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Intervertebral disc (IVD) is an immune-privileged organ that lacks immunocytes, such as macrophages or neutrophils; therefore, it is unclear how IVD immunological defense against bacterial infection occurs. Here, we demonstrated that nucleus pulposus cells (NPCs), the vital machinery for maintaining the homeostasis of IVD, exerted microbicidal activity against Staphylococcus aureus via induction of phagolysosome formation. Moreover, we found that the Toll-like receptor 2 (TLR2)/mitogen-activated protein kinases (MAPKs) signaling pathway is critical for bacterial phagocytosis and phagolysosome formation of NPCs. These findings demonstrated for the first time that NPCs could function as non-professional phagocytes against S. aureus infection, thereby enhancing antimicrobial defense against bacterial infections in IVDs.
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INTRODUCTION

Intervertebral discs (IVDs), which are partially movable joints that connect each of the vertebral bodies in the spine, play a key role in maintenance of the physiological construction of the spine, functioning both to transfer loads and impart mobility (1). However, spondylodiscitis (SD), which is the result of an infection that reaches IVD and/or adjacent vertebral body, epidural space and paraspinal tissue by hematogenous route, direct inoculation or from a contiguous focus (2), is one of the main etiologies resulting in dysfunction and destruction of IVDs (3).

The most frequent bacterium to infect IVDs is Staphylococcus aureus, and its prevalence in infection of IVD has been shown to be as high as 80% (4). However, treatment of S. aureus-induced SD is difficult because there are so many antibiotic-resistant strains of S. aureus, and the IVDs are not easily penetrated by antibiotics (5, 6). Thus, it is necessary to understand the innate protective immune responses against S. aureus in IVDs, thereby developing immune-based antibacterial therapies to combat S. aureus infection.

The response to bacterial infection includes professional phagocytes, such as macrophages, which defend against invading bacteria not only via the formation of phagosomes (7) but also by presenting antigens to the adaptive immune system (8, 9). However, IVDs, particularly the central nucleus pulposus (NP), are immune-privileged organs with little or no direct vasculature supply; therefore, the accessibility of immunocytes, such as macrophages and neutrophils, is limited to the outer layer of the IVDs (5, 10). As a result, it is not clear how IVDs defend against bacterial infection without the assistance of professional phagocytes.

Previous studies have suggested that NPCs may serve as macrophages to play an immune defensive role (11). In addition, bovine NP cells have been found to phagocytose latex beads and apoptotic bodies, and the pattern of phagocytosis is similar to the committed phagocytes of THP1 and J774 cell lines (10). Unfortunately, there is still no evidence confirming the phagocytic ability of NPCs or whether NPCs have the ability to defend against S. aureus in IVDs.

In the present study, we demonstrated that NPCs exerted microbicidal activity against S. aureus via induction of phagolysosome formation. Moreover, we found that Toll-like receptor 2 (TLR2)/mitogen-activated protein kinases (MAPKs) signaling pathway activation is critical to bacterial phagocytosis and the phagolysosome formation of NPCs. To our knowledge, this is the first study to investigate the phagocytic and microbicidal function of NPCs, and our findings provide new insight into the innate immunological ability of IVDs against bacterial infection.

MATERIALS AND METHODS

Ethics Statement

All human sample acquisitions were approved by the ethical committee of Ruijin Hospital, SJTU School of Medicine, China, and performed in accordance with the Declaration of Helsinki Principles. All participants provided written informed consent, which was obtained before enrollment in the study. All animal experiments were performed according to the protocol approved by the SJTU Animal Care and Use Committee and in direct accordance with the Ministry of Science and Technology of the People's Republic of China on Animal Care guidelines. All surgeries were performed under anesthesia and all efforts were made to minimize suffering.

Patients and Tissue Harvesting

A total of 6 patients were included in this study. The patients underwent discectomy at the single-level lumbar spine due to disc degeneration associated with sciatica and/or low back pain, and these patients presented without the symptom of lumbar segmental instability, such as spondylolisthesis. All patients had decided on surgery after failed attempts to improve their condition using conservative treatment for several months. The average age of patients included in the study was 56.78 ± 14.59 years, and 4 patients were male and 2 patients were female. The levels of surgery were as follows: 3 at L4~5, and 3 at L5~S1.

Based on a stringent antiseptic sterile protocol described in our previous study, a posterior discectomy was performed to harvest IVDs (12, 13). Briefly, the skin of the operation field was sterilized 3 times with povidone iodine, and a 3M Ioban 2 Antimicrobial Incise Drape (3M Health Care, St. Paul, MN, USA) was used to cover the surgical field. The wound was then irrigated twice using sterile water before discectomy of the IVDs. The harvested specimen was handled exclusively with sterilized instruments to avoid contamination.

Bacterial Strains and Growth Conditions

A standard strain of S. aureus (ATCC: 25923) was kindly provided by Dr. Xu Chen (Shanghai Ninth People's Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China). A S. aureus strain (NCTC8325) carrying the gfp gene was kindly provided by Pro. Bing Hu (University of Science and Technology of China, Hefei, China). The bioluminescent S. aureus Xen36 (PerkinElmer, Inc., Waltham, MA) was provided by Dr. Deming Jiang from East China Normal University.

S. aureus were cultured overnight until the static phase at 37°C in tryptic soy broth (TSB) medium (Difco, Detroit, Mich., USA). Then, the bacteria in the static phase were pelleted via centrifugation at 10,000 g for 5 min. The supernatant was discarded, and the pellet of cells were resuspended in sterile phosphate buffered saline (PBS), washed twice with a PBS, and suspended in PBS supplemented for late-stage experiments.

Co-cultures of Nucleus Pulposus Cells (NPCs) and S. aureus

Human NP tissues were harvested following the above protocol and the Tlr2−/− NP tissues were obtained from Tlr2−/− mice IVDs. Cell samples from different patients and mice were kept separate. All experiments were carried out three independent experiments and were conducted with NPCs from passages 2 to 3.

For co-culture, the bacteria were harvested from overnight cultures in stationary phase and washed twice with phosphate-buffered saline (PBS). The bacterial density was adjusted to optical density (OD600 = 2). Then, S. aureus were added to the cell culture (5 × 105 cells/well) in a 6-well culture plate at a 1:10 multiplicity of infection (MOI) without antibiotics and fetal bovine serum (FBS). After 0, 0.5, 1, 2, and 4 h, co-cultured cells were washed vigorously five times with PBS and prepared for late-stage experiments (including transmission electron microscopy (TEM), bacterial killing assay, Western blot analysis, and confocal laser scanning microscope). In addition to vigorous washing, we have also used lysostaphin to cleave extracellular S. aureus (14), as well as quenching the extracellular fluorescence with trypan blue (15).

Inoculation of S. aureus Into Caudal Rat Intervertebral Discs

Eight-week-old male Sprague-Dawley rats were purchased from the Shanghai Laboratorial Animal Center at the Chinese Academy of Sciences. The animals were housed with ad libitum access to water and food in an air-conditioned room with a 12-h light-dark cycle, at 21–23°C and 60% relative humidity, in the animal facility at Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, China. Rats were anesthetized intraperitoneally with 2.5% sodium pentobarbital (1.3 mL/kg) and placed in a prone position, with 4 rats per group. Then, the tail skin was sterilized with 75% alcohol three times. Before surgery, the target vertebrae (Co)6/7–(Co)8/9 (n = 3 per animal) were identified and marked by palpation and X-ray. The diameters of the target IVDs were measured using X-ray before surgery to determine the depth of puncture. A volume of 2.5 μl S. aureus (OD600 = 2.0) was inoculated vertically into the nucleus pulposus using a microsyringe with a 28-gauge needle (Hamilton, Nevada, USA). The penetration depth was fixed at 2.0–2.5 mm using a stopper. All surgeries were performed under anesthesia, and all efforts were made to minimize suffering. After inoculation 4 h, the caudal IVDs tissues inoculated with or without S. aureus were collected for electron microscopy test.

Electron Microscopy

For TEM, NPCs infected with S. aureus on chamber slides and the caudal rat IVDs infected with S. aureus were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h, respectively. Conventional electron microscopy was performed as follows. After five washes with 0.1 M phosphate buffer, the cells were post-fixed with 2% osmium tetroxide and 0.5% potassium ferrocyanide in the same buffer for 1 h and then washed again with 0.1M phosphate buffer. After dehydration, the cells and tissues were embedded in Epon 812 (TAAB Laboratories Equipment Ltd.). Ultrathin sections were stained with uranyl acetate plus lead citrate and observed using an H7700 electron microscope (Hitachi, Tokyo, Japan).

The Imaging Analysis of Nucleus Pulposus Infected by S. aureus

An IVIS 100 instrument (Caliper Life Sciences, Hopkinton, MA) was used to acquire the bioluminescence images. NPCs were infected with bioluminescent S. aureus strains (MOI = 1:10) in 6-wells plates at different time (0, 0.5, 1, 2, 4 h) and were then washed five times with PBS for eliminating extracellular S. aureus. The 6-wells plates were transferred to the imaging chamber. Bioluminescent images are represented using a pseudocolor scale (with blue representing the least-intense and red representing the most-intense light) that was overlaid on a gray-scale image to generate a picture of the distribution of bioluminescent bacteria in the cells.

NPCs were co-cultured with GFP-labeled S. aureus (MOI = 1:10) on glass slides at different time points (0.5, 1, 2, 4 h) and were then washed five times with PBS. S. aureus-infected cells were stained for 30 min with phalloidin and 5 min with DAPI at room temperature, respectively.

NP cells were plated on round 12-mm glass coverslips in 24-well tissue culture plates at a density of 1 × 105 NP cells/coverslip and then co-cultured with S. aureus (MOI = 1:10) at different time points (0, 0.5, 1, 2, 4 h). After cells were washed five times with PBS, NP cells were treated by lysosomes labeled with 50 nM LysoTracker Red for 60 min then DAPI labeled for 5 min. All images were observed using a fluorescence microscope (Axio, Carl Zeiss, Oberkochen, Germany).

Bacterial Killing Assay

NP cells were plated at 5 × 105 cells/well in 6-wells plates. S. aureus were added at a multiplicity of infection (MOI) of 10 and co-cultured 1 h. Each well was washed 5x with ice-cold PBS to remove extracellular bacteria, as well as cleaving extracellular S. aureus with lysostaphin and quenching the extracellular fluorescence with trypan blue. To measure bacterial uptake at the end of 1 h, triplicate wells were lysed after washing in 1 ml sterile water. This was designated as time 0. Warm medium was added to the remaining wells, and the cells were placed in cell incubator for additional times of 0.5, 1, 2, and 4 h. At each time point, triplicate wells were washed 5x with ice-cold PBS before lysing the cells. Viable counts were determined by gradient dilution method. The different dilution (1:102, 1:103, 1:104, and 1:105) add to agar LB medium. The intracellular S. aureus was determined by counting the number of colony forming units (CFU) at each time point and was calculated by Log (#CFU at time X).

Flow Cytometry Analysis

NP cells (WT or Tlr2−/−, 5 × 105 cells/well in 6-wells) were incubated in F12-DMEM without FBS containing either the carboxylate-modified latex beads (2%0, No. L3030, Sigma, St. Louis, Missouri, United States) or S. aureus-GFP for the different time (0, 0.5, 1, 2, 4 h) in the presence or absence of Cochicin (Phagocytosis inhibitor, 2.5 mM, C3915, Sigma, St. Louis, Missouri, United States), and then each well was washed 5x with ice-cold PBS, lysostaphin, and trypan blue to remove excess beads and S. aureus. The internalized fluorescent red latex beads were measured by flow cytometry. The percentage decrease or increase of phagocytosis was calculated.

Western Blot Analysis

For Western blot analysis, total proteins from the samples were separated by SDS-PAGE, transferred to nylon membranes and incubated separately with the following primary antibodies: MAPKs family kit/P-MAPKs family kit (dilution of 1: 1000; cat. no. 9926T/9910T, CST, Inc., MA, USA). B-actin (dilution of 1: 2000; cat. no. CW0096, CW BIO, Beijing, China) was used as an internal control. Then, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody, goat anti-rabbit IgG (dilution, 1: 2000; cat. no. CW0103s; CW Bio, Beijing, China) or goat anti-mouse IgG (dilution, 1: 2000; cat. no. CW0102s; CW Bio, Beijing, China) at room temperature for 2 h, and the bands were visualized using chemiluminescence (Pierce Biotechnology, Inc., IL, USA). The images were analyzed using Fusion FX7 (Vilber Lourmat, Marne-la-Vallée, France).

Statistical Analysis

Data were collected from three or more independent experiments and expressed as the mean ± S.D. A Two-sided Student's t-test was used to analyze differences between two groups. One-way analysis of variance was performed to show differences among multiple groups. P < 0.05 was considered significantly different.

RESULTS
 Phagocytosis of S. aureus by NPCs in vivo and in vitro

To test the phagocytosis of NPCs in vitro, we incubated NPCs with bioluminescent S. aureus strains (MOI = 1:10) for different times (0, 0.5, 1, 2, 4 h), after which the bioluminescent intensity was detected using a Xenogen-Caliper IVIS-100 instrument as previously described (16). As shown in Figure 1A, the bioluminescent intensity increased gradually in a time-dependent manner (Figure 1A), indicating that the interactions between S. aureus and NPCs, including the attachment of S. aureus to NPCs and internalization, might have occurred during co-culture. To further validate the S. aureus-NPCs interaction, NPCs were incubated with the GFP-labeled S. aureus and observed by confocal fluorescence microscopy. Bacteria with green fluorescence were found in the cytoplasm area of the NPCs and their numbers increased gradually during incubation, indicating that the bacteria might have been ingested (Figure 1B).


[image: image]

FIGURE 1. Phagocytosis of S. aureus by NPCs in vitro. (A) NPCs were incubated with bioluminescent S. aureus strains (MOI = 1:10) for different time points (0, 0.5, 1, 2, 4 h), and the bioluminescent intensity was detected using a Xenogen-Caliper IVIS-100 instrument. (B) NPCs were analyzed by confocal microscopy after incubation with GFP-labeled S. aureus for different periods at a MOI = 1:10. The scale bar represents 20 μm. All micrographs are represented at least three experiments.



Next, the role of NPCs in phagocytosis was evaluated by TEM. The NPCs without S. aureus infection were characterized by a large rod nucleus and a thin rim of agranular cytoplasm (Figures 2A,B). After co-culturing the NPCs with S. aureus for 4 h, ingested S. aureus were observed in the phagosome within the cytoplasm of NPCs (indicated by yellow arrow in Figures 2C–F), and a varying number of membrane protrusions tightly engulfing S. aureus (indicated by black arrows in Figures 2E,F), typical of the zipper-like phenomenon of receptor-mediated phagocytosis, were observed. Whereas, extracellular S. aureus also were indicated by red arrows in Figures 2C–F. These results demonstrated that NPCs played a role in phagocytosis as indicated by the internalization of S. aureus in vitro.
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FIGURE 2. Electron microscopic images of NPCs phagocytizing S. aureus in vivo and in vitro. (A,B) NPCs without incubation with S. aureus were characterized by a large rod nucleus and a thin rim of agranular cytoplasm. (C,D) After co-culturing the NPCs with S. aureus for 4 h, ingested S. aureus (yellow arrow) was observed in the phagosome within the cytoplasm of NPCs and extracellular S. aureus was found (red arrow). (E,F) There were a varying number of membrane protrusions (black arrows) tightly engulfing S. aureus (yellow arrows). (G,H) Compared with NPCs without incubation with S. aureus, ingested S. aureus (yellow arrow) were observed in the cytoplasm of NPCs after caudal IVD infection with S. aureus for 4 h in vivo. All micrographs are represented at least three experiments.



Subsequently, the phagocytosis of NPCs was evaluated in vivo using the caudal IVD infection model (17). Compared with the NPCs without incubation with S. aureus (Figure 2G) intracellular S. aureus were observed in the cytoplasm of the NPCs (Figure 2H) after IVDs were inoculated with S. aureus for 4 h. These findings suggested that NPCs had phagocytic ability in vivo.

Microbicidal Activity of NPCs via Phagolysosome Formation

Having established the phagocytotic role of NPCs in vivo and in vitro, we sought to detect the phagocytic microbicidal activity of NPCs. S. aureus were incubated with NPCs at a multiplicity of infection (MOI) of 10, after which internalization was allowed to occur at 37°C in 5% CO2 for 1 h and unattached S. aureus were removed by washing with ice-cold PBS, lysostaphin (20 ug/ml, L4402, Sigma, St. Louis, Missouri, United States), and trypan blue (1.2 mg/ml, 302643, Sigma, St. Louis, Missouri, United States). Next, warm F12-DMEM medium was added and the cells were placed in cell incubator for additional times of 0.5, 1, 2, and 4 h. After lysing the cells, the intracellular bacterial survival was determined. As shown in Figure 3A, enumeration of bacterial colonies revealed that viable S. aureus were gradually killed by NPCs (Figure 3A) in a time-dependent manner.
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FIGURE 3. Phagolysosome formation and microbicidal activity of NPCs. (A) Intracellular bacterial survival detected by plate counting. The bacterial survival rate is represented as the log CFU/mL. *P < 0.05, group of different time points vs. the group of 0 h. Groups were compared by one-way ANOVA. (B) Immunofluorescence staining of Lyso-Tracker Red in NPCs infected with S. aureus for different time points (0, 0.5, 1, 2, 4 h). (C,D) The percent with phagolysosomes and the percent of co-location increased gradually over time. *p < 0.05, the 0 h group vs. the different groups. Groups were compared by one-way ANOVA. (E) Intracellular bacterial survival detected by plate counting. NPCs were induced by S. aureus at a MOI = 1:10 for 1 h after pretreatment with chloroquine (25 μM) for 6 h, after which unattached S. aureus were removed by washing with ice-cold PBS, lysostaphin, and trypan blue, and then warm F12-DMEM medium was added. The intracellular bacterial survival was determined after 4 h. *P < 0.05, the group of S. aureus + chloroquine vs. the group of S. aureus. P values were determined by T-test. All data are presented as the means ± S.D from three independent experiments.



Ingestion of bacteria by professional phagocytes usually triggers the fusion of phagosomes with primary lysosomes, resulting in the formation of phagolysosomes (18), which contributes to pathogen killing and disruption of microbial components (19). Hence, to further verify whether the NPCs, like professional phagocytes, could activate the fusion of phagosomes and lysosomes to kill the ingested S. aureus, we analyzed secondary lysosomes formation using Lyso-Tracker Red (Molecular Probes), which labels late endosomes and lysosomes. We then monitored the maturation of phagosomes containing S. aureus–GFP by their ability to co-localize with Lyso-Tracker Red. The results showed that the number of cells positive for Lyso-Tracker Red and ingested S. aureus increased gradually with incubation time, as did the percentage of co-localization (Figures 3B–D).

To further investigate the role of lysosomes in NPC killing of intracellular S. aureus, NPCs were pretreated with chloroquine (25 μM, No. S6628, Sigma, St. Louis, Missouri, United States), an inhibitor of lysosomes, for 6 h (20). Interestingly, we found that chloroquine pretreatment significantly decreased the microbicidal activity of NPCs (Figure 3E). These findings revealed that ingestion of S. aureus by NPCs induced the phagolysosomes formation and suggested that the co-localization of S. aureus and secondary lysosomes was responsible for the microbicidal activity of NPCs.

Regulation of Bacterial Phagocytosis and Phagolysosome Maturation of NPCs via the TLR2/MAPKs Pathway

Effective clearance of pathogenic microorganisms by phagocytes involves their initial detection through surface receptors followed by uptake and killing. As widely expressed pattern recognition receptors (PRR) in mammals, TLR2 has been suggested to play a role in modulating the phagocytosis of serials of bacteria, including S. aureus, by macrophages and some non-professional phagocytes (21–23). Therefore, to examine whether TLR2 is critical for phagocytosis of S. aureus by NPCs, GFP-labeled S. aureus were incubated with NPCs from wild-type (WT) mice and Tlr2−/− mice, and the uptake of live GFP-S. aureus was compared by flow cytometry analysis. The kinetics of interactions between S. aureus and NPCs were significantly decreased in the absence of Tlr2, as determined by GFP fluorescence intensity (Figures 4A,B). Next, to determine if the decreased interaction was mainly because of decreased intracellular ingestion or surface adherence, fluorescence was analyzed from WT and Tlr2−/− NPCs after incubation for 2 and 4 h at 37°C, or at 4°C (because phagocytosis were inhibited at 4°C, MI%4°C represent the surface adherence of S. aureus) with GFP-S. aureus. As shown in Figures 4C,D, a significant increase in DMI% (MI%37°C-MI%4°C), which could reflect the phagocytosis of NPCs, was observed in NPCs from WT, rather than in Tlr2−/− mice (Figures 4C,D). These findings indicated that internalization, rather than adherence, was responsible for the differences in interactions between WT and Tlr2−/− NPCs.
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FIGURE 4. TLR2 regulates the phagocytosis and phagosome maturation of NPCs. (A,B) GFP-labeled S. aureus were incubated with NPCs from wild-type (WT) and Tlr2−/− mice, after which the interaction was compared by flow cytometry analysis. MI% represents mean intensities percentage. *P < 0.05, the group of WT vs. the group of Tlr2−/−. (C,D) The mean intensities percentage (MI%) at 4°C (phagocytosis was inhibited at 4°C) and 37°C were analyzed, respectively. A significant difference in DMI% (MI%37°C-MI%4°C) was observed in NPCs from WT mice. *P < 0.05, the group of WT vs. the group of Tlr2−/−. (E) Phagolysosomes formation decreased significantly in Tlr2−/− NPCs compared with WT NPCs based on Lyso-Tracker Red staining. The scale bar represents 100 μm. P-values were determined by T-test and one-way ANOVA. All data are presented as the means ± S.D from three independent experiments.



In professional phagocytes, phagocytosed bacteria are initially contained within phagosomes that mature into phagolysosomes (24, 25). Therefore, we investigated whether TLR2 was also involved in phagosome maturation of NPCs. Consistent with the dampened phagocytosis activity, S. aureus had already co-localized with Lyso Tracker in the majority of WT NPCs, but only in 40–50% of Tlr2−/− NPCs (Figure 4E). Taken together, these data demonstrated that TLR2 is critical for the regulation of bacterial phagocytosis and phagolysosome maturation of NPCs.

Next, we further explored whether TLR2-mediated downstream MAPKs pathways, including p38MAPK, JNK, and ERK, were involved in bacterial phagocytosis and phagolysosome maturation of NPCs. Phosphorylation of p38 (P-p38), JNK, and ERK in WT NPCs increased dramatically after S. aureus infection for 0.5 h, peaking at 1 h (P-JNK peaked at 0.5 h). However, unchanged phosphorylation of ERK and delayed phosphorylation of JNK and p38 MAPK were observed in Tlr2−/− NPCs in response to S. aureus incubation (Figures 5A,B). The interaction of S. aureus and NPCs was significantly impaired following inhibition of p38 MAPK, JNK, and ERK with the corresponding inhibitors, SB203580 (10 μM, no. S1863, Beyotime, Shanghai, China), SP600125 (20 μM, no. S1876, Beyotime, Shanghai, China), and U0126 (20 μM, no. S1901, Beyotime, Shanghai, China), respectively (Figure 5C). Furthermore, the three specific inhibitors markedly impaired the ability of NPCs to efficiently phagocytose S. aureus, as no significant co-localization of S. aureus and Lyso-Tracker was detected in the presence of inhibitors treatment. These findings indicated a block in phagosome maturation (Figure 5D). Taken together, these results indicate that the TLR2-MAPKs pathway is essential for bacterial phagocytosis and phagolysosome maturation of NPCs.
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FIGURE 5. MAPKs are the downstream pathway of TLR2 critical for phagocytosis and phagosome maturation of NPCs. (A,B) Western blot analysis of MAPKs (ERK, JNK, p-38) in NPCs from WT and Tlr2−/− mice infected with S. aureus for different time periods. * P < 0.05, the group of WT vs. the group of Tlr2−/−, **P < 0.05, the different time point in WT group or Tlr2−/− group. (C) FACS analysis to detect the interaction between NPCs and S. aureus with or without MAPKs specific inhibitors pretreatment. *P < 0.05, the S. aureus group vs. the different inhibitors group. (D) Co-localization of S. aureus and Lyso-Tracker Red was detected by fluorescence micrograph. P values were determined by T-test and one-way ANOVA. All data are presented as the means ± S.D from three independent experiments.



DISCUSSION

In the immune system, phagocytosis is the first line response of immunocytes to invading bacteria. Professional or dedicated phagocytes consist primarily of polymorphonuclear neutrophils, monocytes, monocyte-derived macrophages, and tissue-resident macrophages (26). However, in many tissues, there are various types of non-professional phagocytes, such as fibroblasts and glomerular mesangial and endothelial cells (27, 28). Here, it is confirmed for the first time that NPCs, the core cell populations regulating and maintaining the function and homeostasis of IVDs, also have the ability to phagocytize bacteria. Furthermore, NPCs exerted microbicidal activity against S. aureus via induction of phagolysosome formation. Mechanistically, activation of the TLR2/MAPKs signaling pathway is critical to bacterial phagocytosis and the phagolysosome formation of NPCs. Therefore, the identification of NPCs as a phagocyte, and elucidation of the role of the TLR2/MAPKs pathway in phagolysosome formation provides a new mechanism for understanding the function of NPCs in defense against bacterial IVD infections.

The IVD is an immune-privilege organ with little or no direct vasculature, particularly the central nucleus pulposus (NP) (5); therefore, the accessibility of immunocytes is likely to be more limited than in most tissues (10). However, it has been shown that there are cells with a phagocytic phenotype in human non-herniated discs. These cells have a similar appearance to NP cells (11) and are capable of behaving as phagocytes to ingest apoptotic cells and latex beads (10). However, whether NPCs could operate as professional non-phagocytes to phagocytize invading bacteria is less known. Here, the ingested S. aureus was observed in the phagosome within the cytoplasm of NPCs, and a varying number of membrane protrusions tightly engulfing S. aureus typical of the zipper-like phenomenon of receptor-mediated phagocytosis were observed. Our results also revealed that the phagocytosis percentage of NP cells increased dramatically after incubation with microspheres for 1 h, peaking at 4 h (Supplemental Figure 1A). Furthermore, the phagocytosis inhibitor colchicine significantly reduced the NPC phagocytosis (Supplemental Figure 1B). Thus, these results demonstrated the phagocytosis role of NPCs in the internalization of S. aureus and microspheres, and that NPCs could be considered “non-professional phagocytes” in IVDs.

The destiny of most phagocytized bacteria is to be eradicated via phagolysis. Generally, after the formation of phagosomes, the maturing process starts immediately, after which it undergoes sequential fusion with early endosomes, late endosomes and lysosomes (29). The terminal stage of the maturation sequence is the formation of phagolysosomes that are endowed with a complete, sophisticated armamentarium to eliminate and degrade microorganisms (30). In the present study, we detected an effectively phagocytic microbicidal activity against intracellular S. aureus of NPCs. In addition, significantly increased mature phagolysosomes formation was found in response to S. aureus infection, and the number of formed phagolysosomes was negatively related to the number of surviving intracellular bacteria. However, when phagocytosis was inhibited by chloroquine, an inhibitor of lysosomes, the survival of S. aureus was significantly rescued. Therefore, our study demonstrated the phagocytic microbicidal activity of NPCs with phagolysosome formation.

In this study, we found that TLR2 was critical and necessary for the phagocytosis of S. aureus by NPCs. As a PRR recognizing the pathogen-associated molecular pattern (PAMP) of Gram-positive bacteria (31), TLR2 was confirmed to participate in various immune activities of NPCs in response to bacterial stimulation, such as regulation of cellular autophagy and apoptosis, secretion of inflammatory factors and mediation of the ROS reaction (17). Moreover, the crucial roles of TLR2 in phagocytosis have been verified (21, 22). Here, the positive percentage of intercellular GFP-labeled S. aureus in Tlr2−/− NPCs significantly decreased compared with WT NPCs, but the phagocytosis of microspheres in Tlr2−/− NPCs was not impaired significantly (Supplemental Figure 1C). Therefore, TLR2 plays a key role in phagocytosis of S. aureus in NPCs but is not necessary for the phagocytosis of other materials.

Once TLR2 is engaged, some signaling pathways are triggered, such as MAPK family proteins (p38, ERK, and JNK) (32). MAP kinases transduce signals that are involved in a multitude of cellular pathways and functions, such as autophagy, apoptosis, and cell differentiation (33). Moreover, previous studies verified that TLR2 trigging MAPKs played a key role in phagocytosis of S. aureus in different cells. For example, TLR2 mediates phagocytosis through the JNK signaling pathway in S. aureus-stimulated RAW264.7 cells (23), while p38 and ERK1/2 are involved in S. aureus internalization into bovine mammary epithelial cells (34). In this study, the results of Western blotting and co-localization of S. aureus and lysosomes demonstrated that activation of MAPKs is involved in TLR2-induced phagosome maturation in NPCs.

In the present investigation, we only focused on the phagocytosis of NPCs for S. aureus because it is the most frequent and harmful bacterium affecting IVDs. However, our previous study reported that there were still low-virulence anaerobic bacteria, especially P. acnes, latently residing in IVDs, with the prevalence ranging from 13 to 44% (35–39). We found that NPCs are also capable of phagocytizing P. acnes under TEM observation according to our previous data (13). These data suggest that the phagocytic ability of NPCs may be universal and not specific; however, further investigation is needed to confirm this.

It should be noted that this study had several limitations. Although our studies demonstrated TLR2 play a crucial role in the phagocytosis activities of NPCs against S. aureus, it is unclear if other classical phagocytic receptors, such as Dectin-1/2, Fc receptors or complement receptors (CRs), are also involved in the phagocytosis of NPCs for bacteria. Second, as a Gram-positive bacteria, S. aureus was able to initiate TLR2 pathway-mediated inflammatory responses via its major cell wall constituents, such as peptidoglycan (PGN) and lipoteichoic acid (LTA) (40), therefore, which molecules from S. aureus triggered the phagocytosis of NPCs is still needed for further investigation.

In conclusion, this study provides new evidence that NPCs could function as non-professional phagocytes and illustrated that the microbicidal phagocytosis of NPCs against S. aureus occurs via the TLR2/MAPKs signaling pathway. These results provide new insights into immune function of IVDs and may ultimately lead to the development of novel treatment regimens for discogenic infection.

ETHICS STATEMENT

All human sample acquisitions was carried out in accordance with the recommendations of the ethical committee of Ruijin Hospital, SJTU School of Medicine, China with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the ethical committee of Ruijin Hospital, SJTU School of Medicine, China.

All animal experiments were performed according to the protocol approved by the SJTU Animal Care and Use Committee and in direct accordance with the Ministry of Science and Technology of the People's Republic of China on Animal Care guidelines. All surgeries were performed under anesthesia and all efforts were made to minimize suffering.

AUTHOR CONTRIBUTIONS

PC, ZC, CL, and YL conceived and designed the experiments. YL, HC, and KL performed immunofluorescence staining and confocal imaging. HC, YJ, and YL performed electron microscope studies and Western blotting. YZ, JX, and YL performed bacterial killing assay and flow cytometry analysis. YY, GT, YC, and YL performed animal studies and provided experimental materials and reagents. YL and HC interpreted the data and wrote the manuscript with input from all authors.

FUNDING

This work was supported by grants from the National Natural Science Fund, China (NSFC No. 81874021, No.81702188); grants from the Shanghai Sailing Program, Shanghai, China (No. 16YF1410100); grants from the Doctor Creative Fund of Shanghai Jiaotong University School of Medicine, China (BXJ201818).

ACKNOWLEDGMENTS

We thank Dr. Xu Chen (Shanghai Ninth People's Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China) for providing a standard strain of S. aureus (ATCC: 25923). We thank Pro. Bing Hu (University of Science and Technology of China, Hefei, China) for providing a S. aureus strain carrying the gfp gene. We thank Dr. Deming Jiang (East China Normal University) for providing a bioluminescent S. aureus strains.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.01132/full#supplementary-material

Supplemental Figure 1. NPCs phagocytize microspheres. (A) The phagocytosis rate increased gradually in a time-dependent manner. (B) In the presence of colchicine, the phagocytic ability of NP was significantly restored. (C) The phagocytosis rate at 2 h after phagocytosis of microspheres by WT or Tlr2−/− NPCs.

REFERENCES

 1. Smith LJ, Nerurkar NL, Choi KS, Harfe BD, Elliott DM. Degeneration and regeneration of the intervertebral disc: lessons from development. Dis Model Mech. (2011) 4:31–41. doi: 10.1242/dmm.006403

 2. Sans N, Faruch M, Lapègue F, Ponsot A, Chiavassa H, Railhac JJ. Infections of the spinal column–spondylodiscitis. Diagn Interv Imaging. (2012) 93:520–9. doi: 10.1016/j.diii.2012.04.003

 3. Hopkinson N, Stevenson J, Benjamin S. A case ascertainment study of septic discitis: clinical, microbiological and radiological features. QJM. (2001) 94:465–70. doi: 10.1093/qjmed/94.9.465

 4. Bornemann R, Rössler P, Jacobs C, Randau TM, Rommelspacher Y, Wirtz DC, et al. Spondylitis - spondylodiscitis - an update. Z Orthop Unfall. (2018) 157:132–43. doi: 10.1055/a-0641-6894

 5. Roberts S, Evans H, Trivedi J, Menage J. Histology and pathology of the human intervertebral disc. J Bone Joint Surg Am. (2006) 88 (Suppl. 2):10–14. doi: 10.2106/00004623-200604002-00003

 6. Lener S, Hartmann S, Barbagallo GMV, Certo F, Thomé C, Tschugg A. Management of spinal infection: a review of the literature. Acta Neurochir. (2018) 160:487–96. doi: 10.1007/s00701-018-3467-2

 7. Wegiel B, Larsen R, Gallo D, Chin BY, Harris C, Mannam P, et al. Macrophages sense and kill bacteria through carbon monoxide-dependent inflammasome activation. J Clin Invest. (2014) 124:4926–40. doi: 10.1172/JCI72853

 8. Arnold CE, Gordon P, Barker RN, Wilson HM. The activation status of human macrophages presenting antigen determines the efficiency of Th17 responses. Immunobiology. (2015) 220:10–9. doi: 10.1016/j.imbio.2014.09.022

 9. Savill J, Fadok V. Corpse clearance defines the meaning of cell death. Nature. (2000) 407:784–8. doi: 10.1038/35037722

 10. Jones P, Gardner L, Menage J, Williams GT, Roberts S. Intervertebral disc cells as competent phagocytes in vitro: implications for cell death in disc degeneration. Arthritis Res Ther. (2008) 10:R86. doi: 10.1186/ar2466

 11. Nerlich AG, Weiler C, Zipperer J, Narozny M, Boos N. Immunolocalization of phagocytic cells in normal and degenerated intervertebral discs. Spine. (2002) 27:2484–90. doi: 10.1097/00007632-200211150-00012

 12. Zhou Z, Chen Z, Zheng Y, Cao P, Liang Y, Zhang X, et al. Relationship between annular tear and presence of Propionibacterium acnes in lumbar intervertebral disc. Eur Spine J. (2015) 24:2496–502. doi: 10.1007/s00586-015-4180-y

 13. Yuan Y, Zhou Z, Jiao Y, Li C, Zheng Y, Lin Y, et al. Histological identification of Propionibacterium acnes in nonpyogenic degenerated intervertebral discs. Biomed Res Int. (2017) 2017:6192935. doi: 10.1155/2017/6192935

 14. Bur S, Preissner KT, Herrmann M, Bischoff M. The Staphylococcus aureus extracellular adherence protein promotes bacterial internalization by keratinocytes independent of fibronectin-binding proteins. J Invest Dermatol. (2013) 133:2004–12. doi: 10.1038/jid.2013.87

 15. Nuutila J, Lilius EM. Flow cytometric quantitative determination of ingestion by phagocytes needs the distinguishing of overlapping populations of binding and ingesting cells. Cytometry A. (2005) 65:93–102. doi: 10.1002/cyto.a.20139

 16. Koskinen K, Nevalainen S, Karikoski M, Hänninen A, Jalkanen S, Salmi M. VAP-1-deficient mice display defects in mucosal immunity and antimicrobial responses: implications for antiadhesive applications. J Immunol. (2007) 179:6160–8. doi: 10.4049/jimmunol.179.9.6160

 17. Lin Y, Jiao Y, Yuan Y, Zhou Z, Zheng Y, Xiao J, et al. Propionibacterium acnes induces intervertebral disc degeneration by promoting nucleus pulposus cell apoptosis via the TLR2/JNK/mitochondrial-mediated pathway. Emerg Microbes Infect. (2018) 7:1. doi: 10.1038/s41426-017-0002-0

 18. Stuart LM, Ezekowitz RA. Phagocytosis: elegant complexity. Immunity. (2005) 22:539–50. doi: 10.1016/j.immuni.2005.05.002

 19. Lucas M, Stuart LM, Zhang A, Hodivala-Dilke K, Febbraio M, Silverstein R, et al. Requirements for apoptotic cell contact in regulation of macrophage responses. J Immunol. (2006) 177:4047–54. doi: 10.4049/jimmunol.177.6.4047

 20. Petursdottir DH, Chuquimia OD, Freidl R, Fernández C. Macrophage control of phagocytosed mycobacteria is increased by factors secreted by alveolar epithelial cells through nitric oxide independent mechanisms. PLoS ONE. (2014) 9:e103411. doi: 10.1371/journal.pone.0103411

 21. Letiembre M, Echchannaoui H, Bachmann P, Ferracin F, Nieto C, Espinosa M, et al. Toll-like receptor 2 deficiency delays pneumococcal phagocytosis and impairs oxidative killing by granulocytes. Infect Immun. (2005) 73:8397–401. doi: 10.1128/IAI.73.12.8397-8401.2005

 22. Shen Y, Kawamura I, Nomura T, Tsuchiya K, Hara H, Dewamitta SR, et al. Toll-like receptor 2- and MyD88-dependent phosphatidylinositol 3-kinase and Rac1 activation facilitates the phagocytosis of Listeria monocytogenes by murine macrophages. Infect Immun. (2010) 78:2857–67. doi: 10.1128/IAI.01138-09

 23. Fang L, Wu HM, Ding PS, Liu RY. TLR2 mediates phagocytosis and autophagy through JNK signaling pathway in Staphylococcus aureus-stimulated RAW264.7 cells. Cell Signal. (2014) 26:806–14. doi: 10.1016/j.cellsig.2013.12.016

 24. Mellman I, Steinman RM. Dendritic cells: specialized and regulated antigen processing machines. Cell. (2001) 106:255–8. doi: 10.1016/S0092-8674(01)00449-4

 25. Vieira OV, Botelho RJ, Grinstein S. Phagosome maturation: aging gracefully. Biochem J. (2002) 366:689–704. doi: 10.1042/bj20020691

 26. Ernst JD, Stendahl O. Phagocytosis of Bacteria and Bacterial Pathogenicity. New York, NY: Cambridge University Press (2006).

 27. Savill J. Recognition and phagocytosis of cells undergoing apoptosis. Br Med Bull. (1997) 53:491–508. doi: 10.1093/oxfordjournals.bmb.a011626

 28. Wiegand UK, Corbach S, Prescott AR, Savill J, Spruce BA. The trigger to cell death determines the efficiency with which dying cells are cleared by neighbours. Cell Death Differ. (2001) 8:734–46. doi: 10.1038/sj.cdd.4400867

 29. Desjardins M, Huber LA, Parton RG, Griffiths G. Biogenesis of phagolysosomes proceeds through a sequential series of interactions with the endocytic apparatus. J Cell Biol. (1994) 124:677–88. doi: 10.1083/jcb.124.5.677

 30. Flannagan RS, Cosío G, Grinstein S. Antimicrobial mechanisms of phagocytes and bacterial evasion strategies. Nat Rev Microbiol. (2009) 7:355–66. doi: 10.1038/nrmicro2128

 31. Fournier B. The function of TLR2 during staphylococcal diseases. Front Cell Infect Microbiol. (2012) 2:167. doi: 10.3389/fcimb.2012.00167

 32. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. (2004) 4:499–511. doi: 10.1038/nri1391

 33. Lawrence MC, Jivan A, Shao C, Duan L, Goad D, Zaganjor E, et al. The roles of MAPKs in disease. Cell Res. (2008) 18:436–42. doi: 10.1038/cr.2008.37

 34. Alva-Murillo N, Ochoa-Zarzosa A, López-Meza JE. Sodium octanoate modulates the innate immune response of bovine mammary epithelial cells through the TLR2/P38/JNK/ERK1/2 pathway: implications during Staphylococcus aureus internalization. Front Cell Infect Microbiol. (2017) 7:78. doi: 10.3389/fcimb.2017.00078

 35. Stirling A, Worthington T, Rafiq M, Lambert PA, Elliott TS. Association between sciatica and Propionibacterium acnes. Lancet. (2001) 357:2024–5. doi: 10.1016/S0140-6736(00)05109-6

 36. Albert HB, Lambert P, Rollason J, Sorensen JS, Worthington T, Pedersen MB, et al. Does nuclear tissue infected with bacteria following disc herniations lead to Modic changes in the adjacent vertebrae? Eur Spine J. (2013) 22:690–6. doi: 10.1007/s00586-013-2674-z

 37. Coscia MF, Denys GA, Wack MF. Propionibacterium acnes, coagulase-negative staphylococcus, and the “Biofilm-like” intervertebral disc. Spine. (2016) 41:1860–5. doi: 10.1097/BRS.0000000000001909

 38. Rao PJ, Phan K, Reddy R, Scherman DB, Taylor P, Mobbs RJ. DISC (Degenerate-disc Infection Study With Contaminant Control): pilot study of australian cohort of patients without the contaminant control. Spine. (2016) 41:935–9. doi: 10.1097/BRS.0000000000001404

 39. Capoor MN, Ruzicka F, Schmitz JE, James GA, Machackova T, Jancalek R, et al. Propionibacterium acnes biofilm is present in intervertebral discs of patients undergoing microdiscectomy. PLoS ONE. (2017) 12:e0174518. doi: 10.1371/journal.pone.0174518

 40. Li C, Li H, Jiang Z, Zhang T, Wang Y, Li Z, et al. Interleukin-33 increases antibacterial defense by activation of inducible nitric oxide synthase in skin. PLoS Pathog. (2014) 10:e1003918. doi: 10.1371/journal.ppat.1003918 

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Lin, Cong, Liu, Jiao, Yuan, Tang, Chen, Zheng, Xiao, Li, Chen and Cao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-10-01132-g005.gif





OPS/images/fimmu-10-01132-g003.gif





OPS/images/fimmu-10-01132-g004.gif
& ' B






OPS/images/fimmu-10-01132-g001.gif





OPS/images/fimmu-10-01132-g002.gif





OPS/images/cover.jpg
’ frontiers
in Immunology

Microbicidal Phagocytosis of
Nucleus Pulposus Cells Against
Staphylococcus aureus via the
TLR2/MAPKs Signaling Pathway









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





