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Abstract 

Escherichia coli is one of the most common causal pathogens of mastitis in milk-producing mammals. 
Toll-like receptor 4 (TLR4) is important for host recognition of this bacteria. Increased activation of 
TLR4 can markedly enhance the internalization of E. coli. In this study, the relationship between TLR4 and 
mitogen-activated protein kinase (MAPK) signaling pathways in mediating E. coli internalization was 
evaluated in sheep monocytes. Using a TLR4-overexpressing transgenic (Tg) sheep model, we explored 
the bacterial internalization mechanism in sheep. We found that monocytes of Tg sheep could 
phagocytize more bacteria and exhibited higher adhesive capacity. The specific inhibition of p38 MAPK or 
c-Jun N-terminal kinase (JNK) or extracellular signal-regulated kinases (ERKs) reduced TLR4-dependent 
internalization of bacteria into sheep monocytes. Furthermore, the inhibition of MAPK signaling 
down-regulated the adhesive capacity of monocytes and the expression of scavenger receptors and 
adhesion molecules. Taken together, the overexpression of TLR4 in transgenic sheep enhanced the 
internalization of E. coli via MAPK signaling. 
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Introduction 
Mastitis, defined as an inflammation of the 

mammary gland, is one of the most complex diseases 
in dairy herds. The outcome of mastitis infection 
depends on various factors including properties of the 
pathogen, environment, and host [1, 2]. Previous 
studies have shown that environmental pathogens 
like Escherichia coli (E. coli), Staphylococcus aureus, and 
Streptococcus are major mastitis-causing bacteria [3-5]. 
Phagocytosis by immunocytes is the first line of 
defense against bacterial infection [6]. A number of 
studies have indicated that toll-like receptors (TLRs) 
play important roles in the first line of defense against 
pathogens by the activation of the host innate immune 
response [7, 8]. Furthermore, some TLR ligands are 

involved in regulating the internalization of 
extracellular bacteria by immunocytes [9, 10]. To date, 
over 10 TLR family transmembrane proteins have 
been identified. TLR4 can recognize lipopoly-
saccharides (LPS), the major component of the cell 
wall of gram-negative bacteria, including E. coli. After 
LPS recognition by TLR4, myeloid differentiation 
factor 88 (MyD88) is recruited to the intracellular 
portion of TLR4. Then TLR4-MyD88 signaling leads to 
the activation of interleukin-1 receptor-associated 
kinase (IRAK), which functions in the activation of 
multiple signaling pathways including nuclear factor 
kappa B (NF-κB) and mitogen-activated protein 
kinase (MAPKs) [ p38, c-Jun N-terminal kinase (JNK) 
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and extracellular signal-regulated kinases (ERKs)] 
signaling pathways. MAPK signaling pathways not 
only induce the production of pro-inflammatory 
cytokines (e.g., TNF-α, IL-1β) but are also involved in 
the internalization of bacteria [11, 12]. Several recent 
studies have reported that E. coli-stimulation results in 
the TLR4-dependent activation of MAPK signaling in 
immunocytes [13, 14]. Some research groups have 
shown that only p38, and not JNK or ERKs, 
participates in TLR4-induced internalization of 
bacteria [12], but others have shown that p38, JNK, 
and ERK signaling are all involved in this process 
[15]. These reports have revealed that MAPK 
signaling is involved in bacterial internalization. Most 
previous studies have focused on mouse 
immunocytes, which are not a perfect mastitis model; 
however, little is known about the mechanism of 
bacterial internalization in sheep, which are 
commonly affected by mastitis.  

 Actin cytoskeleton re-arrangement and bacterial 
adhesion are essential procedures in the 
internalization of bacteria [16-18]. The actin 
cytoskeleton is important for a variety of cell 
functions, including migration, adhesion, phagocy-
tosis, and apoptosis [19]. Actin polymerization is 
essential for phagocytosis [20, 21]. Inhibition of actin 
polymerization leads to a reduction in TLR-enhanced 
bacterial internalization [12]. A recent study has 
shown that the activation of MAPK signaling 
pathways can induce actin stress fiber formation [15]. 
These observations suggest that MAPK signaling 
influences actin cytoskeleton re-arrangement. 
Scavenger receptors also participate in the innate 
immune response, which have various ligands such as 
low density lipoprotein (LDL) and LPS [22-24]. 
Scavenger receptors exert a variety of functions, 
including the phagocytosis of apoptotic cells and 
regulation of the adhesive capacity of phagocytes [25, 
26].Notably, the activation of macrophages can 
up-regulate SRA-dependent adhesion [27]. In 
addition, a recent study has shown that CD36, a class 
B scavenger receptor, functions as a signaling 
molecule that can transmit signals via MAPK [28]. 
Furthermore, CD36 is also involved in actin 
polymerization [29]. Inhibition of MAPK signaling 
pathways reduces scavenger receptor-mediated 
internalization [30]. These results suggest that 
interactions among TLR4, MAPKs, and scavenger 
receptors are involved in bacterial internalization. 

 Our previous studies have shown that the 
immunocytes of TLR4-overexpressing transgenic 
sheep could trigger a more intense immune response 
to LPS stimulation, including the secretion of various 
interleukins, rapid neutrophil infiltration, and 
enhanced oxidative stress [31-33]. In our current 

study, we further surveyed whether the immunocytes 
of transgenic sheep influence bacterial internalization.  

Materials and Methods 
Production and screening of transgenic sheep 
overexpressing TLR4 

Transgenic sheep were produced by 
microinjecting linearized vector to fertilized eggs (Fig 
1A), then embryo were transplanted into recipient 
oviducts within 30 min. Genetically modified sheep 
were identified by Southern blot. The probe used in 
Southern blotting was generated by PCR using the 
following primers: forward, 5′-ACTGGTAAAGAACT 
TGGAGGAGG-3′; reverse, 5′-CCTTCACAGCATTCA 
ACAGACC-3′. The expression of TLR4 was quantified 
by qRT-PCR and immunofluorescence. Sheep blood 
samples were collected from the jugular veins of 6 
Southern blot-positive transgenic sheep and 6 
wild-type sheep. Peripheral blood mononuclear cells 
(PBMCs) were isolated with lymphocyte separation 
medium (Sigma-Aldrich, St. Louis, MO, USA). TLR4 
and GAPDH primers were designed (TLR4: F, 
5′-ATCATCAGCGTGTCGGTTGTCA-3′ and R, 5′-GC 
AGCCAGCAAGAAGCATCAG-3′. GAPDH: F, 5′-GC 
AAGTTCCACGGCACAG-3′ and R, 5′-GGTTCACGC 
CCATCACAA-3′). Real-time PCR reactions were 
performed using a MX3000P instrument (Agilent 
Technologies, Santa Clara, CA, USA). 

Cells and culture conditions 
PBMCs were obtained from the peripheral blood 

of six transgenic sheep and six non-transgenic sheep 
using lymphocyte separation medium. Cells were 
seeded at a density of 1 × 105 each well; for each 
sample, at least three replicates were included. After 
incubation for 2 h at 37°C in a 5% CO2 incubator, the 
non-adherent cells were removed by washing three 
times with phosphate-buffered saline (PBS). 
RPMI1640 (Gibco, Grand Island, NY, USA) medium 
containing 10% FBS (Gibco) was changed every 24 
hours, and the cells were incubated at 37°C in a 5% 
CO2 incubator for 48 h.  

Measurements of internalization-associated 
genes by real-time PCR 

Total RNA from monocytes were extracted using 
TRIzol Reagent (Invitrogen) and cDNA was 
synthesized by a PrimeScript RT reagent Kit 
(TAKARA). The expression of TLR4, MyD88, NF-κB, 
CD14, ICAM-1 and scavenger receptors mRNA was 
measured by real-time PCR. The primers used in this 
experiment are shown in Supplementary Table 1. 
Real-time PCR reactions were performed using a 
MX3000P PCR machine (Agilent Technologies, Santa 
Clara, CA, USA). The SYBR Premix Ex Taq II kit 
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(TAKARA) was used for qRT-PCR. The data were 
analyzed using the comparative 2-ΔΔCT method. 

Transfection of siRNA for TLR4 
For silencing of TLR4 expression, sheep 

monocytes were transfected with siRNA-specific 
TLR4 (Genepharma), si-TLR4-317: sense, 5’-CCUUGA 
UACUGACGGGAAATT-3’; antisense, 5’-UUUCCCG 
UCAGUAUCAAGGTT-3’. Meanwhile, cells are 
treated with negative control. Cells treated with 
si-TLR4 and NC using Lipofectamine RNAiMAX 
(Invitrogen) according to the instruction. The TLR4 
knock-down efficiency is detected after 48h by 
western blot. 

Western blotting and ELISA analysis 
Western blotting and ELISA analysis were 

performed as follow. For Western blotting, equal 
amounts of protein of sheep monocytes were resolved 
on 10% SDS-polyacrylamide gel (SDS-PAGE) and 
transferred to polyvinylidine difluoride membrane 
(PVDF). After incubation with antibodies, protein 
bands were dected using ECL chemiluminescence. 
The primary antibodies were Rabbit anti-TLR4 
antibody (Bioss) and anti-GAPDH (Proteintech). The 
second antibody was HRP-conjugated goat anti rabbit 
IgG (Cwbiotech). Phosphorylation levels of p38, JNK 
and ERK were analyzed using ELISA kit (Abcam) 
according to the manufacturer’s instructions. 

Bacterial internalization assay 
 To detect internalization of bacteria, monocytes 

were infected with E.coli. Before infection, monocytes 
were washed three times in PBS without antibiotics 
and then mixed with E. coli at an MOI of 10, 
centrifuged at 100 × g for 10 min, and incubated at 
37°C in a 5% CO2 incubator for 30 min. Cells were 
then washed twice with PBS and incubated in 
RPMI1640 medium containing 10% FBS and 
gentamicin (30 μg/mL) for 30 min to kill any 
non-internalized bacteria. To monitor the internalized 
bacteria, cells were washed three times with PBS and 
then lysed with 1% Triton X-100. After serial dilution, 
the last dilution was spread onto agar plates. After 
overnight culture (12h) of the bacteria, the number of 
viable CFUs was recorded to estimate the number of 
internalized bacteria. 

 To determine whether MAPK signaling 
participates in bacterial internalization, p38, JNK, and 
ERK 1/2 were inhibited using SB203580 (5μm), 
SP600125 (5μm) and PD98059 (10μm), respectively 
(Sigma-Aldrich) prior to infection with E. coli to 
inhibit their respective signaling. Bacterial 
internalization-associated genes involved in these 
signaling pathways were evaluated by qRT-PCR as 

described above. Primer sequences are shown in 
Supplementary Table 1. 

Immunofluorescence staining 
 Monocytes were seed in 48-well plates 

(Corning) in each well at a density of 1 × 105 cell/well. 
After monocytes were treated with E. coli, four 
inhibitors CLI095, SB203580, SP600125, and PD98059 
were used to incubate with cells for indicated time 
periods. Then Cells were fixed with 4% 
paraformaldehyde for 20 min at 22°C, permeabilized 
with 0.1% Triton X-100 for 5 min at 22°C, and then 
washed twice with warm PBS (37°C) for 10 min. After 
a 20 min incubation with immunol staining blocking 
buffer (Beyotime, Shanghai, China), cells were 
continuously incubated with fluorescein isothio-
cyanate (FITC) labelled phalloidin (Sigma-Aldrich) for 
1 h at 37°C in an incubator. Cells were washed three 
times with PBS, and F-actin content was quantified 
with ImageXpress (Molecular Devices). 

Bacterial adhesion assay 
 The adhesive capacity of the monocytes was 

assessed by incubation with rhodamine B-labelled E. 
coli (10:1) for 15 min at 37°C and then washing three 
times to remove non-adhesive bacteria. Cells were 
then fixed using paraformaldehyde (4%) and then 
subjected to ImageXpress Micro analysis. 

Image Acquisition on the ImageXpress 
 ImageXpress micro (Molecular Devices) was 

used for automated imaging. In the MetaXpress 
software, under Acquisition Loops, laser-based 
focusing was enabled. Under Wavelengths, FITC, 
DAPI and Texas red were selected with an exposure 
of 500ms. The autofocus was set to Laser with 
Z-offset. The application settings for identification of 
mean fluorescence intensity of each cell were as 
follows: approximate min width, 8μm; approximate 
max width, 20μm; intensity above local background, 
20 gray levels. 

Statistical analyses 
 All experiments were repeated three times and 

the number of sheep in each group was no less than 
three. All data are reported as the mean ± SEM, and all 
statistical analyses were performed using the 
Student’s t-test. P < 0.05 was considered to be 
significant. 

Results 
Screening of transgenic sheep 

The linear fragment containing the sheep TLR4 
was microinjected into the pronuclei of fertilized eggs 
(Fig 1A). Founder sheep were bred with 
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non-transgenic sheep (NTg). F1-generation sheep 
were identified by Southern blotting. After digestion 
of the sheep genome using Hind III, the 5-kb band 
represented endogenous TLR4 on chromosome 2, and 
the 3-kb band represented the exogenous TLR4 
fragment, which was only present in transgenic 
individuals (Fig 1B). The expression of TLR4 in 
transgenic-sheep monocytes derived from peripheral 
blood was higher than that in wild-type sheep (P < 
0.05) (Fig 1C to E). These findings indicated that 
TLR4-overexpressing sheep were successfully 
obtained. 

Overexpression of TLR4 promotes activation 
of MAPK signaling pathways by LPS in sheep 
monocytes 

 First, we examined the signaling pathways 
activated by LPS by stimulating sheep monocytes 
with LPS (100 ng/mL). Compared to the NTg group, 
the Tg group showed significantly higher expression 

of TLR4, Myd88 and NF-κB after LPS stimulation at all 
time points (P < 0.05) (Fig 2A-C). Myd88 plays an 
important role in cell signaling transduction. 
Moreover, after stimulation with LPS for 30 min, the 
activation of TLR4 downstream signaling, including 
P38, JNK, and ERK signaling, was significantly higher 
in the Tg group than in the NTg group (P < 0.05) (Fig 
2D–F). These results showed that TLR4 
overexpression could efficiently activate p38, JNK, and 
ERK signaling. 

TLR4 overexpression increases internalization 
of E. coli 

 To understand the TLR4-mediated phagocytic 
ability of monocytes, cells of the Tg group and the 
NTg group were infected with E. coli at a multiplicity 
of infection (MOI) of 10. Then, the cells were lysed 
and plated on agar dishes at various dilutions for 12 h. 
The intracellular bacterial counts were markedly 
higher in the Tg group than in the NTg group (P < 

 

 
Figure 1. Screening of transgenic sheep. (A) The expression vector of ovis TLR4, which had promoter CMV and SV40 polyA. (B) Southern blot analysis of HindⅢ-digested sheep 
genomic DNA. The exogenous TLR4 fragment is the 2771 bp band, and the 5118 bp band is the endogenous TLR4 fragment. The transgenic sheep were: 1, 3, 4, 5, 8 and the 
non-transgenic sheep were: 2, 6, 7. (C-E) TLR4 expression in monocytes was measured by quantitative real-time PCR (qRT-PCR) and immunofluorescence. TLR4 was labelled by 
FITC, nuclei were stained by Hoechst 33342 (20× ELWD ADM). Tg: transgenic sheep; NTg: non-transgenic sheep. All data are presented as the mean ± SEM from three 
experiments, *P < 0.05. 
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0.05) (Fig 3A). To determine which TLR4 downstream 
signaling pathways are involved in this process, we 
examined the transcription of multiple factors 
including TLR4, Myd88, and NF-κB and the 
phosphorylation levels of p38, JNK and ERK at 30 min 
post-infection. As expected, TLR4 mRNA levels were 
significantly higher in the Tg group than in the NTg 
group (P < 0.05) (Fig 3B). Furthermore, the levels of 
Myd88, NF-κB, p38, JNK and ERK were higher in the 
Tg group than in the NTg group (P < 0.05) (Fig 3C-E). 
Next, we evaluated whether internalization-related 
receptors and genes were involved in this process. 
The mRNA levels of scavenger receptors and 
intercellular adhesion molecule 1 (ICAM-1) were 
influenced by the overexpression of TLR4 at 30 min 
post infection with an MOI of 10 (P < 0.01) (Fig 3B). In 
addition, we measured the F-actin content to 
determine whether infection with E. coli affected the 
polymerization of actin. TLR4 overexpression 
enhanced the mean fluorescence intensity of F-actin of 
each cell population at 30 min post infection (P < 0.05) 
(Fig 3F and G). This finding indicates that TLR4 
regulates the accumulation of F-actin. Furthermore, 
we found that TLR4-overexpression upregulated the 
adhesive capacity of sheep monocytes (Fig 3H). To 
further investigate the role of TLR4 in bacterial 
internalization, we inhibited the expression of TLR4 in 
monocytes by RNAi. Transfection of cells with 
si-TLR4 significantly (P < 0.01) reduced the expression 

of TLR4 (Figure 3I). In addition, compared with the 
negative control treatment, the knock-down of TLR4 
attenuated bacterial internalization (Figure 3J). 

TLR4-associated signaling pathways are 
required for internalization of E. coli into sheep 
monocytes 

Our results indicated that bacterial interna-
lization was greater in the monocytes of the Tg group 
than in those of the NTg group; we further examined 
if the change was caused by the differential 
expression of TLR4. The number of internalized 
bacteria was reduced after cells were pretreated with 
a specific TLR4 inhibitor, CLI-095 (10 μM) (P < 0.05) 
(Fig 4A). Because the specific TLR4 inhibitor could 
suppress the internalization of bacteria, we examined 
whether it could influence the rearrangement of actin 
cytoskeleton. As shown in Fig 4B, there was a 
decrease in the total amount of F-actin after E. coli 
infection, and this was blocked by the presence of 10 
μM CLI-095. Furthermore, inhibition of TLR4 
signaling reduced the adhesive capacity of sheep 
monocytes (P < 0.05) (Fig 4C). To assess the effect of 
TLR4 on the internalization of E. coli, we detected the 
expression of internalization-associated genes. As 
shown in Fig 4D-G, CLI-095 (10 μM) down-regulated 
multiple factors by reducing the expression of Myd88 
and scavenger receptors as well as phosphorylation 
levels of p38, JNK, and ERK (P < 0.05). In addition, the 

 
Figure 2. qRT-PCR and ELISA testing of expression in sheep monocytes with LPS stimulation. A, B and C show the expression of TLR4, Myd88 and NF-κB, at 0min, 5 min, 30 min 
and 60 min after LPS (100 ng/mL) stimulation, respectively. D, E and F show the phosphorylation levels of p38, JNK, and ERK signaling at 0min, 5 min, 30 min and 60 min after LPS 
(100 ng/mL) stimulation, respectively. Tg: transgenic sheep; NTg: non-transgenic sheep. All data are presented as the mean ± SEM from three experiments, *P < 0.05. 
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mRNA levels of these genes in the Tg group were 
higher than those in the NTg group (P < 0.05) (Fig 
4H). Our results indicate that TLR4 regulates the 
internalization of E. coli in sheep monocytes. 

TLR4-induced bacterial internalization is 
MAPK pathway-dependent 

The phagocytosis of bacteria is an important 
innate immune response that is mediated by 
monocytes. Adhesion of bacteria and actin 
cytoskeleton re-arrangement are essential in this 
process. The expression levels of p38, JNK, ERK, and 
scavenger receptors were consistent with the 

internalization of bacteria, suggesting their 
involvement in the internalization process. To 
investigate if the activation of MAPK signaling plays a 
key role in the internalization of bacteria, sheep 
monocytes were pretreated with various inhibitors to 
block these signaling pathways and internalization 
activity was assessed. As shown in Fig 5A, the 
p38-specific inhibitor SB203580 (5 μM), the JNK- 
specific inhibitor SP600125 (5 μM) and the ERK- 
specific inhibitor PD98059 (10 μM) all reduced the 
internalization of E. coli into monocytes. Moreover, 
bacterial internalization was lower in the 
SB203580-pretreatment group than in the other two 

 

 
Figure 3. TLR4-mediated multiple signaling promotes internalization of E. coli into sheep monocytes. (A) Bacterial internalization was detected in monocytes after infection with 
E. coli (30 min, MOI = 10). (B) Expression of TLR4, Myd88, NF-κB, CD14, SRA, CD36 and ICAM-1 after incubation with E. coli (30 min, MOI = 10). (C to E) Phosphorylation levels 
of p38, JNK, and ERK signaling after incubation with E. coli (30 min, MOI = 10). (F and G) Mean fluorescence intensity of F-actin in each cell population; F-actin was labelled by 
FITC-phalloidin (20× ELWD ADM). (H) Adhesive capacity of monocytes, E. coli was labelled by rhodamine. (I) Monocytes were transfected with negative control or TLR4 siRNA, 
and the expression level of TLR4 proteins was detected by western blotting. The amount of GAPDH was used as a control. (J) Negative control siRNA or TLR siRNA-transfected 
cells were pretreated with E. coli and then detected intracellular bacteria. Tg: transgenic sheep; NTg: non-transgenic sheep. All data are presented as the mean ± SEM from three 
experiments, with *P < 0.05 and **P < 0.01. 
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groups. E. coli-induced actin polymerization was 
notably lower in sheep monocytes pretreated with 
any of these inhibitors (Fig 5B). As expected, the 
adhesive capacity of sheep monocytes decreased by 
inhitor treatment (Fig 5C). Meanwhile, the adhesive 
capacity of cells was significantly lower in the 
SB203580-pretreatment group. We further examined 
the expression of internalization-associated genes. As 
shown in Fig 5D, the transcription of SRA in all 
groups was low, and the levels were lower in the 
SB203580-pretreated group than in the other two 
groups. Only the inhibition of the p38 pathway 
reduced the mRNA levels of CD36 and Lox-1. In 
addition, the expression of ICAM-1 in all three groups 
was lower than that in the DMSO-pretreated control 
group. These data indicate that the MAPK signaling 
pathway plays an important role in TLR4-dependent 
bacterial internalization in sheep monocytes. 

 Discussion 
 TLRs are a kind of pattern recognition receptor 

that can recognize various molecules known as 

pathogen-associated molecular patterns (PAMPs) and 
trigger the activation of the innate immune response 
[34]. Several studies have reported their function in 
activating the inflammatory response, including the 
activation of NF-κB signaling and production of 
various inflammatory cytokines [35]. Notably, several 
recent studies have shown that TLR4 is involved in 
bacterial internalization via its interaction with MAPK 
pathways, which subsequently facilitate immunocyte 
recognition and internalization of all kinds of bacteria 
[11, 36, 37]. Using TLR4-overexpressing transgenic 
sheep, we found that the MAPK signaling pathways 
were associated with TLR4-dependent internalization 
of E. coli into sheep monocytes by promoting actin 
cytoskeleton re-arrangement, up-regulating the 
expression of multiple adhesion-related genes, and 
increasing the adhesive capacity of monocytes. 
Moreover, the knockdown of TLR4 expression by 
RNAi attenuated bacterial internalization. These 
results suggest that TLR4 has a crucial role in bacterial 
internalization.  

 
Figure 4. TLR4-associated signaling pathways are required for internalization of E. coli into sheep monocytes. (A) Monocytes were pretreated with DMSO (0.1%) or CLI-095 (30 
μM) for 6 h, and then bacterial internalization was detected after incubation with E. coli for 30 min (MOI = 10). (B) Mean fluorescence intensity of F-actin in each cell population; 
F-actin was labelled by FITC-phalloidin (30 min, MOI = 10). (C) Adhesive capacity of monocytes, E. coli was labelled by rhodamine. (D) qRT-PCR analysis of expression of Myd88, 
SRA, CD36 and ICAM-1 from sheep monocytes pretreated with CLI-095 (10 μM). (E to G) Phosphorylation levels of p38, JNK, and ERK signaling from sheep monocytes pretreated 
with CLI-095 (10 μM). (H) qRT-PCR analysis of expression of Myd88, SRA, CD36 and ICAM-1 from sheep monocytes pretreated with CLI-095 and then infected with E. coli (30 
min, MOI = 10) Tg: transgenic sheep; NTg: non-transgenic sheep. All data are presented as the mean ± SEM from three experiments, with *P < 0.05 and **P < 0.01. 
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Figure 5. TLR4-induced bacterial internalization is MAPK pathway dependent in sheep monocytes. (A) Monocytes were pretreated with DMSO (0.1%), SB203580 (5 μM), 
SP600125 (5 μM), and PD98059 (10 μM) for 1 hour and then bacterial internalization was detected after incubation with E. coli for 30 min (MOI = 10). (B) Mean fluorescence 
intensity of F-actin of each cell population. (C) Adhesive capacity of monocytes was detected after pretreated with DMSO (0.1%), SB203580 (5 μM), SP600125 (5 μM), and 
PD98059 (10 μM) for 1 hour. (D) qRT-PCR analysis of expression of SRA, CD36, Lox-1, and ICAM-1 from sheep monocytes pretreated with DMSO (0.1%), SB203580 (5 μM), 
SP600125 (5 μM), and PD98059 (10 μM) and infected with E.coli (30 min, MOI = 10). Tg: transgenic sheep; NTg: non-transgenic sheep. All data are presented as the mean ± SEM 
from three experiments, with *P < 0.05 and **P < 0.01. 

 
As a major component of the cell wall of E. coli 

and a ligand of TLR4, LPS can quickly induce the 
activation of various signaling pathways in only a few 
minutes [38]. In particular, the NF-κB and MAPKs 
pathways are involved in the activation of 
inflammatory responses [35]. Consistent with these 
observations, we previously showed that monocytes 
of TLR4-overexpressing transgenic sheep produced 
more TNF-α, IL-6, and nitric oxide (NO) and activated 
more intense oxidative damage in response to LPS 
stimulation [31]. In this study, we showed that the 
overexpression of TLR4 could efficiently activate 
LPS-induced Myd88, P38, JNK, and ERK1/2 signaling 
in sheep monocytes. 

 An interesting study indicated that after 
transfecting HEK-293 cells lacking TLR4 expression 
and incapable of bacterial phagocytosis with 
functional TLR4, the transfected cells acquired the 
capacity for phagocytosis [39]. These findings suggest 
that there is a relationship between TLR4 expression 
and bacterial internalization. In our study, after E. coli 
infection, the number of intracellular bacteria in the 
Tg group was larger than that in the NTg group. 
Stimulation by various gram-negative bacteria could 
rapidly trigger the activation of the Myd88, p38, JNK 
and ERK1/2 signaling pathways [12, 36], and the 

MAPK family of genes plays an important role in 
regulating bacterial internalization [40-42]. In our 
experiment, we found that compared to non-trans-
genic controls, E. coli stimulation also caused more 
efficient activation of these signaling pathways in 
transgenic sheep. Phagocytosis is a highly complex 
process associated with various factors, including the 
activation of phagocytosis-related receptors and 
F-actin re-arrangement. Furthermore, these factors 
always interact with each other [43]. CD14 is 
well-known for its cooperation with TLR4 to bind to 
LPS. CD14 also acts in conjunction with scavenger 
receptors to participate in phagocytosis by 
macrophages [44, 45]. Scavenger receptors can also 
recognize LPS and activate TLR4-mediated signaling 
pathways and are involved in bacterial internalization 
[46, 47]. Interestingly, some studies indicated that 
TLR4, scavenger receptors [47], and CD14 [48] are 
capable of cross-talk and synergy. Our results showed 
that the overexpression of TLR4 only increases the 
expression of scavenger receptors but not the 
expression of CD14. Notably, different types of 
bacterial internalization signaling are stimulated by 
various kinds of ligation, but F-actin re-arrangement 
is essential for all forms of particle ligand 
internalization [49]. Generally, F-actin re-arrangement 
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can be assessed by F-actin content [12, 50]. Previous 
studies have suggested that MAPKs and class B 
scavenger receptors can regulate actin polymerization 
[11, 12, 29]. Our study demonstrated that E. coli 
infection induced an increased F-actin content. 
Moreover, the F-actin content in the Tg groups was 
higher than that in NTg control during bacterial 
infection. Furthermore, TLR4-overexpression 
enhanced the adhesive capacity of monocytes. To 
investigate whether TLR4 plays a role in E. coli 
internalization, monocytes were pretreated with a 
TLR4-specific inhibitor. Our data showed that the 
TLR4-specific inhibitor CLI-095 reduced the 
internalization of E. coli. In addition, inhibition of 
TLR4 decreased the polymerization of actin and 
expression of the scavenger receptors and also 
decreased the adhesive capacity of immunocytes. In 
conclusion, our results indicate that TLR4 regulates 
the internalization of E. coli in sheep monocytes. 

MAPKs are important downstream signaling 
molecules of TLR4; however, some evidence suggests 
that only p38 participates in bacterial internalization 
[12], while other studies suggest that p38, JNK, and 
ERK are all involved in this process [51]. It is possible 
that different bacterial taxa and cell types lead to the 
activation of diverse signaling pathways. Accor-
dingly, we inhibited p38, JNK, and ERK to investigate 
internalization-related signaling in sheep monocytes. 
The inhibition of all these signaling molecules 
reduced the number of internalized bacteria. 
Moreover, the number of internalized bacteria was 
smaller in the p38-specific inhibitor group than in the 
other two groups. In addition, both the level of actin 
polymerization and the adhesive capacity of cells 
were down-regulated after pretreatment with these 
MAPK inhibitors. Furthermore, there was no 
difference in F-actin content among the three groups, 
but the adhesive capacity of cells was lower in the 
p38-specific inhibitor group than in the other groups. 
Scavenger receptors often function by various 
mechanisms, including adhesion, phagocytosis, and 
signaling [52]. SRA-dependent macrophage adhesion 
can induce the activation of Rac and Cdc42 [53], 
which trigger actin cytoskeleton re-arrangement. 
Similarly, CD36 is required for in LDL-induced 
macrophage spreading and actin polymerization [29]. 
Interestingly, some studies have suggested that 
MAPK signaling pathways are required for scavenger 
receptor-mediated bacterial internalization [11, 30]. In 
addition, the induction of ICAM-1 is involved in 
immunocyte phagocytosis and ROS generation [54]. 
Blocking MAPK signaling could inhibit the expression 
of ICAM-1 [55]. In our study, the inhibition of p38, 
JNK, and ERK all induced decreased expression of 
SRA and ICAM-1, and the inhibition of p38 resulted 

in the strongest down-regulation of SRA expression. 
Notably, only the inhibition of p38 impaired the 
expression of CD36 and Lox-1. These results show 
that MAPKs enable E. coli internalization by 
regulating the expression of scavenger receptors and 
an intercellular adhesion molecule, influencing actin 
cytoskeleton re-arrangement, and changing the 
adhesive capacity of sheep monocytes. 

 Our results also showed that during the 
internalization of E. coli, the expressions of TLR4, 
MAPKs, and scavenger receptors were all higher in 
TLR4-overexpressing transgenic sheep than in the 
non-transgenic group. In addition, the level of actin 
polymerization and adhesive capacity of sheep 
monocytes were also higher in the transgenic sheep 
used in this study. These results may partially explain 
why TLR4-overexpressing transgenic sheep 
monocytes have a higher capacity for internalization. 

 The TLR4 signaling plays a crucial role in the 
innate immune response. In the present study, TLR4 
overexpression sheep activated the internalization 
pathways of E. coli to improve sheep mastitis 
resistance. The results presented in this manuscript 
provide additional evidence for the role of TLR4 in the 
clearance of bacteria by increasing the number of 
internalized bacteria, promoting actin polymerization 
and mediating the expression of internalization- 
related genes via MAPK signaling in sheep (Fig 6). 
Moreover, our results provide valuable insight into 
the bacterial internalization mechanisms in sheep. 
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