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Abstract
Background/Aims: Phagocytosis of bacteria by monocytes/macrophages can trigger the immune response and the clearance of bacteria. This innate immune response involves Toll-like receptor 4 (TLR4). However, much remains unknown about the mechanism of TLR4-regulated phagocytosis of Salmonella enterica serovar Typhimurium (S. typhimurium) within sheep monocytes/macrophages. Here, we aimed to address these knowledge gaps by infecting transgenic sheep overexpressing TLR4 with S. typhimurium and examining the phagocytic mechanisms involved. Methods: Transgenic sheep were generated by microinjection of the constructed plasmids into fertilized eggs. Monocytes/macrophages isolated from sheep peripheral blood were stimulated with LPS and S. typhimurium. Phagocytosis-related factor expression, phagocytic ability, and adhesion were then determined. TLR4/phosphatidylinositide 3-kinase (PI3K) signaling was inhibited to investigate if this pathway is involved in changes in bacterial internalization in sheep. Results: We found that TLR4 overexpression effectively activated the PI3K signaling pathway and upregulated the expression of scavenger receptors. Additionally, actin polymerization and adhesive capacity were both enhanced in TLR4-overexpressing sheep monocytes/macrophages. TLR4 inhibition decreased S. typhimurium 
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phagocytosis by reducing the actin polymerization and adhesive capacity of cells. Furthermore, inhibition of PI3K markedly impaired TLR4-dependent phagocytosis by restraining actin polymerization and scavenger receptor expression and reduced the adhesive capacity of the monocytes/macrophages. Conclusion: Our findings indicate that overexpression of 
TLR4 enhances phagocytosis through PI3K signaling and the subsequent activation of actin polymerization and scavenger receptors in sheep monocytes/macrophages infected with S. 
typhimurium.

Introduction

Salmonella is an intracellular Gram-negative bacterium found worldwide that causes 
gastrointestinal infections in livestock. Salmonella has been widely identified in sheep in many countries [1-3] and can cause acute gastroenteritis, sepsis, and even abortion, which gravely affect animal health and production [4]. Depending on the type III secretion system present in bacteria, these bacteria can invade and survive within phagocytes. The Salmonella pathogenicity island also plays an important role in these processes [5, 6]. During infection, the host innate immune system is the first line of defense against pathogens. As pattern recognition receptors, Toll-like receptors (TLRs) are pivotal to the recognition of all kinds of pathogens, including Salmonella [7, 8]. Salmonella expresses multiple ligands for TLRs, such as LTA, LPS, and CpG-DNA, and these ligands trigger the activation of various signaling pathways, which can result in filamentous actin (F-actin) re-arrangement and phagocytosis 
[9, 10].

TLR4 is mainly expressed in monocytes/macrophages and epithelial cells in sheep; it is also abundant in peripheral blood monocytes [11]. Lipopolysaccharide (LPS) is the most common ligand of TLR4 and is also the major component of the cell wall of Gram-negative 
bacteria such as Salmonella. LPS recognition activates TLR4 signaling pathways, which leads to the activation of multiple signaling pathways, such as nuclear factor kappa B (NF-κB), mitogen-activated protein kinase (MAPK), and Janus kinase-phosphoinositide 3-kinase (JAK-PI3K). Importantly, the JAK-PI3K signaling pathway is involved in the internalization of bacteria [12, 13]. Of the four isoforms of PI3K (α, β, γ, and δ), PI3Kγ participates in neutrophil migration [14]. The PI3K signaling pathway is involved in the regulation of pseudopod stretching [15] and is necessary for Fc gamma receptor-mediated phagocytosis [16]. Inhibition of PI3K blocks phagocytosis through modification of actin polymerization at sites of uptake [17].Notably, actin cytoskeleton re-arrangement is always involved regardless of how bacterial internalization occurs [18]. Additionally, the adhesive capacity of phagocytes promotes phagocytosis [19, 20]. Scavenger receptors are also involved in the immune response. They have diverse ligands, including low-density lipoprotein (LDL), phosphatidylserine, and LPS [21-23]. Many of these receptors are expressed in macrophages. They not only participate in phagocytosis of apoptotic cells, but also influence the adhesive capacity of phagocytes [24, 25]. Class A scavenger receptors mediate multiple functions, including adhesion. Macrophage activation can increase SR-A expression and SR-A-dependent adhesion [26]. CD36 is a member of the class B scavenger receptors and is expressed in immunocytes. Several studies have indicated that CD36 functions as a signaling molecule that can transmit signals via MAPK [27]. Furthermore, CD36 has been implicated in actin cytoskeleton re-arrangement [28]. Inhibition of PI3K can decrease the expression of scavenger receptors [29] and influence scavenger receptor-mediated cell adhesion [30]. These results suggest the possible interactions among TLR4, scavenger receptors, and PI3K during bacterial internalization.TLR4-overexpressing transgenic mice appear to be more sensitive to LPS and Salmonella and exhibit a survival advantage during bacterial infection [31]. Our previous studies showed that overexpression of TLR4 is physiologically important and could trigger a more intense 

© 2018 The Author(s)Published by S. Karger AG, Basel

http://dx.doi.org/10.1159%2F000493032


Cell Physiol Biochem 2018;49:662-677DOI: 10.1159/000493032Published online: 30 August, 2018 664Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Baselwww.karger.com/cpbWang et al.:  Overexpression of TLR4 Increase Phagocytosis in Transgenic Sheep

immune response, such as secretion of various interleukins, rapid neutrophil infiltration, and increased oxidative stress [32-34]. In the present study, we continued to survey whether TLR4-overexpressing sheep have improved bacterial phagocytosis.
Materials and Methods

Ethical statementAll transgenic sheep production and sample collection procedures were performed in accordance with a protocol from the Animal Welfare Committee of the China Agricultural University (Permit Number: XK662).
Production and identification of transgenic sheepTransgenic sheep were produced by microinjecting the plasmid vector into fertilized sheep eggs (Fig 1A). The presence of the exogenous TLR4 genes was confirmed by Southern blotting; the genomic DNA used in this experiment was extracted from ear tissue. The probe used in Southern blotting was labelled with digoxigenin (Roche Diagnostics, Mannheim, Germany) and prepared by PCR using the following primers: forward, 5′-ACTGG TAAAGAACTTGGAGGAGG-3′; reverse, 5′-CCTTCACAGCATTCAACAGACC-3′. The size of the Southern hybridization probe was 671 bp. Genomic DNA (20 ng) was digested with Hind III (NEB, Beverly, MA, USA). The expression level of TLR4 was quantified by qRT-PCR. In brief, mononuclear cells from 6 Southern blot-positive transgenic sheep and 6 wild-type sheep were isolated from venous blood with lymphocyte separation medium (Sigma-Aldrich, St. Louis, MO, USA). RNA was extracted from mononuclear cells with the RNeasy Plus Mini kit (Qiagen) and reverse-transcribed into cDNA using the PrimeScript RT reagent kit (TaKaRa Bio, Japan). The primers used for qRT-PCR of TLR4 were as follows: forward, 5′-ATCATCAGCGTGTCGGTTGTCA-3′; reverse, 5′-GCAGCCAGCAAGAAGCATCAG-3′. GAPDH was used as an internal standard; the primers used were as follows: forward, 5′-GCAAGTTCCACGGCACAG-3′; reverse, 5′-GGTTCACGCCCATCACAA-3′. Real-time PCR reactions were performed using a MX3000P instrument (Agilent Technologies, Santa Clara, CA, USA).
Sheep monocyte-macrophages isolation and cultureSix transgenic sheep and six wild-type sheep were divided into two groups. In brief, 50 mL of blood was collected from the jugular vein of adult sheep belonging to the Tianjin Institute of Animal Sciences. Peripheral blood mononuclear cells (PBMCs) were obtained from the peripheral blood using lymphocyte separation medium. Cells (1 × 105) were seeded into each well of 48-well plates; 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). The adherent cells were then cultivated in RPMI1640 (Gibco, Grand Island, NY, USA) medium containing 10% FBS (Gibco), and the cells were incubated at 37°C in a 5% CO2 incubator for 48 h, changing the medium every 24 h. After 48 h of incubation and washing off non-adherent cells, the adherent cells were mainly composed of monocyte-macrophages [11].
Analysis of internalization-associated genes by real-time PCRMonocyte-macrophages were incubated with LPS or S. typhimurium. After stimulation, monocyte-macrophages were collected for RNA extraction with the RNeasy Plus Mini kit and then reverse-transcribed into cDNA using the PrimeScript RT reagent kit. The expression of TLR4, MyD88, Jak2, NF-κB, PI3K, P38, CD14, and scavenger receptor mRNA was measured by real-time PCR. The primers used in this experiment are shown in Table 2. Real-time PCR reactions were performed using a MX3000P PCR machine (Agilent Technologies, Santa Clara, CA, USA). The SYBR Premix Ex Taq II kit (TAKARA) was used for qRT-PCR. The reaction mixture contained 10.0 μL of SYBR Premix Ex Taq II, 0.8 μL of forward primer, 0.8 μL of reverse primer, 0.4 μL of ROX reference dye II, 2 μL of cDNA template, and 6 μL of dH2O. The three-step protocol reaction conditions were as follows: initial incubation at 95°C for 30 s followed by 40 cycles of 95°C for 5 s and 58°C or 62°C for 30 s, and an extension step at 72°C for 30 s. GAPDH was used to normalize the relative expression of each gene.
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Western blot analysisIn brief, after the cells were harvested, they were lysed by RIPA buffer containing protease inhibitors and phosphatase inhibitors. Protein concentrations were quantified with BCA Protein Assay Kit (Thermo Scientific, USA). Cell lysates were resolved on 10% SDS-PAGE and then transferred to a PVDF (Millipore, USA). The blots were incubated with phospho-Akt rabbit mAb (Cell Signaling Technology), and GAPDH (Proteintech, USA). The secondary antibodies were 800CW goat anti-rabbit IgG (LI-COR, USA). After incubation with secondary antibodies, the membranes were visualized using ECL chemiluminescence (Thermo Scientific, USA).
Phagocytosis assayTo detect bacterial phagocytosis, monocyte-macrophages were infected with S. typhimurium. Before infection, monocyte-macrophages were washed three times in PBS without antibiotics and then mixed with 

S. typhimurium at an MOI of 10 or 100, centrifuged at 100 × g for 10 min, and incubated at 37°C in a 5% CO2 incubator for 5, 15, or 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 phagocytized bacteria at different time points, 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 of the bacteria, the number of viable CFUs was recorded to estimate the number of internalized 
bacteria.  To determine whether TLR4-PI3K signaling participates in bacterial internalization, we used the TLR4 and PI3K inhibitors CLI095 and LY294002 (Sigma-Aldrich) prior to infection with S. typhimurium 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 Table 2.

Quantitative measurement of F-actinAfter stimulation of monocyte-macrophages with S. typhimurium as indicated above, cells were washed twice with warm PBS (37°C) for 10 min. Cells were fixed with 4% paraformaldehyde for 20min at 22°C, permeabilized with 0.1% Triton X-100 for 5 min at 22°C, and then washed twice more 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 isothiocyanate (FITC) labelled phalloidin (Sigma-Aldrich) for 1h at 37°C in an incubator. Cells were washed three times with PBS, and F-actin content was quantified with ImageXpress (Molecular Devices).To determine whether TLR4 participates in driving the reorganization of F-actin, we used the TLR4 and PI3K inhibitors CLI-095 and LY294002 (Sigma-Aldrich), respectively, prior to infection with S. typhimurium to inhibit signaling. Determination of F-actin content was performed as described above.
Bacterial staining and adhesion assay
S. typhimurium was labelled with rhodamine B (red) as follows. S. typhimurium (1 × 109/mL in PBS) was incubated with rhodamine B (10 mg/mL) for 2 h at 37°C and then washed three times with PBS. The adhesive capacity of the monocyte-macrophages was assessed by incubation with rhodamine B-labelled bacteria (10:1) for 15min 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 ImageXpressImageXpress 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 analysesAll 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.
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Results

Overexpression of TLR4 in transgenic sheepTransgenic sheep were generated via microinjection of a linear fragment containing 
the Ovis aries TLR4 gene (Fig. 1A); Southern blotting was subsequently performed to detect positive individuals. After digestion of the sheep genome using HindIII, 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 positive transgenic individuals (Fig. 1B). As shown in Table 1, the Southern blotting positive rate for F1 generation was 46.73%. The expression of TLR4 was higher in transgenic sheep monocytes/macrophages derived from peripheral blood than in wild-type sheep (P < 0.05; Fig. 1C–E). These findings 
demonstrated that we successfully generated TLR4-overexpressing sheep.

Fig. 1. Overexpression of TLR4 in sheep. (A) Structure of CMV-TLR4 vector. (B) Transgenic TLR4-overexpressing sheep were evaluated by Southern blot analysis. The exogenous TLR4 fragment is the 2771 bp band, and the 5118 bp band is the endogenous TLR4 fragment. M: marker (1 kb ladder), the transgenic sheep were: 2, 3, 5, 6, 9, 10, 11 and the wild-type sheep were: 1, 4, 7, 8. (C-E) TLR4 expression in monocyte-macrophages 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; Wt: wild-type sheep. All data are presented as the mean ± SEM from three experiments, *P<0.05.
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TLR4 overexpression activates 
multiple pathways in LPS-
stimulated sheep monocytes/
macrophagesFirst, we examined the signaling pathways activated by LPS after stimulation of monocytes/macrophages with LPS (100 ng/mL). As shown in Fig. 2A, stimulation with LPS enhanced the expression of TLR4, Myd88, and scavenger receptor. Then, we examined the signaling activated by LPS in transgenic sheep. We stimulated monocytes/macrophages with LPS for 5, 30, and 60 min. Compared with the wild-type group, the transgenic group showed significantly higher expression of TLR4 and Myd88 after LPS stimulation at all time points (P < 0.05; Fig. 2A and B). Myd88 plays an important role in cell signaling transduction and our findings indicate that TLR4 could regulate Myd88 expression. Moreover, after stimulation with LPS for 5 min, the transcription levels of TLR4, Myd88, NF-

κB, SR-A, and CD36 were significantly higher in the transgenic group than in the wild-type group (P < 0.05; Fig. 2B–F). These results showed that TLR4 triggered activation of the NF-
κB and scavenger receptors. In addition, TLR4, Myd88, NF-κB, SR-A, and CD36 expression in the transgenic group peaked at 30 min. We assessed the activation of the PI3K signaling pathway by determining the phosphorylation of Akt, a downstream target of PI3K, using anti-phospho-Akt antibody. LPS stimulation induced upregulated phosphorylation of Akt in the transgenic group compared with the wild-type group (Fig. 2G).

TLR4 overexpression leads to increased phagocytosis of S. typhimuriumPhagocytosis of bacteria is an important function of monocytes/macrophages. LPS is the main component of S. typhimurium, and it can be recognized by TLR4 and trigger immune responses. To investigate whether TLR4 overexpression could influence the internalization 
of S. typhimurium, monocytes/macrophages were incubated with S. typhimurium at a multiplicity of infection (MOI) of 10 or 100, respectively. At either MOI, S. typhimurium increased the expression of TLR4 (Fig. 3A). We next found that the levels of intracellular bacteria were higher in the transgenic group than in the wild-type group at both doses within 30 min (P < 0.05; Fig. 3B–C). Moreover, from an early time point (5 min), the transgenic group showed more powerful phagocytosis of bacteria with an MOI of 10 (P < 0.01).To determine which TLR4 downstream factors were involved in this process, we examined multiple factors, including Myd88, NF-κB, scavenger receptor, CD14, and PI3K. As expected, 
TLR4 mRNA levels were significantly higher in the transgenic group at both doses (P < 0.05; Fig. 3D and E). The levels of Myd88, NF-κB, scavenger receptor, and p-Akt were higher in the transgenic group than in the wild-type group (P < 0.05). The phagocytosis-related receptors 
SR-A and CD36 were significantly upregulated in the transgenic group with an MOI of 10 (P < 0.01; Fig. 3D). Furthermore, to determine whether incubation with S. typhimurium altered the polymerization of actin, we measured the F-actin content. TLR4 overexpression enhanced the mean fluorescence intensity of F-actin in each cell population at 30 min postinfection (P < 0.05; Fig. 4A and B). This finding indicates that TLR4 regulates the accumulation of F-actin. Adhesive capacity was also examined in our experiments, with the results indicating that 
TLR4 overexpression upregulated adhesive capacity in sheep monocytes/macrophages (Fig. 4C and D). Our adhesion assays suggested that TLR4-overepression not only promoted an increase in the amount of bacteria adhered by individual monocytes/macrophages, but also increased the number of monocytes/macrophages able to participate in bacterial adhesion.

Table 2. Production of transgenic sheep over-expressing TLR4
Gene Generation Recipients Positive rate % 

CMV-TLR4 F1 107 46.73 (50/107) 

 

Table 1. qRT-PCR primers
Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) 

NF-kB TGGCAGCTCTTCTCAAAGCA GACCCCTTCATCCTCTCCATC 

Myd88 CGGATGGTGGTGGTTGTCT GGAACTCTTTCTTCATTGGCTTG 

CD14 GCGTTCAGTGTATGGTTGC GGTCGGTGTTGACTCCCTTG 

CD36 CGCCATAATTGACACATACA CTCCGAACACAGCATAGA 

SR-A CGTAAATTAGAGGAGCGTAT TGGAAAGCCTGGCAAAC 

Marco GCAACGGATGGACAACTT CCAGTGCTGCCAGTCTCA 

Lox-1 TTATCCCAGGTGTCTGA AGTTGCTGCCTCTTTC 
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Fig. 2. Activation of scavenger receptor and PI3K signaling pathways by LPS in sheep monocyte-macrophages. A shows the mRNA expression of TLR4, Myd88, SR-A, and CD36 increased significantly in LPS stimulation group, B to F show the expression of TLR4, Myd88, NF-κB, SR-A, and CD36 at 5 min, 30 min and 60 min after LPS (100 ng/mL) stimulation, respectively. G shows the phosphorylation of Akt after LPS stimulation in monocyte-macrophages. Tg: transgenic sheep; Wt: wild-type sheep. All data are presented as the mean ± SEM from three experiments, *P<0.05.
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Inhibition of the TLR4 signaling pathway diminishes the phagocytosis of S. typhimuriumTo further investigate whether TLR4 is involved in changes in bacterial internalization in sheep, we used the TLR4-specific inhibitor CLI-095. As shown in Fig. 5A, CLI-095 reduced the number of internalized bacteria (P < 0.05); the optimum supplemental level of CLI-095 was 3 μM. CLI-095 was able to influence multiple factors, include scavenger receptors (Fig. 5B). Myd88, SR-A, and CD36 mRNA levels in the transgenic group were higher at 30 min postinfection with CLI-095 pretreatment (3 μM) (P < 0.01; Fig. 5C). The level of phospho-Akt was also decreased by CLI-095 (Fig. 5D). S. typhimurium-induced actin polymerization was lower in the CLI-095-pretreated group than in the DMSO-pretreated group (P < 0.05; Fig. 5E and F). Furthermore, compared with DMSO pretreatment, CLI-095 pretreatment reduced the adhesive capacity of the sheep monocytes/macrophages (Fig. 5G and H). The adhesion 
assays indicated that inhibition of the TLR4 signaling pathway not only decreased the amount of bacteria adhered by individual monocytes/macrophages, but also reduced the number of monocytes/macrophages able to participate in bacterial adhesion. In addition, after pretreatment with CLI-095, S. typhimurium-induced actin polymerization and the adhesive capacity of monocytes/macrophages were found to be higher in the transgenic group (Fig. 5E and H). Our data indicate that TLR4 regulates the phagocytosis of S. typhimurium in sheep monocytes/macrophages.

Fig. 3. TLR4-mediated signaling promotes phagocytosis of S. typhimurium into sheep monocyte-macrophages. (A) Expression of TLR4 after incubation with S. typhimurium (MOI=10, 100) for 5, 30, 60min. (B–C) Bacterial internalization was detected in monocyte-macrophages after incubation with S. typhimurium (A MOI = 10 and B MOI = 100, respectively). (D–E) Expression of TLR4, Myd88, NF-κB, SR-A, CD-36, and CD14 after incubation with S. typhimurium (30 min, C MOI = 10 and D MOI = 100, respectively). (F) Show the phosphorylation of Akt after S. typhimurium stimulation in monocyte-macrophages (MOI = 10). Tg: transgenic sheep; Wt: wild-type sheep. All data are presented as the mean ± SEM from three experiments, with *P<0.05 and **P<0.01.
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Specific inhibition of the PI3K pathway reduces S. typhimurium phagocytosisThe levels of scavenger receptors and PI3K were consistent with our bacterial internalization results. This suggested that they might be involved in the internalization of 
S. typhimurium. To examine whether PI3K is involved in phagocytosis in sheep, cells were pretreated with LY294002 to specifically inhibit the PI3K signaling pathway. We found that inhibition of PI3K reduced the internalization of S. typhimurium into monocytes/macrophages (Fig. 6A). Moreover, transcription of scavenger receptors was lower in the LY294002-pretreated group than in the control group (Fig. 6B). The mRNA levels of scavenger receptors were higher in the transgenic group (Fig. 6C). Furthermore, the level of phospho-Akt was also decreased by inhibition of PI3K signaling (Fig. 6D). After pretreatment with LY294002, F-actin content was lower in the pretreated group than in the DMSO group. Moreover, F-actin content was higher in the transgenic group after pretreatment with LY294002 (Fig. 6E and F). As expected, the adhesive capacity of sheep monocytes/macrophages was consistent with the expression of scavenger receptors. This meant that inhibition of PI3K reduced the adhesive capacity of sheep monocytes/macrophages (Fig. 6G and H). The TLR4-overexpressing sheep also exhibited higher adhesive capacity than the wild-type group. These data indicated that the PI3K signaling pathway plays an important role in the TLR4-dependent phagocytosis of sheep monocytes/macrophages.

Fig. 4. Overexpression of TLR4 promotes phagocytosis of S. 
typhimurium into sheep monocyte-macrophages. (A-B) Fluorescence intensity of F-actin of sheep monocyte-macrophages; F-actin was labelled by FITC-phalloidin (20× ELWD ADM). (C-D) Adhesive capacity of monocyte-macrophages (20× ELWD ADM),  S. typhimurium was 
labelled by rhodamine. Tg: transgenic sheep; Wt: wild-type sheep. All data are presented as the mean ± SEM from three experiments, with *P<0.05.
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Fig. 5. Inhibition of TLR4 with CLI-095 decreased the phagocytosis of S. typhimurium in sheep monocyte-macrophages. (A) Monocyte-macrophages were pretreated with DMSO (0.1%) or CLI-095 (0 to 30 μM) for 6 h, and then bacterial internalization was detected after incubation with S. typhimurium for 30 min (MOI = 10). (B–C) qRT-PCR analysis of expression of Myd88, NF-κB, SR-A and CD36 from sheep monocyte-macrophages pretreated with CLI-095 (3 μM) and infected with S. typhimurium (30 min, MOI = 10). (D) Show the phosphorylation of Akt in monocyte-macrophages pretreated with CLI-095 (3 μM) and infected 
with S. typhimurium (MOI = 10) (E-F) Fluorescence intensity of F-actin of monocyte-macrophages (20× ELWD ADM). (G-H) Adhesive capacity of monocyte-macrophages (20× ELWD ADM). Tg: transgenic sheep; Wt: wild type sheep. All data are presented as the mean ± SEM from three experiments, with *P<0.05 and **P<0.01.

Fig 5
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Fig. 6. Inhibition of PI3K signaling by LY294002 treatment reduced the phagocytosis of S. typhimurium in sheep monocyte-macrophages. (A) Monocyte-macrophages were pretreated with DMSO (0.1%) or LY294002 (0–100 μM) for 10 min and then bacterial internalization was detected after incubation with S. 
typhimurium for 30 min (MOI = 10). (B–C) qRT-PCR analysis of expression of SR-A, CD36, Marco, and Lox-1 from sheep monocyte-macrophages pretreated with LY294002 (30 μM) and infected with S. typhimurium (30 min, MOI = 10). (D) Show the phosphorylation of Akt in monocyte-macrophages pretreated with LY294002 (30 μM) and infected with S. typhimurium (MOI = 10) (E-F) Fluorescence intensity of F-actin of monocyte-macrophages (20× ELWD ADM). (G-H) Adhesive capacity of monocyte-macrophages (20× ELWD ADM). Tg: transgenic sheep; Wt: wild type sheep. All data are presented as the mean ± SEM from three experiments, with *P<0.05 and **P<0.01.

Fig 6
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DiscussionAs pattern recognition receptors, TLRs recognize various molecules known as pathogen-associated molecular patterns (PAMPs) and activate the innate immune response [35]. Research efforts have generally focused on their function in the activation of inflammatory signaling pathways, which later activate NF-κB, AP-1, and other inflammatory cytokines [36]. Recently, many studies have suggested that TLR4 is involved in phagocytosis via its interaction with MAPK, Jak2, PI3K, and various receptors, which subsequently assist macrophages in recognizing and phagocytizing various bacteria [37-39]. We found that the TLR4-PI3K signaling pathway was involved in the internalization of S. typhimurium into sheep monocytes/macrophages by increasing the accumulation of F-actin and expression of the scavenger receptors, in addition to increasing the adhesive capacity of monocytes/macrophages.LPS is an important component of the cell wall of S. typhimurium. It is also a ligand of TLR4 that can quickly activate multiple signaling pathways within a few minutes [40], including those mediated by the NF-κB, MAPK, and PI3K signaling pathways [12, 37, 41, 42]. In particular, the NF-κB and MAPK signaling pathways have been shown to participate in inflammatory responses [36]. In contrast, the JAK-PI3K signaling pathway was shown to be involved in phagocytosis and apoptosis [38]. Our previous study reported that overexpression of TLR4 could trigger an intense inflammatory response and oxidative damage via increased secretion of IL-6, TNF-α, and nitric oxide in sheep monocytes/macrophages [32]. Here, we found a significant difference in the LPS-induced activation of Myd88, NF-κB, and PI3K signaling between TLR4-overexpressing and wild-type sheep, suggesting that overexpression of TLR4 could more efficiently activate multiple signaling pathways in sheep monocytes/macrophages. This also suggests that LPS can induce a more intense innate immune response in TLR4-overexpressing sheep.Similar to LPS-induced activation, several previous studies showed that Gram-negative bacteria infection quickly activates the Jak2, PI3K, AKT, and p38 signaling pathways within 
30 min [12, 38]. Our data indicated that S. typhimurium stimulation also caused higher expression of these factors in transgenic sheep. Moreover, monocytes/macrophages in TLR4-overexpressing sheep phagocytized higher numbers of bacteria. The transgenic group also showed higher phagocytic ability when infected at a low dose (MOI = 10) and at an early time (5 min). Phagocytosis is a highly complicated process, such that a single model alone cannot explain particle internalization. In fact, multiple receptors are involved in the recognition of various particles and these receptors usually interact with each other [10]. Among them, scavenger receptors can recognize various ligands, including oxidized LDL (oxLDL), long-chain fatty acids, and LPS, and are involved in a wide range of biological functions, including atherosclerosis, lipid metabolism, apoptotic cell clearance, and phagocytosis. CD14 is well-known for its cooperation with TLR4 to help to bind LPS. In addition to TLR4, previous research has shown that scavenger receptors [43, 44] and CD14 [45] also participate in phagocytosis. Several previous studies have shown that TLR4, scavenger receptors [46], and CD14 [47] are capable of cross-talk and synergy. Our data show that overexpression of TLR4 could increase the expression of scavenger receptors but not those of CD14. One possible explanation is that CD14 and TLR4 are capable of cross-talk, but TLR4 overexpression does not affect the transcription of CD14 in sheep monocytes/macrophages during S. typhimurium 
infection.Despite the different receptors and mechanisms associated with phagocytosis, all forms of phagocytosis require actin polymerization at the location of ingestion [48]. Actin polymerization can be assessed by F-actin content [12, 49]. Our study showed that actin polymerization increased with S. typhimurium stimulation. Furthermore, overexpression 
of TLR4 not only increased F-actin content, but also enhanced immunocyte adhesion, and these data were consistent with our findings for bacterial internalization. Moreover, TLR4 overexpression increased both the amount of bacteria adhered by individual monocytes/macrophages and the number of monocytes/macrophages able to participate in bacterial 
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adhesion. We also found that inhibition of TLR4 reduced S. typhimurium internalization, actin polymerization, scavenger receptor expression, and immunocyte adhesive capacity. Together, these data suggest that TLR4 regulates the phagocytosis of S. typhimurium in sheep monocytes/macrophages.PI3K is important for downstream signaling of TLR4; however, it is controversial whether it participates in bacterial internalization [12, 13]. Schlam et al. showed that internalization of large, but not small (<2 μm), particles requires PI3K [50]. Notably, a previous study [12] showed that inhibition of PI3K does not block internalization of E. coli. Another study showed that PI3K plays an important role in apoptotic cell phagocytosis [13]. However, in our experiments, phagocytosis of S. typhimurium was suppressed by LY294002, a PI3K-specific inhibitor. Thus, we considered the possibility that the different sizes of various particles could have resulted in these diverse outcomes. Although we found that PI3K participates in the phagocytosis of S. typhimurium, we wanted to determine how PI3K influences the phagocytosis of S. typhimurium. Several studies have shown that inhibition of PI3K reduces the expression of scavenger receptors [29] and suppresses the adhesion of monocytes/macrophages [30]. Our data show that inhibition of PI3K by LY294002 not only reduced the expression of scavenger receptors, but also suppressed the adhesion of the cells. Many phagocytosis receptors play dual roles, including both internalization and adhesion, and these two activities can activate each other [19, 20]. Scavenger receptors often function by various mechanisms, including adhesion, phagocytosis, and signaling [51]. A previous study showed that CD36 is essential for LDL-induced macrophage spreading and actin polymerization [28]. Furthermore, SR-A-dependent macrophage adhesion can activate Rac and Cdc42 [52], which trigger actin polymerization. In addition, we found that actin polymerization of sheep immunocytes was suppressed by inhibition of PI3K and that this trend was consistent with our scavenger receptor expression results. Together, our findings suggest that PI3K enables phagocytosis of S. typhimurium by regulating the expression of scavenger receptors and actin polymerization as well as by changing the adhesive capacity of sheep monocytes/macrophages.In our TLR4-overexpressing transgenic sheep, we found that, during phagocytosis of S. 
typhimurium, the expression levels of TLR4, PI3K, and scavenger receptors were all higher in the transgenic group than in the wild-type group. Furthermore, the F-actin content and adhesive capacity of sheep monocytes/macrophages were also higher in the transgenic group. These findings may partly explain why TLR4-overexpressing transgenic sheep have a higher capacity for phagocytosis.From a broader perspective, we provided evidence to show that 
S. typhimurium induces a complex intracellular signaling pathway for its internalization via TLR4. S. typhimurium infection probably triggers TLR4-dependent activation of PI3K, with the subsequent activation of actin polymerization and scavenger receptors promoting the phagocytosis of bacteria in sheep (Fig. 7).

Fig. 7. Diagram illustrating the hypothesized signaling pathways involved in TLR4-PI3K activation during phagocytosis of S. typhimurium in sheep monocyte-macrophages.
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ConclusionUnder S. typhimurium stimulation, transgenic sheep can phagocytose more bacteria. This might enhance the immune response against bacterial infection. In addition, this study also provides valuable insight into the phagocytic mechanisms in sheep.
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