAi group
(P < 0.05), which revealed that the MyD88 silencing could reduce the TLR4 signal transduction which inhibited the
release of proinflammatory cytokines and finally leaded to immunosuppression.
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INTRODUCTION

Toll-like receptors (TLRs) were found from Drosophila Toll pro-
teins, in addition to participating in regulating the polarity form-
ation of embryo flies back ventral, the receptors directly mediate
flies’ natural (inherent) immune response to microbial infection.
So far, there are 13 members in the TLRs family identified in
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mammals, which formed a huge type I transmembrane receptor
protein family. Research showed that TLRs played an important
role in defence mechanism of activating innate immunity and
inducting adaptive immune, especially in innate immunity con-
genital immunity [1,2]. Toll-like receptor 4 (TLR4) signalling
pathway is the essential member in TLRs family, which plays
an important role in a variety of inflammatory reaction espe-
cially in diarrhoea and hydropsy of weaned piglets infected by
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pathogenic Escherichia coli stimulated by LPS [3,4]. And the
TLR4 signalling pathway transmits signals through both myeloid
differentiation protein 88 (MyD88)-dependent and -independent
pathways. Therefore, the functional analysis of the MyD88 gene
is conductive to characterize the molecular mechanism that leads
to diarrhoea and hydropsy of weaned piglets infected by patho-
genic E. coli.

MyD88 is an important adapter protein in the TLR/Interleukin
(IL)-1 receptor signalling pathway. It is a cytoplasmic soluble
protein that contains an N-terminal death domain (DD) and a
C-terminal Toll/Interleukin-1 receptor (TIR) domain [5]. The
TIR domain plays a critical role in MyD88 signal transduction.
MyD88 sends signals to downstream via the interaction between
its TIR domain and TIR domain of membrane receptors. And
performance for activation signals is similar between different
receptors regulated by MyD88. The TIR domain of MyD88
can combine with the TIR domain of TLR or IL-1R to activ-
ate Interleukin receptor associated kinase (IRAK)-1/4 and TNF
receptor associated factor-6 (TRAF-6). IRAK-1/4 and TRAF-
6 can be activated when the TIR domain of MyD88 binds to
the TIR domain of TLRs or IL-1R, which can lead to the ac-
tivation of Nuclear factor-κB (NF-κB). Activated NF-κB rap-
idly transmits signals to the nucleus and acts as a transcription
factor to enhance the transcription of tumour necrosis factor-
α (TNF-α) and IL-1β. Subsequently, the secretion and release
of IL-6, IL-8, as well as other proinflammatory cytokines and
type I interferon-α (IFN-α) and interferon-β (IFN-β) were also
increased, which can lead to the further amplification of inflam-
mation [6–8]. These activities can ultimately lead to the activa-
tion of NF-κB and drive the release of proinflammatory cytokines
and various inflammatory mediators, which activate lymphocytes
and induce them to accelerate the synthesis of protein [9–13].
Almost, all TLRs can mediate downstream signal transduction
via a MyD88-dependent pathway except for Toll-like receptor 3
(TLR3).

The porcine MyD88 gene is located on pig chromosome
13, encodes 293 amino acids, and shares 87–88% homology
with the human MYD88 gene. It is widely expressed in vari-
ous porcine tissues, especially in immune and intestinal tis-
sues [14,15], and this expression pattern is related to its role
in immunity and host defence. As a key adapter molecule in
the TLR/IL-1R signalling pathway, MyD88 plays an import-
ant role in transmitting inflammatory signals, enhancing the in-
tensity of inflammation and triggering the release of intestinal
inflammatory mediators [16]. Considering the important role
of MyD88 in protection against pathogen infection, we gener-
ated a MyD88 RNAi silencing cell line by designing a shRNA
expression vector, lentivirus transfection and effective screen-
ing. Therefore, we established a PK15 cell line with stable
MyD88 gene silencing. And we tested the effects of its down-
regulated expression on the cytokine levels related genes and
proinflammatory in TLR4 signalling pathway. This cell line
will serve as a valuable reagent for further analyses of MyD88
functions and investigations of the mechanism of the TLR/IL-
1R signalling pathway in porcine immune responses and host
defence.

MATERIALS AND METHODS

Reagents and materials
The PK15 cell line was obtained from the A.T.C.C.
fetal bovine serum (FBS), dulbecco’s modified eagle me-
dium (DMEM) and Opti-MEM medium were obtained from
Gibco). The vectors pcDNATM6.2-GW/EmGFP-miR, pMD-18T,
pcDNA3.1( + ), pDONR221 and pLenti6.3/V5-DEST, and the
vector construction kits BLOCK-iTTM Pol II miR RNAi Ex-
pression Vector Kit with EmGFP, Packaging Mix, T4 DNA lig-
ase, high purity plasmid extraction kit, Lipofectamine 2000 and
TRIzol were purchased from Invitrogen. Synergy Brands, Inc
(SYBR) premix ExTaq was purchased from Takara. Total pro-
tein extraction kit and BCA protein detection kit were purchased
from Nanjing Keygen Technology. Primary antibodies – MyD88
(1:800), cluster of differentiation antigen 14 (CD14) (1:400),
IFN-α (1:600), IL-1β (1:600), TLR4 (1:1000), TNF-α (1:1000)
and β-actin (1:4000) – were purchased from Abcam. Second
antibody (IgG-HRP, 1:3000) was purchased from Jackson. LPS
was purchased from Sigma–Aldrich. Porcine IL-1β, TNF-α, IL-
6, IL-8, IL-12, macrophage inflammatory protein (MIP)-1α and
MIP-1β ELISA kits were purchased from AssayPro.

Primer design and sequence synthesis
Based on MyD88 gene coding sequence (NM_001099923.1),
a total of four interference sequences (oligo) to target MyD88
mRNA transcripts were designed (Table 1) and quantitative real-
time PCR (qPCR) primers were designed based on the sequences
of these genes from the pig available in the GenBank database
using Primer Express 2.0 software (Table 2). All of primers were
synthesized by Sangon Biotech.

Construction of interference vectors
Synthetic oligo DNA sequences were cloned into a pcDNA6.2-
GW/EmGFP vector after annealing and ligation, products were
transformed into DH5α competent cells, and multiple mono-
clonal plasmids were picked from solid culture plates that con-
tained spectinomycin for sequencing. When the sequence of the
product was confirmed to be correct, high-purity plasmid was
extracted for subsequent use.

Cell transfection and verification of interference
efficiency
The interference and expression vectors were co-transfected into
293T cells to evaluate interference efficacy and the vectors with
the best interference efficiency were selected. When the coverage
of 293T cells cultured with DMEM (10% FBS) in six-well plates
reached ∼80%, transfections were performed mediated by Lipo-
fectamine 2000. Cell culture medium was replaced with fresh
complete medium after it was warmed to 37 ◦C in a 5% CO2

incubator for 6 h. Cells were then cultured overnight to observe
the expression of GFP.
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Table 1 Single-strand DNA sequences for shRNAs designed for lentiviral vector
construction
In this table, italics indicate introduced enzyme loci: Bam HI recognizes the sequence of GATCC;
EcoR I recognizes the sequence of AATTC; lowercase indicates the interference sequence and
complementary sequence; and an underline represents the loop sequence.

Name Oligo sequence (5′-3′)

1F TGCTGttcggcagtcctcttcaatgcGTTTTGGCCACTGACTGACgcattgaaggactgccgaa

1R CCTGttcggcagtccttcaatgcGTCAGTCAGTGGCCAAAACgcattgaagaggactgccgaaC

2F TGCTGaagggatgctgctatctacagGTTTTGGCCACTGACTGACctgtagatcagcatccctt

2R CCTGaagggatgctgatctacagGTCAGTCAGTGGCCAAAACctgtagatagcagcatcccttC

3F TGCTGatctcggtcagacacacataaGTTTTGGCCACTGACTGACttatgtgtctgaccgagat

3R CCTGatctcggtcagacacataaGTCAGTCAGTGGCCAAAACttatgtgtgtctgaccgagatC

4F TGCTGtaacagggatcagtcgtttctGTTTTGGCCACTGACTGACagaaacgagatccctgtta

4R CCTGtaacagggatctcgtttctGTCAGTCAGTGGCCAAAACagaaacgactgatccctgttaC

N-F TGCTGaaatgtactgcgcgtggagacGTTTTGGCCACTGACTGACgtctccacgcagtacattt

N-R CCTGaaatgtactgcgtggagacGTCAGTCAGTGGCCAAAACgtctccacgcgcagtacatttC

Table 2 List of primer pairs used for gene expression analysis by qPCR

Genes Primer sequence 5′ → 3′: Forward/Reverse Product length (bp) Accession number

TLR4 CAGATAAGCGAGGCCGTCATT

TTGCAGCCCACAAAAAGCA 113 AB232527

MyD88 GTGCCGTCGGATGGTAGT

CAGTGATGAACCGCAGGAT 173 EU056736

CD14 CCTCAGACTCCGTAATGTG

CCGGGATTGTCAGATAGG 180 AB267810

TNF-α CGACTCAGTGCCGAGATCAA

CCTGCCCAGATTCAGCAAAG 58 X54001

IL-1β TGATTGTGGCAAAGGAGGA

TTGGGTCATCATCACAGACG 63 NM_001005149

IFN-α CCTGGACCACAGAAGGGA

TCTCATGCACCAGAGCCA 92 X57191

GAPDH ACATCATCCCTGCTTCTACTGG

CTCGGACGCCTGCTTCAC 188 AF017079

Hsa-GAPDH GAAGGTCGGAGTCAACGGATT

CGCTCCTGGAAGATGGTGAT 228 NM_001289745

When cells had been transiently transfected for 48 h, total
RNA from cells was extracted. And qPCR was used to detect
the interference of target genes in cells according to the man-
ufacturer’s instructions. QPCR (PrimeScriptTM RT Master Mix
[Perfect Real Time], TAKARA) was carried out as follows: 10 μl
SYBR Premix ExTaqTM II (2×), 0.4 μl PCR Forward Primer
(10 μM), 0.4 μl PCR Reverse Primer (10 μM), 0.4 μl ROX
Reference Dye II (50×), 2 μl cDNA, and 6.8 μL ddH2O was
added to make the final volume 20 μL. The ABI 7500 system
was used for the detection of qPCR. The relative levels of gene
expression were calculated using the 2− ��C

T method, and the
reference gene GAPDH was used to normalize gene expression
levels [17]. And the interference efficiency was defined as
1 − 2− ��C

T. Protein levels were normalized using the BCA
kit (Nanjing Keygen Technology). The sample in each group
was conducted by SDS/10% PAGE: 10 μl of protein-loading

160 V 70 min. Blotting: proteins were transferred to PVDF
membranes and immunoblotted with antibodies to MyD88
(1:800), β-actin(1:4000) and IgG-HRP (1:3000).

Lentiviral vector packaging and titre determination
Gateway recombination technology was used to select the vec-
tor with the optimal interference efficacy and it was cloned into
a lentiviral vector by recombination. 293T cells were used for
lentiviral packaging and virus titres were measured after concen-
trating the virus stock solution.

The restriction enzyme EagI was used to linearize the
interference plasmid by digestion, which was then purified.
The interference sequence was cloned into pDONR 221 vec-
tors using the BP recombination system, then was subcloned
into a pLenti6.3/V5-DEST vector using a LR recombination
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system. Clones were picked after selection, and the recombinant
plasmid clone was termed pLenti-MyD88-shRNA, validated by
sequencing, and then plasmids were extracted from large bac-
terial cultures.

To produce bioactive shRNA virus, packaging mix (pLP1,
pLP2 and pLP/VSVG) and pLenti-MyD88-shRNA plasmid were
co-transfected mediated by Lipofectamine 2000. After incuba-
tion for 48 h, cell culture supernatants were collected and centri-
fuged at 1509 g for 10 min to pellet remaining cells and debris.
Then, supernatants were filtered through 0.45 μm filters and the
resultant virus stock solution was centrifuged at 50000 × g for
2 h. Finally, the supernatant was decanted and resuspended in
Opti-MEM culture solution.

DMEM culture solution containing 8 μg/ml polybrene and 2%
FBS was used to dilute the virus solution by 10-fold serial dilu-
tions, and 100 μl culture solution of each 10-fold serial dilution
was added to 96-well plates with 293T cells; serial dilutions were
constructed in triplicate. After culturing for 24 h, the number of
cells expressing GFP in each well was quantified using a fluor-
escence microscope. The virus titre (TU/ml) was calculated as
follows: (average number of fluorescent cells per well)/(volume
of virus solution).

Infection of PK15 cells with virus
DMEM culture medium containing 10% FBS was used to cul-
ture PK15 cells until they reached the exponential growth phase in
six-well plates, then the culture medium was replaced with fresh
complete medium containing 8 μg/ml polybrene. Additionally,
20 μl of pLenti-MyD88-shRNA at a titre of 1 × 108 TU/ml and a
negative control virus solution were added to cell culture plates,
and then cells expressing GFP were observed after culture for
24 h. And 10 μg/ml blasticidin was used and culture medium was
replaced with fresh complete culture solution containing blasti-
cidin every 24 h. After screening, positive cells were detected by
fluorescence microscopy.

Detection of the interference efficiency of MyD88
lentiviral vectors and measurements of the
expression levels of TLR4 pathway-related genes
Continuous blasticidin screening till the expression level of len-
tivirus in PK15 cells was stabilized. And continuous subculture
till the interference efficiency of MyD88 gene in PK15 cells main-
tained stable level without significant change, PK15 cells were
collected for total RNA extraction to detect the silencing effi-
ciency of MyD88 and measure the expression levels of TLR4
pathway-related genes. The method of detecting the transcript
and translation level was the same with they mentioned in the
previous section.

LPS treatment and detection of downstream
proinflammatory cytokines in cell culture
supernatants
When three kinds of cells (Blank, NC and RNAi cells) were 80–
90% confluent with six copies, three copies of them were exposed

to 0.1 μg/ml LPS (Sigma–Aldrich) and culture supernatants were
collected after inducing for 6 h (the concentration and treatment
time of LPS were referred to the seminal work by Fitzgerald et al.
[18]); the another three copies were cultured to more than 95%
confluent and culture supernatants were collected. Then, ELISA
was used to measure levels of seven proinflammatory cytokines
(IL-1β, TNF-α, IL-6, IL-8, IL-12, MIP-1α and MIP-1β) in cell
culture supernatants with ELISA kits purchased from AssayPro
to analyse the effects of MyD88 gene interference on proinflam-
matory cytokine levels. The assay procedure and standard curve
generation were carried out according to the instructions provided
with the kit.

Statistical analysis
The relative levels of gene expression were calculated using the
2− ��C

T method, and the reference gene GAPDH was used to
normalize gene expression levels [17]. Namely, �CT = the CT

values of target gene (MyD88) – the CT values of housekeeping
gene (GAPDH), and ��CT = the �CT values of experimental
group (the �CT values of MyD88 gene in each RNAi treatment
respectively) – the �CT values of reference group (the average
of �CT values of MyD88 gene for BLANK group), then the
relative expression level of MyD88 was defined as 2− ��C

T. The
expression level of MyD88 in BLANK group was defined as
1.0 (��CT = 0, 2− ��C

T = 1), and the interference efficiency
was defined as 1 − (2− ��C

T). The method of one-way ANOVA
provided with SPSS 16.0 software was used for comparative
analyses of differential expression of genes and cytokines level
differences between RNAi group and negative control group.
Each independent experiment or treatment repeated for three
times and the data were counted as X +− S.D.

RESULTS

Vector construction and verification of interference
efficacy
By verifying the sequencing of selected positive clones,
we ultimately obtained four interference and one neg-
ative control plasmid vectors with the correct orient-
ation, which we termed pcDNA6.2-GW/EmGFP-shRNA-
1, pcDNA6.2-GW/EmGFP-shRNA-2, pcDNA6.2-GW/EmGFP-
shRNA-3, pcDNA6.2-GW/EmGFP-shRNA-4 and pcDNA6.2-
GW/EmGFP-shRNA-NC.

The interference and overexpression vectors were used to co-
transfect 293T cells, and qPCR as well as Western blot were used
to measure the transcript and translation levels of MyD88. We
found that the interference efficacy of pcDNA6.2-GW/EmGFP-
shRNA-1 was the highest whose relative expression level of por-
cine MyD88 of 0.36 with an interference efficacy of 0.64 and the
Western blot results confirmed the interference effect (Figure 1),
so we used this vector for lentivirus packaging.
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Figure 1 Detection of interference efficiency of MyD88 gene
The transcription levels (a) and the translation levels (b) of MyD88 gene. Measurements of MyD88 mRNA transcripts and
interference efficiency were detected by qPCR and the translation levels of MyD88 were detected by Western blot when
cells had been transfected for 48 h and total RNA and protein were extracted; four different interference vectors (1, 2, 3
and 4) were tested; NC, negative control vector. The expression level of MyD88 in NC group was defined as 1.0, and data
were derived from three independent experiments. The mean values +− S.D. for three repeats of each group are shown in
results of transcription levels. Significant difference between the interference group and the negative control group was
tested by the method of one – way ANOVA; *P < 0.05. And the interference efficiency was defined as 1- expression level.

The expression of GFP was observed under an inverted fluor-
escence microscope after PK15 cells were infected with pLenti-
MyD88-shRNA and negative control virus for 24 h (Figure 2).
After blasticidin screening for 72 h, the expression level of len-
tivirus in PK15 cells was stabilized (Figure 3). We found that
pLenti-MyD88-shRNA and the negative control virus could in-
fect the PK15 cell line with the higher expression efficiency
compared with cells without transfection, and the proportion of
positive cells increased after blasticidin screening. These find-
ings indicated that the interference vector could achieve a better
transduction, so we used it for subsequent assays.

Interference efficacy of MyD88 lentiviral vectors
and the expression levels of TLR4 pathway-related
genes
After blasticidin screening for 72 h, the expression level of len-
tivirus in PK15 cells was stabilized. With continuous subculture,
the interference efficiency of MyD88 gene in PK15 cells main-
tained ∼ 61% without distinct change (Figure 4a), which indic-
ated that we have successfully established a PK15 cell line with
stable MyD88 gene silencing. Then, qPCR was used to detect
the transcription and translation levels of TLR4 pathway-related
genes (Figure 4). The mRNA expression level of MyD88 in
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Figure 2 The preliminary integration of lentivirus in PK15 cells
The expression of GFP in PK15 cells infected by lentivirus for 24 h without blasticidin screening. The expression rate
number of fluorescent protein of RNAi was 92.38%, and NC was 90.25%. The expression rate of GFP (%) was calculated
as follows: (average number of fluorescent cells in three different fields of fluorescence microscope of three treatments
repeats)/(average number of total number of three treatments repeats). The RNAi method involved infection of cells by
lentivirus virus solution; NC, cells infected by negative control virus. Cells were observed under an inverted fluorescence
microscope; magnification, 100×.

negative control group was defined as 1.0, and data were de-
rived from three independent experiments +− S.D. for groups of
three replicates per group. We found that the mRNA transcript
levels of TLR4 and IL-1β in the interference group were signi-
ficantly reduced, whereas there was no significant change in the
mRNA transcript levels of CD14, IFN-α or TNF-α (Figure 4a).
And the protein expression level of MyD88, TLR4 and IL-1β was
significantly induced after MyD88 gene silencing whereas there
was no significant change of the expression in CD14, IFN-α or
TNF-α, which verified it’s consistent with corresponding mRNA
expression level (Figure 4b).

Detection of proinflammatory cytokines in cell
culture supernatants
The detection of proinflammatory cytokines in cell culture su-
pernatants was conducted strictly according to the instructions of
ELISA kits. A standard curve for each proinflammatory cytokine
was derived from a quadratic regression equation according to
specification, and the concentration of cytokines in supernatants
with different treatments was figured by standard curve equa-
tion (Supplementary Figure S1). Data were analysed by SPSS

16 and shown as X +− S.D. And the general linear model (GLM)
was used for comparative analyses of cytokines level differences
under different treatments. We found that when cells were not in-
duced by LPS, the levels of IL-8 were significantly up-regulated
in cell culture supernatants with MyD88 silencing whereas there
were no significant changes in the concentrations of the other six
proinflammatory cytokines (Table 3). However, the global level of
seven proinflammatory cytokines up-regulated when cells were
induced by LPS for 6 h. As Table 4 showed, the level of IL-1β,
TNF-α, IL-6, IL-8 and IL-12 of Blank and NC group up-regulated
more significantly than RNAi group (P < 0.05).

DISCUSSION

Studies have shown that MyD88 knockout mice exhibit resist-
ance to doses of LPS that would kill most wild-type mice [19]. In
Drosophila, overexpression of MyD88 can induce the production
of antimicrobial peptides, whereas antimicrobial peptide levels
are reduced in MyD88 mutants [20]. Studies also have shown
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Figure 3 The stable expression of GFP in PK15 cells after continuous screening
The expression of GFP in PK15 cells screened by blasticidin for 72 h. Namely, PK15 cells were infected by lentivirus for
98 h, which aimed to illustrate the expression stability of lentivirus. The expression rate number of fluorescent protein
of RNAi was 92.38%, and NC was 90.25%. The expression rate of GFP (%) was calculated as follows: (average number
of fluorescent cells in three different fields of fluorescence microscope of three treatments repeats)/(average number of
total number of three treatments repeats). The RNAi method involved infection of cells by lentivirus virus solution; NC,
cells infected by negative control virus. Cells were observed under an inverted fluorescence microscope; magnification,
100×.

that MyD88 plays a significant regulatory role in the process of
signal transducer and activator of transcription 3 (STAT3) phos-
phorylation and LPS-induced suppressor of cytokine signaling
3 (SOCS3) expression, and it was found that MyD88 knockout
mice were resistant to LPS-induced appetite suppression [21].
Additionally, studies of neurobiology have shown that MyD88
defects can cause cognitive and behavioural disorders in mice
[22]. Loiarro et al. [23] successfully blocked the dimerization of
MyD88 by synthesizing a peptide mimetic of the TIR domain of
MyD88. Advances in molecular biology have led to the develop-
ment of many gene modification techniques that can be used for
gene function analyses. Among them, the lentiviral vector method
has been frequently used to generate transgenic cells, embryos
and live animals. Studies of MyD88 gene function have largely
utilized gene knockout technology to produce MyD88− / − an-
imals, allowing the role of MyD88 in signalling pathways to be
studied. After the MyD88 gene is deleted, the signalling path-
ways dependent on MyD88 are interrupted and immune signal
transduction is altered. Although the vital function of a target
gene can be highlighted by this approach, changes in the immune
response caused by differences that alter the expression levels of

MyD88 cannot be analysed. However, RNAi can partially reduce
the expression of a target gene, thereby providing the possib-
ility of functional analyses of genes with different expression
levels. Additionally, RNAi technology can also be used to study
virus defence, disease treatments and other research subjects [24].
Considering the important role of MyD88 in the TLR/IL-1R sig-
nalling pathway, the present study successfully constructed and
developed a lentivirus-mediated MyD88 gene interference vec-
tor using RNAi, which showed good infection and interference
effects. We obtained PK15 cell lines for which the silencing
efficiency of MyD88 mRNA transcripts reached 61%, thereby
establishing it as an ideal reagent for functional studies of the
MyD88 gene. These findings also provide a basis for the func-
tional study of TLR4 signalling pathway-related genes during an
immune response.

The present study also showed that TLR4 and IL-1β exhib-
ited down-regulated levels of expression after MyD88 gene ex-
pression was knocked down, whereas there was no significant
change in the expression of CD14, IFN-α and TNF-α mRNA
transcripts. And the results of protein expression verified the
accuracy of the mRNA expression level. Changes in levels of
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Figure 4 The effect of MyD88 silencing on the expression of TLR4 signaling pathway-related genes
The transcription levels (a) and the translation levels (b) of genes in TLR4 signalling pathway in PK15 cells with stable
MyD88 silencing when screened by blasticidin for 72 h; NC, negative control group; RNAi, MyD88 interference group. The
transcription levels of these genes were analysed by qPCR. The expression level of MyD88 in negative control group was
defined as 1.0, and data were derived from three independent experiments +− S.D. for groups of three replicates per each
group. The mean values were used to analyse significant difference between the interference group and the negative
control group by the method of one-way ANOVA, *P < 0.05. The translation levels were analysed by Western blot and
β -actin was defined as internal reference. Each group has three samples loaded from individual cells.

MyD88 expression can affect both the expression of pathways
downstream of IL-1β, but also affect the expression of genes
upstream of TLR4, indicating that MyD88 is a key adaptor mo-
lecule in TLR/IL-1R signalling pathways. It may also contribute
to immune regulation through interactions with key genes in-
volved in the immune response pathway that are activated by
stimulation with various pathogens. There were no significant
changes in the expression levels of CD14, IFN-α or TNF-α, in-
dicating that the down-regulation of MyD88 did not cause wide-
spread changes in all of the genes involved in these pathways,
and these differences in altered expression levels may be re-
lated to MyD88-dependent compared with MyD88-independent

pathways involved in the TLR/IL-1R signalling pathway. TRIF
(TIR-domain-containing adaptor inducing interferon-β), TRAM
(TRIF-related adaptor molecule) and TIRAP/Mal (TIR-domain-
containing adaptor protein, MyD88-adaptor-like) also play im-
portant roles in MyD88-independent signalling pathways and
utilize a TIR domain [25,26].

ELISA findings showed that among seven different proinflam-
matory cytokines, only levels of IL-8 significantly increased,
whereas there were no significant changes in the levels of the
other cytokines when cells were not induced by LPS. However,
the level of IL-1β, TNF-α, IL-6, IL-8 and IL-12 of Blank and
NC group up-regulated more significantly than RNAi group when
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Table 3 Release levels of downstream proinflammatory cytokines in cell culture
supernatants without LPS stimulation
Different superscript letters within the same row indicate means that differ significantly
(P < 0.05); means with the same superscript letter within the same row or without a superscript
letter do not differ significantly (P > 0.05).

Cytokines (ng/l) Blank control group Negative control group RNAi group

IL-1β 271.55 +− 7.56 277.21 +− 6.35 243.77 +− 6.38

TNF-α 62.39 +− 0.28 59.44 +− 0.16 64.93 +− 0.54

IL-6 13.67 +− 1.71 13.76 +− 2.17 15.71 +− 0.74

IL-8 34.31 +− 2.41a 34.03 +− 2.14a 48.54 +− 7.49b

IL-12 7.75 +− 0.03 7.77 +− 0.03 7.76 +− 0.03

MIP-1α 65.09 +− 0.34 65.18 +− 0.42 65.89 +− 0.71

MIP-1β 111.53 +− 3.48 111.72 +− 4.35 110.61 +− 1.34

Table 4 Release levels of downstream proinflammatory cytokines in cell culture
supernatants when cells were induced by LPS for 6 h
Different superscript letters within the same row indicate means that differ significantly
(P < 0.05); means with the same superscript letter within the same row or without a superscript
letter do not differ significantly (P > 0.05).

Cytokines (ng/l) Blank control group Negative control group RNAi group

IL-1β 350.37 +− 10.49a 337.25 +− 8.96a 250.38 +− 6.57b

TNF-α 100.42 +− 5.36a 99.18 +− 3.34a 70.38 +− 3.25b

IL-6 20.43 +− 2.28a 20.53 +− 2.58a 15.79 +− 2.16b

IL-8 70.31 +− 4.35a 69.31 +− 5.81a 48.58 +− 4.12b

IL-12 12.23 +− 1.58a 11.99 +− 2.01a 7.79 +− 0.04b

MIP-1α 70.66 +− 3.42 71.12 +− 4.35 67.07 +− 0.81

MIP-1β 130.27 +− 5.19 127.57 +− 4.33 112.34 +− 3.86

cells were induced by LPS for 6 h. These results revealed that the
immune signalling pathways were in a relatively silent state under
normal physiological conditions, for which the levels of proin-
flammatory cytokines were low and relatively stable. When cells
were stimulated by LPS, the immune signalling pathways were
activated and triggered up-regulation of downstream proinflam-
matory cytokines, which finally caused inflammatory response.
IL-1β, TNF-α, IL-6, IL-8 and IL-12 are important proinflam-
matory cytokines that can be released after NF-κB activation
by the TLR4 signalling pathway, the down-regulation of these
cytokines illustrated that the MyD88 silencing could reduce the
TLR4 signal transduction that inhibited the release of proinflam-
matory cytokines and finally leaded to immunosuppression [27].
IL-8 belongs to the C-X-C subfamily and can simultaneously
act as a proinflammatory cytokine and chemokine to activate
neutrophils, chemotactic T cells and basophils and also plays an
important regulatory role in inflammatory and immune processes
[28–30]. Compared the level of IL-8 under the different treat-
ments with LPS induce or not, we speculated that the significant
up-regulation of IL-8 without LPS induce in cell culture super-
natants was not caused by MyD88-dependent signalling pathway
because the level of RNAi group up-regulated less significantly
than Blank and NC group when cells were induced by LPS, which
suggested that the interference of MyD88 gene could inhibit the
release of IL-8. Further detection and analysis can be conducted
for the mechanism of MyD88-independent signalling pathway
up-regulating the level of IL-8.

AUTHOR CONTRIBUTION

Wenbin Bao conceived and designed the experiments. Chaohui Dai
and Li Sun performed the experiments. Lihuai Yu and Li Sun ana-
lysed the data. Guoqiang Zhu and Lihuai Yu contributed reagents,
materials, and analysis tools. Chaohui Dai and Shenglong Wu con-
tributed to the writing of the manuscript.

FUNDING

This work was supported by the National Key Technology R&D Pro-
gram of the Ministry of Science and Technology [grant number
2015BAD03B01]; the National Natural Science Funds [grant num-
bers 31572360 and 31372285]; the Genetically Modified Organ-
isms Technology Major Project [grant number 2014ZX0800601B];
and the Priority Academic Program Development of Jiangsu Higher
Education Institutions (PAPD).

REFERENCES

1 Beutler, B. (2005) The Toll-like receptors: analysis by forward
genetic methods. Immunogenetics 57, 385–392
CrossRef PubMed

2 Medzhitov, R. (2001) Toll-like receptors and innate immunity. Nat.
Rev. Immunol. 57, 135–145 CrossRef

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

9

http://dx.doi.org/10.1007/s00251-005-0011-3
http://www.ncbi.nlm.nih.gov/pubmed/16001129
http://dx.doi.org/10.1038/35100529
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


C. Dai and others

3 Poltorak, A., He, X., Smirnova, I., Liu, M.Y., Van, H.C., Du, X.,
Birdwell, D., Alejos, E., Silva, M., Galanos, C. et al. (1998)
Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice:
mutations in Tlr4 gene. Science 282, 2085–2088
CrossRef PubMed

4 Werling, D. and Jungi, T.W. (2003) Toll-like receptors linking innate
and adaptive immune response. Vet. Immunol. Immunopathol. 91,
1–12 CrossRef PubMed

5 Muzio, M., Polentarutti, N., Bosisio, D., Manoj Kumar, P.P. and
Mantovani, A. (2000) Toll-like receptor family and signalling
pathway. Biochem. Soc. Trans. 28, 563–566
CrossRef PubMed

6 Blackwell, T.S. and Christman, J.W. (1997) The role of nuclear
factor-kappa B in cytokine gene regulation. Am. J. Respir. Cell Mol.
Biol. 17, 3–9 CrossRef PubMed

7 Hawiger, J. (2001) Innate immunity and inflammation: a
transcriptional paradigm. Immunol. Res. 23, 99–109
CrossRef PubMed

8 Pandey, S. and Agrawal, D.K. (2006) Immunobiology of Toll-like
receptors: emerging trends. Immunol. Cell Biol. 84, 333–341
CrossRef PubMed

9 Ghosh, S. and Karin, M. (2002) Missing pieces in the NF-kappaB
puzzle. Cell 109, S81–S96 CrossRef PubMed

10 Janssens, S. and Beyaert, R. (2003) Functional diversity and
regulation of different interleukin-1 receptor-associated kinase
(IRAK) family members. Mol. Cell 11, 293–302
CrossRef PubMed

11 O’Neill, L.A. (2002) Signal transduction pathways activated by the
IL-1 receptor/toll-like receptor superfamily. Curr. Top. Microbiol.
Immunol. 270, 47–61 PubMed

12 Suzuki, N., Suzuki, S. and Yeh, W.C. (2002) IRAK-4 as the central
TIR signaling mediator in innate immunity. Trends Immunol. 23,
503–506 CrossRef PubMed

13 Suzuki, N., Suzuki, S., Duncan, G.S., Millar, D.G., Wada, T.,
Mirtsos, C., Takada, H., Wakeham, A., Itie, A., Li, S. et al. (2002)
Severe impairment of interleukin-1 and Toll-like receptor signalling
in mice lacking IRAK-4. Nature 416, 750–756
CrossRef PubMed

14 Li, X., Liu, H., Yang, S., Tang, Z., Ma, Y., Chu, M. and Li, K. (2009)
Characterization analysis and polymorphism detection of the
porcine Myd88 gene. Genet. Mol. Biol. 32, 295–300
CrossRef PubMed

15 Tohno, M., Shimazu, T., Aso, H., Kawai, Y., Saito, T. and Kitazawa,
H. (2007) Molecular cloning and functional characterization of
porcine MyD88 essential for TLR signaling. Cell Mol. Immunol. 4,
369–376 PubMed

16 Moses, T., Wagner, L. and Fleming, S.D. (2009) TLR4-mediated
Cox-2 expression increases intestinal
ischemia/reperfusion-induced damage. J. Leukoc. Biol. 86,
971–980 CrossRef PubMed

17 Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the 2(-Delta
Delta C(T) Method. Methods 25, 402–408 CrossRef PubMed

18 Fitzgerald, K.A., Palsson-McDermott, E.M., Bowie, A.G., Jefferies,
C.A., Mansell, A.S., Brady, G., Brint, E., Dunne1, A., Gray, P., Harte,
M.T. et al. (2001) Mal (MyD88-adapter-like) is required for Toll-like
receptor-4 signal transduction. Nature 413, 78–83
CrossRef PubMed

19 Kawai, T., Adachi, O., Ogawa, T., Takeda, K. and Akira, S. (1999)
Unresponsiveness of MyD88-deficient mice to endotoxin. Immunity
11, 115–122 CrossRef PubMed

20 Tauszig-Delamasure, S., Bilak, H., Capovilla, M., Hoffmann, J.A.
and Imler, J.L. (2002) Drosophila MyD88 is required for the
response to fungal and gram-positive bacterial infections. Nat.
Immunol. 3, 91–97 CrossRef PubMed

21 Yamawaki, Y., Kimura, H., Hosoi, T. and Ozawa, K. (2010) MyD88
plays a key role in LPS-induced Stat3 activation in the
hypothalamus. Am. J. Physiol. Regul. Integr. Comp. Physiol. 298,
R403–R410 CrossRef PubMed

22 Drouin-Ouellet, J., LeBel, M., Filali, M. and Cicchetti, F. (2012)
MyD88 deficiency results in both cognitive and motor impairments
in mice. Brain Behav. Immun. 26, 880–885 CrossRef PubMed

23 Loiarro, M., Capolunghi, F., Fanto, N., Gallo, G., Campo, S., Arseni,
B., Carsetti, R., Carminati, P., De, S.R., Ruggiero, V. and Sette, C.
(2007) Pivotal advance: inhibition of MyD88 dimerization and
recruitment of IRAK1 and IRAK4 by a novel peptidomimetic
compound. J. Leukoc. Biol. 82, 801–810 CrossRef PubMed

24 Lan, Y., Zhao, K., He, W., Wang, G., Lu, H., Song, D. and Gao, F.
(2012) Inhibition of porcine hemagglutinating encephalomyelitis
virus replication by short hairpin RNAs targeting of the
nucleocapsid gene in a porcine kidney cell line. J. Virol. Methods
179, 414–418 CrossRef PubMed

25 Yamamoto, M., Sato, S., Hemmi, H., Uematsu, S., Hoshino, K.,
Kaisho, T., Takeuchi, O., Takeda, K. and Akira, S. (2003) TRAM is
specifically involved in the Toll-like receptor 4-mediated
MyD88-independent signaling pathway. Nat. Immunol. 4,
1144–1150 CrossRef PubMed

26 Yamamoto, M., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T.,
Sanjo, H., Takeuchi, O., Sugiyama, M., Okabe, M., Takeda, K. and
Akira, S. (2003) Role of adaptor TRIF in the MyD88-independent
toll-like receptor signaling pathway. Science 301, 640–643
CrossRef PubMed

27 Chen, G., Hua, L.Z. and Zhang, S.X. (2010) Influence of porcine
circovirus type 2 and macrophages on the expression of IL-6, IL-10
and their receptors of piglet lymphocytes in vitro. Jiangsu J. Agric.
Sci. 26, 993–998

28 Larsen, C.G., Andersen, A.O., Appella, E., Oppenheim, J.J. and
Matsushima, K. (1989) Neutrophil activating protein (NAP-1) is
also chemotactic for T lymphocytes. Science 243, 1464–1466
CrossRef PubMed

29 White, M.V., Yoshimura, T., Hook, W., Kaliner, M.A. and Leonard,
E.J. (1989) Neutrophil attractant/activation protein (NAP-1) causes
human histamine release. Immunol. Lett. 22, 151–154
CrossRef PubMed

30 Gura, T. (1996) Chemokines take center stage in inflammatory ills.
Science 272, 954–956 CrossRef PubMed

Received 23 May 2016/14 September 2016; accepted 30 September 2016

Accepted Manuscript online 5 October 2016, doi 10.1042/BSR20160170

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10 c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

http://dx.doi.org/10.1126/science.282.5396.2085
http://www.ncbi.nlm.nih.gov/pubmed/9851930
http://dx.doi.org/10.1016/S0165-2427(02)00228-3
http://www.ncbi.nlm.nih.gov/pubmed/12507844
http://dx.doi.org/10.1042/bst0280563
http://www.ncbi.nlm.nih.gov/pubmed/11044375
http://dx.doi.org/10.1165/ajrcmb.17.1.f132
http://www.ncbi.nlm.nih.gov/pubmed/9224203
http://dx.doi.org/10.1385/IR:23:2-3:099
http://www.ncbi.nlm.nih.gov/pubmed/11444396
http://dx.doi.org/10.1111/j.1440-1711.2006.01444.x
http://www.ncbi.nlm.nih.gov/pubmed/16834572
http://dx.doi.org/10.1016/S0092-8674(02)00703-1
http://www.ncbi.nlm.nih.gov/pubmed/11983155
http://dx.doi.org/10.1016/S1097-2765(03)00053-4
http://www.ncbi.nlm.nih.gov/pubmed/12620219
http://www.ncbi.nlm.nih.gov/pubmed/12467243
http://dx.doi.org/10.1016/S1471-4906(02)02298-6
http://www.ncbi.nlm.nih.gov/pubmed/12297423
http://dx.doi.org/10.1038/nature736
http://www.ncbi.nlm.nih.gov/pubmed/11923871
http://dx.doi.org/10.1590/S1415-47572009000200015
http://www.ncbi.nlm.nih.gov/pubmed/21637683
http://www.ncbi.nlm.nih.gov/pubmed/17976317
http://dx.doi.org/10.1189/jlb.0708396
http://www.ncbi.nlm.nih.gov/pubmed/19564573
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1038/35092578
http://www.ncbi.nlm.nih.gov/pubmed/11544529
http://dx.doi.org/10.1016/S1074-7613(00)80086-2
http://www.ncbi.nlm.nih.gov/pubmed/10435584
http://dx.doi.org/10.1038/ni747
http://www.ncbi.nlm.nih.gov/pubmed/11743586
http://dx.doi.org/10.1152/ajpregu.00395.2009
http://www.ncbi.nlm.nih.gov/pubmed/19955495
http://dx.doi.org/10.1016/j.bbi.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22401992
http://dx.doi.org/10.1189/jlb.1206746
http://www.ncbi.nlm.nih.gov/pubmed/17548806
http://dx.doi.org/10.1016/j.jviromet.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22138683
http://dx.doi.org/10.1038/ni986
http://www.ncbi.nlm.nih.gov/pubmed/14556004
http://dx.doi.org/10.1126/science.1087262
http://www.ncbi.nlm.nih.gov/pubmed/12855817
http://dx.doi.org/10.1126/science.2648569
http://www.ncbi.nlm.nih.gov/pubmed/2648569
http://dx.doi.org/10.1016/0165-2478(89)90182-X
http://www.ncbi.nlm.nih.gov/pubmed/2476383
http://dx.doi.org/10.1126/science.272.5264.954
http://www.ncbi.nlm.nih.gov/pubmed/8638140
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

