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PRL2 Controls Phagocyte Bactericidal Activity by Sensing and Regulating ROS
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Although it is well-recognized that inflammation enhances leukocyte bactericidal activity, the underlying mechanisms are not clear. Here we report that PRL2 is sensitive to oxidative stress at inflamed sites. Reduced PRL2 in phagocytes causes increased respiratory burst activity and enhances phagocyte bactericidal activity. PRL2 (Phosphatase Regenerating Liver 2) is highly expressed in resting immune cells, but is markedly downregulated by inflammation. in vitro experiments showed that PRL2 was sensitive to hydrogen peroxide (H2O2), a common damage signal at inflamed sites. In response to infection, PRL2 knockout (KO) phagocytes were hyper activated, produced more reactive oxygen species (ROS) and exhibited enhanced bactericidal activity. Mice with PRL2 deficiency in the myeloid cell compartment were resistant to lethal listeria infection and cleared the bacteria more rapidly and effectively. Moreover, in vitro experiments demonstrated that PRL2 binds to GTPase Rac and regulates ROS production. Rac GTPases were more active in PRL2 (KO) phagocytes than in wild type cells after bacterium infection. Our findings indicate that PRL2 senses ROS at inflamed sites and regulates ROS production in phagocytes. This positive feedback mechanism promotes bactericidal activity of phagocytes and may play an important role in innate anti-bacterial immunity.
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INTRODUCTION

Phagocytes are used by our immune system to remove and destroy pathogens (1, 2). To defend against pathogens, these specialized phagocytic immune cells use a process called “respiratory burst,” releasing reactive oxygen species (ROS) to degrade internalized microbes (3, 4). The key producer of ROS in phagocytes is the NADPH-oxidase complex which is made up of 5 phagocytic oxidase units (Nox2, p22phox, p40phox, p47phox, and p67phox) and a Rac GTPase (5). Under normal circumstances the NADPH complex is latent but it is activated to assemble during infection. In order to destroy microbes efficiently and avoid self-harm the activation of NADPH and the generation of ROS are precisely regulated (6). It has been shown that phagocytes in inflamed tissues produce ROS more quickly and generate more ROS than cells in normal tissues (7). However, the precise mechanisms by which ROS generation is controlled are still not fully elucidated.

The PRL (Phosphatase of Regenerating Liver) family of phosphatases are coded for by the protein tyrosine phosphatase IVA (PTP4A) gene and have 3 members, PRL1, PRL2, and PRL3 (8). PRLs have been validated as biomarkers and therapeutic targets in cancer and studies have shown that individual PRLs, especially PRL3, are expressed at high levels in variety of cancer cells and tissues (9, 10) and that overexpression of PRLs promote cell proliferation, migration, invasion, tumor growth and metastasis (11). Among the PRL family, PRL2 is the least studied member. While studies have reported that PRL2 is overexpressed in pancreatic, breast and lung cancer samples and its level is associated with tumor progression, there is still a lack of information available regarding the function of PRL2 (12). The expression of PRL2 is the most abundant of the three PRLs and PRL2 mRNA is almost ubiquitously expressed at high levels in normal adult human immune tissues, suggesting that PRL2 may have a specific role in immune function (13). Here we report that PRL2 is highly expressed in murine innate immune cells, acting as a ROS sensor and regulator. In innate phagocytes, PRL2 rapidly responds to the oxidative stress at the inflamed site by down regulating its own expression, leading to enhanced respiratory burst. This positive feedback mechanism promotes bactericidal activity of phagocytes and may play an important role in innate anti-bacterial immunity.

MATERIALS AND METHODS

Ethics Statement

The conducts and procedures involving animal experiments were approved by the Animal Ethics Committee of Shanghai Jiao Tong University School of Medicine (project number 2012008, A-2016–028). It is according to the Regulations for the Administration of Affairs Concerning Experimental Animals (approved by the State Council of the People's Republic of China) and the Guide for the Care and Use of Laboratory Animals (Department of Laboratory Science, Shanghai Jiao Tong University School of Medicine, laboratory animal usage license number SYXK 2013–0050, certificated by Shanghai Committee of Science and Technology).

Mice

Wide-type C57BL/6 mice were purchased from Shanghai Laboratory Animal Center, Chinese Academy of Sciences. Mice in which the Ptp4a2 exon 4 are flanked by LoxP sites (Ptp4a2fl/flmice, 129S6/SvEv background) were generated by Shanghai Model Organism Center. C57BL/6 mice that carry a Ptp4a2fl/fl gene were generated by backcrossing Ptp4a2fl/fl mice to C57BL/6 mice for 10 generations. LysMWT/cre B6 background transgenic mice were kindly provided by Feng Qian's Lab in School of Life Science, Fudan University. Ptp4a2fl/fl B6 mice were crossed with LysMWT/cre mice. Ptp4a2fl/flLysMCre+ mice (CKO) and their wild-type (WT) littermates (Ptp4a2fl/flLysMCre− mice) are the offsprings of the Ptp4a2fl/fl B6 mice and the LysMWT/cre B6 mice. Mice were housed in the Shanghai Jiaotong University School of Medicine Animal Care Facilities under specific pathogen-free conditions.

Protein Extraction and Immunoblotting

The thymus, bone marrow, spleen and lymph nodes were harvested from mice and passed through a cell strainer to generate single cell suspensions. The blood was collected from mice and the red blood cells were removed using ACK lysis buffer. Cells were used for protein extraction after being washed twice in phosphate-buffered saline (PBS). Whole cell lysates were prepared by resuspending cells in lysis buffer (150 mM NaCl, 10 mM Tris, pH 7.4, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 100 μM Na3VO4, 5 mM EDTA, 1 mM PMSF) supplemented with 1x complete protease inhibitor cocktail (Roche), followed by determination of protein concentration by BCA assay (Pierce). Equal quantities of proteins were separated by SDS-PAGE, transferred to a nitrocellulose membrane, and blotted using specific antibodies [anti-PRL2 antibody (Millipore), anti-GAPDH antibody (Sigma), anti-Rac1/2/3, anti-β-actin, anti-iNOS and anti-Arginase1 antibodies (CST), anti-Myc antibody (Invitrogen)] and HPR conjugated anti-mouse or anti-rabbit IgG (CST). The membrane was developed using Pierce SuperSignal reagent (Pierce) and detected by ImageQuant LAS 4000 mini (GE).

Primary Neutrophil and Macrophage Isolation and Generation

Morphologically mature neutrophils were purified from murine bone marrow by Percoll gradient centrifugation, as previously described (14). Briefly, bone marrow cells were harvested from mice using neutrophil isolation buffer (1× HBSS without Ca2+ and Mg2+ containing 0.25% BSA). After RBC lysis, cells were layered on a 3-step Percoll gradient (81%, 62%, 55%), centrifuged at 1,200 g for 30 min at room temperature and the cells at the 81%:62% interface were collected and washed. To obtain neutrophils from an inflamed site, 2% (w/v) casein in PBS (2 mL for each) was injected i.p., in mice. Four hours later the peritoneal exudate was collected and neutrophils were isolated and purified as above. After purification, neutrophil viability was assessed as >95% by trypan blue staining. Purity was typically >80% as assessed by flow cytometry based on the forward and side scatter and high Gr1 staining.

Macrophages were isolated from the peritoneal cavity of naïve mice or from mice that had been injected with 2 ml of 4% thioglycollate i.p. for 72 h. Peritoneal cavity cells were collected using ice cold PBS, washed, suspended in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U/ml penicillin/streptomycin (D10), and plated in petri dishes. Non-adherent cells were removed 2 h later and the adherent macrophages were used for further experiment. The purity of macrophages was >95%, as determined by flow cytometry analysis using F4/80 and CD11b markers.

To generate bone marrow-derived macrophages (BMDMs), bone marrow cells were harvested from mice and cultured in D10 with 50 ng/ml M-CSF for 7 days. Macrophages were treated and collected using 5 mM EDTA in cold PBS, centrifuged and resuspended in D10, followed by seeding and resting for 24 h before functional assays. BMDMs were >95% CD11b+ and F4/80+ as determined by flow cytometry.

Cell Culture and Transfection

The murine Raw 264.7 (ATCC), COS7 (ATCC) and HEK293T cell lines (ATCC) were cultured in DMEM containing 10% (vol/vol) heat-inactivated FBS, 2 mM L-glutamine, and 100 units/mL penicillin/streptomycin (D10). Transfections were performed using Attractene transfection reagent according to manufacturer's instruction (QIAGEN).

Plasmid Constructs

Mouse PRL2-pRK5 plasmid was generated by Dr. YH Chen' Lab (University of Pennsylvania). Full length PRL2 was generated from the cDNA clone by PCR and subcloned into pRK5 with Myc tag at the N-terminal. Myc-Rac1, Myc-Rac2, and HRasG12V plasmids were obtained from Dr. YH Chen's lab and were as described previously (15). All constructs and mutations were confirmed by DNA sequencing.

In vivo L. Monocytogenes Infection Model

Wild-type Listeria monocytogenes (10403s) were provided by Dr. H. Shen (University of Pennsylvania) and grown at 37°C in Brain-Heart-Infusion medium (Becton Dickinson). Mid-log-phase bacteria were used for the experiments. Ptp4a2fl/flLysMCre+ mice and WT controls were infected i.v., with 3.75 × 105 bacteria in 150 μl PBS. Mice were observed daily post-infection. For measurements of the bacterial burden, liver and spleens were homogenized 24 h after inoculation in 0.1% Triton in PBS, before plating serial dilutions of the homogenate on Brain-Heart-Infusion agar plates. The colonies were counted 24 h later. Serum alanine aminotransferase (ALT) was measured by Beckman-Coulter chemistry analyzer AU5800.

Phagocytosis and Killing Assays

Phagocytosis and killing assays were performed in 12-well plates. A total of 1 × 106 BMDMs were seeded in each well and cultured overnight in D10. Mid-log-phase L. monocytogenes or E. coli (DH5α) transformed with pRK5 plasmid, or fluorescently labeled 2 μm beads, were added to BMDMs at different multiplicity of infection (MOI). Centrifugation was performed at 500 g for 2 min to synchronize binding and internalization. For the phagocytosis assay following a 30 min incubation at 37°C the plates were rapidly washed with ice cold PBS twice. The cells were digested with 5 mM EDTA-PBS followed by 2% paraformaldehyde for fixing, and analyzed by flow cytometry. Cells incubated with bacteria were washed twice with PBS and lysed with 0.1% (v/v) Triton X-100 in PBS.

For the killing assay, 20 min post infection was considered to be the starting point of killing progress and the media was changed to fresh media containing 50 ng/mL gentamycin at this point. After 2 h the cells were washed and lysed with 0.1% (v/v) Triton X-100 in PBS. To determine the number of remaining intracellular bacteria, serial dilutions of the samples were plated on LB agar plates with ampicillin (E. coli transformed with PRK5 plasmid) or BHI agar plates with streptomycin (L. monocytogenes). The colonies were counted 24 h later.

Detection of ROS

Neutrophil ROS production was measured by a luminol-dependent chemiluminescence assay. 3 × 105 cells were plated in a 96-well luminometer plate (Coster) and prewarmed for 5 min. Pre-warmed fMLP (5 μM, Sigma-Aldrich) or Zymosan (100 μg/ml, Sigma-Aldrich) were added together with luminol (100 μM, Sigma-Aldrich) and HRP (20 U/ml, Sigma-Aldrich) and measurements started immediately. Chemiluminescence was measured at 2.5 min intervals for 30–60 min with a luminometer (BioTek Synergy HT microplate reader).

ROS production from BMDMs and Raw cells was detected using 2′,7′-dichlorofluorescein diacetate (DCFDA Sigma-Aldrich). Cells were incubated with the fluorogenic probe DCFDA for 30 min at 37°C in 5% CO2 and ROS was determined using a microplate reader.

PAK Pull-Down

In order to measure Rac activity in mouse macrophages or transfected 293T cells, cells were washed in PBS and lysed in PBD lysis buffer (50 mM Tris pH 7.5, 10 mM MgCl2, 0.2 M NaCl, 0.5% NP-40, and 1x protease inhibitors cocktail) (Roche). The lysate was incubated with 20 μg of PAK-GST protein beads (Cytoskeleton) for 30 min at 4°C, washed and then subjected to Western blot.

Immunofluorescence and Confocal Assay

COS7 cells were grown on chamber slides (Lab-Tec) for 24 h. Myc-PRL2 with Rac1-EGFP or Rac2-EGFP were co-transfected to COS7 cells. After 24 h of transfection, cells were washed twice with pre-heated PBS and fixed with 2% paraformaldehyde in PBS for 10 min at 37°C, followed by treatment with 0.1% saponin/0.3% BSA for 15 min, and blocking using 3% BSA for 45 min. The cells were then stained with anti-Myc Alexa 647 antibody (ebioscience) for 1 h, washed and mounted in ProLong Gold anti-fade reagent with DAPI (Molecular probes). Fluorescence was captured by a laser confocal microscope (Leica TCS SP8) at 63X magnification.

Co-immunoprecipitation

To determine the interaction between PRL2 and Rac1/2, 293T cells were transfected with Myc-PRL2 or Myc-Rac1/Myc-Rac2, respectively. Cell lysates were prepared 24 h after transfection using lysis buffer (50 mM HEPEs, 150 mM NaCl, 1 mM EDTA, pH 7.0, 0.1% ICEPAL) supplemented with 1 × complete protease inhibitors mixture (Roche). Immunoprecipitation was performed using Dynabeads protein G (Invitrogen). In brief, 1.5 mg Protein G Dynabeads were coated with 5 μg anti-Myc antibody (Invitrogen) or Ig control for 1 h at room temperature with rotation. After removing unbound antibody, the bead-antibody complex was incubated with cell lysate overnight at 4°C with rotation. The captured Dynabead/Ab/Ag complex was washed 4 times with PBS and boiled in 2 × Laemmli buffer. The eluted proteins were subjected to 12% SDS-PAGE for Western blotting.

Statistical Analyses

Statistical differences in phagocytosis, bacterial killing and DCFH assay were analyzed by unpaired Student's t-test. Statistical differences in survival rate were analyzed by Log-rank (Mantel-Cox) test and area under curve (AUC) was analyzed using GraphPad Prism software.

RESULTS

Innate Immune Cells From Inflammatory Sites Show Less PRL2 Expression

To understand the functional role of PRL2 in the host immune system we analyzed the expression of PRL2 in cells from different immune tissues. Cells were prepared from central and peripheral immune tissues of normal mice and PRL2 expression levels were analyzed by western blot. Similarly to the expression profile in human tissues, PRL2 was widely expressed in mouse immune tissues and readily detected in thymus, bone marrow, spleen, lymph nodes and blood (Figure 1A).
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FIGURE 1. Expression of PRL2 in murine immune tissues and cells. (A) Lysates of mouse immune tissues were subjected to SDS-PAGE followed by immunoblot analysis using the indicated antibodies. (B) Neutrophils were purified from naïve mouse bone marrow (resting) or abdominal cavity exudate (inflammatory) as described in Material and Methods. Resting and inflammatory macrophages were collected from naïve mice or from the peritoneal cavity after thioglycollate-elicited peritonitis, respectively. Cell lysates were subjected to SDS-PAGE followed by immunoblot analysis using the indicated antibodies. Data are representative of two or three independent experiments.



We next analyzed PRL2 expression under normal and inflammatory conditions, using resting naïve cells or inflammatory peritoneal cells isolated after casein or thioglycollate (TG)-induced peritonitis. As shown in Figure 1B, neutrophils isolated from the inflammatory site showed significantly less PRL2 expression compared with resting neutrophils from naïve mouse bone marrow. A similar reduction in PRL2 levels was seen when analyzing thioglycollate—elicited peritoneal macrophages compared to naïve resident peritoneal macrophages (Figure 1B).

PRL2 Is Susceptible to Oxidative Stress

Reactive oxygen species (ROS) are key signaling molecules in the process of inflammation (16) while PRL proteins belong to protein tyrosine phosphatases (PTPs) which are commonly susceptible to oxidative stress (17). To investigate if the reduced levels of PRL2 observed in inflammatory leukocytes was associated with oxidative stress, we examined PRL2 protein levels in murine bone marrow-derived macrophages (BMDMs) before and after treatment with hydrogen peroxide (H2O2). As shown in Figure 2A, upon treatment with H2O2 the protein levels of PRL2 were significantly reduced after 30 min, and the effects of H2O2 on primary BMDMs were dose and time-dependent. Similar effects were observed on primary neutrophils isolated from murine bone marrow where a significant decrease in the levels of PRL2 was observed after 15 min, with almost complete loss of PRL2 protein expression after 20 min (Figure 2B). The above results suggest that PRL2 responds to ROS rapidly and may be involved in immediate innate immune responses.
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FIGURE 2. PRL2 is susceptible to oxidative stress. (A) Wild-type bone marrow-derived macrophages were treated with 1 mM H2O2 for the indicated times, or with the indicated concentrations of H2O2 for 30 min. Cell lysates were subjected to SDS-PAGE followed by immunoblot analysis using the indicated antibodies. (B) Mouse bone marrow neutrophils were treated with 1 mM H2O2 for the indicated times, or with the indicated concentrations of H2O2 for 15 min. Cell lysates were subjected to SDS-PAGE followed by immunoblot analysis using the indicated antibodies. Data are representative of three independent experiments.



PRL2 Myeloid Cell Specific-Deficient Mice Are Resistant to Lethal Listeria Infection

To further investigate the role of PRL2 in innate immunity, we generated PRL2 myeloid cell conditional knockout (CKO) mice. Targeting of Ptp4a2 was achieved by introduction of LoxP sites flanking exon 4 of the Ptp4a2 gene (Figure 3A). The resulting Ptp4a2fl/fl B6 mice were crossed with LysMWT/cre mice to generate Ptp4a2fl/flLysMCre+ mice where PRL2 is deleted in the myeloid-cell lineage (Figure 3B). The Ptp4a2fl/flLysMCre+ CKO mice were born and developed normally. Adult CKO mice had similar body size, and blood, spleen and bone marrow cellularity to that of their wild-type (WT) littermates (Ptp4a2fl/fl LysMCre− mice) (Supplementary Figure 1). In order to analyse the myeloid cell development we generated bone marrow derived macrophages (BMDMs) from CKO and WT mice, and analyzed them by flow cytometry. No significant differences were observed between BMDMs with or without PRL2.
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FIGURE 3. PRL2 myeloid cell-deficient mice are resistant to lethal listeria infection. (A) The strategy of Ptp4a2fl/fl mice. LoxP sites were inserted at both ends of exon 4 of the Ptp4a2 gene. (B) Peritoneal macrophages and bone marrow neutrophils were isolated from PRL2 myeloid cell conditional knockout mice (CKO) and their wild-type littermates (WT). Cell lysates were subjected to SDS-PAGE followed by immunoblot analysis using the indicated antibodies. (C) WT (n = 8) and PRL2 CKO mice (n = 9) were infected with 3.75 × 105 CFUs of L. monocytogenes i.v and the survival monitored. (D) Serum ALT levels were measured 24 h post infection. (E,F) Liver and spleen CFUs were determined 24 h post infection by colony-forming unit assay. Data are pooled from 2 independent experiments. Error bars represent the SD. *P < 0.05, **P < 0.01, ***P < 0.005.



To investigate the role of PRL2 in the innate immune response we infected CKO and WT mice with a lethal dose of L.monocytogenes. The majority of WT mice succumbed within 5 days of infection, whereas the majority of the CKO mice survived (Figure 3C). The serum alanine transaminase (ALT) is an indicator of hepatic injury. After Listeria infection, the serum ALT levels were higher in WT than in CKO mice (Figure 3D). Mortality of WT mice was also associated with high titers of bacteria in liver and spleen while the listeria titers in the CKO mice was significantly lower at 24 h post infection (Figures 3E,F). Taken together, these results demonstrate that PRL2 act as an inhibitor of innate immunity to bacteria.

PRL2 Negatively Regulates Bactericidal Activity of Phagocytes

Phagocytes play a major role in innate immune responses against bacteria through phagocytosis and killing of microbes. We analyzed the role of PRL2 in phagocytosis by incubating PRL2−/− and WT macrophages with fluorescently labeled beads, followed by measurement of fluorescent-positive cells by flow cytometry. As can be seen in Figure 4A, there was no difference in phagocytic ability between PRL2−/− cells and WT cells. Similarly, when the cells were incubated with L.monocytogenes or E.coli at a ratio of 1:10 for 30 min there was no difference in the number of bacteria taken up by the cells (Figure 4B). We next measured bactericidal activity of phagocytes. After 2 h of bacterial infection, PRL2-deficient macrophages killed L. monocytogenes and E. coli more efficiently than WT cells (Figure 4C). Killing of bacteria occurs very quickly in neutrophils, no E.coli survived in WT or PRL2 deficient neutrophils. As an intracellular bacterium, some L. monocytogenes can survive in WT and PRL2−/− neutrophils. More L. moncytogenes survived in WT cells than in PRL2−/− cells (Figure 4D). To further confirm the effect of PRL2 on bacterial killing, we overexpressed PRL2 in the murine RAW 264.7 macrophage cell line. Overexpression of PRL2 significantly increased bacterial survival in macrophages (Figure 4E). Taken together, the above results suggest that PRL2 negatively regulates bactericidal activity in phagocytes.


[image: image]

FIGURE 4. PRL2 negatively regulates bactericidal activity of phagocytes. (A) Bone marrow-derived macrophages (BMDMs) from PRL2 CKO mice and wild-type littermates were incubated with fluorescently labeled 2 μm beads at a ratio of 5:1 or 10:1 (Beads: cells) for 30 min, The phagocytosis function of BMDMs was evaluated by flow cytometer assay. (B) BMDMs from PRL2 CKO mice and wild-type littermates were incubated with Listeria monocytogenes (L. monocytogenes) or Escherichia coli (E. coli) at MOI 10 (bacteria:cell) for phagocytosis analysis. Surviving intracellular bacteria were determined by colony-forming unit assay. (C,D) BMDMs and bone marrow neutrophils (BMNs) from WT or CKO mice were infected with L. monocytogenes or E. coli at a ratio of 1:1 for 20 min. After washing cells were incubated for additional 2 h. Bacterial numbers in the cells were determined by colony-forming unit assay. (E) Raw 264.7 cells were transfected with PRL2, or a control plasmid, and incubated with L. monocytogenes or E. coli at a ratio of 1:1 for 20 min. After washing cells were incubated for additional 2 h. The intracellular bacteria were determined by colony-forming unit assay. Data are pooled from three to four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005.



PRL2 Inhibits Oxidative Burst in Bacterial Infection

The bacterial killing ability of phagocytes is highly related to oxidative burst capacity. In order to evaluate the role of PRL2 on oxidative burst we stimulated cells with pathogen components and measured ROS production using a horseradish peroxidase (HRP) enhanced chemiluminescence (CL) system. PRL2−/− and WT neutrophils were stimulated with the bacterial peptide N-formyl-methionyl-leucyl-phenylalanine (fMLP) or Zymosan A from Saccharomyces cerevisiae, two well-known stimuli of NADPH-oxidase activation. In response to fMLP stimulation, neutrophils quickly increased ROS generation. The peak values of chemiluminescence were observed within 5 min of stimulation, with PRL2−/− neutrophils producing significantly more ROS than WT cells. When neutrophils were stimulated with Zymosan the peak values appeared around 30 min after stimulation and PRL2−/− neutrophils again generated more ROS than WT cells (Figure 5A).
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FIGURE 5. PRL2 controls oxidative burst. (A) Neutrophils collected from PRL2 CKO mice and wild-type littermates were stimulated with 5 μM fMlP or 100 μg/ml Zymosan and ROS production was measured by chemiluminiscence assay as described in section Materials and Methods. Left, ROS kinetic plots of a representative experiment. Right, averaged area under cure (AUC) from 3 independent experiments. (B) WT and PRL2−/− BMDMs were treated with bacteria as indicated in graph for 30 min and ROS production was measured by fluorescent staining. (C) Raw264.7 cells were transfected with PRK5 or Myc-PRL2 PRK5 for 24 h. Cells were treated with L. monocytogenes or E. coli at MOI = 10 (bacteria vs. cells) for 30 min. ROS production was measured by fluorescent staining assay as above. Results shown are means ± SEM and are representative of more than three independent experiments. **p < 0.01.



ROS production in macrophages was detected by incubating cells with H2-DCFDA and measuring the intracellular levels of ROS by using a fluorescence microplate reader. As shown in Figure 5B, incubating macrophages with either L. monocytogenes or E. coli induced a strong ROS response, and PRL2−/− macrophages producing significantly more ROS than WT cells. On the other hand, ectopic overexpression of PRL2 significantly inhibited ROS production in macrophages (Figure 5C).

In phagocytes, oxygen-dependent killing can be mediated by ROS or nitric oxide (NO). NO is produced by inducible NO synthase (iNOS) which require the cofactor NADPH (18). We measured iNOS expression and NO production in WT and PRL2 deficient macrophages. In response to bacterial component stimulation, PRL2 deficient macrophages produced more NO than WT cells, while the expression of iNOS was similar (Supplementary Figure 2). The above results suggested the activity of NADPH might be important in PRL2 associated bacterial killing.

PRL2 Binds to Rac GTPase and Regulates its Activation

In antibacterial immune responses ROS are mainly generated by the NADPH-oxidase complex which is made up of 5 phagocytic oxidase units and a Rac GTPase. It has been reported that Rac GTPase is involved in the PRL signaling pathway (11), so we asked whether PRL2 could regulate Rac activation in innate immune responses as well. To address this question, we took 2 complementary approaches. First, we tested the effect of PRL2 deficiency on Rac activation in macrophages using a PAK pulldown assay. When cells were stimulated with E. coli, activated Rac GTPase was strongly induced in PRL2−/− macrophages (Figure 6A). Second, we tested the effect of PRL2 in 293T cells that did, or did not, express HRas12V. Rac serves as an essential downstream component of the signaling pathway by which oncogenic RAS induces cell transformation (19) and HRas12V is a mutation which replaces the amino acid glycine with the amino acid valine at position 12. This altered HRAS protein is permanently active within the cell and causes Rac activation (15). As shown in Figure 6B, we found that PRL2 transfection inhibited HRas-induced Rac activation.
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FIGURE 6. PRL2 binds to, and regulates the activity of, Rac GTPase. (A) WT or PRL2−/− BMDMs were treated with E.coli (MOI = 10, bacteria vs. cell) for the indicated times. Cell lysates were subjected to pull-down using PAK GST beads. Lysate from pull-down and total lysate were subjected to SDS-PAGE followed by immunoblot assay with anti-Rac antibody. The experiments were repeated 2 times with similar results. (B) 293T cell was transfected with HRas12V or HRas12V and PRL2 for 8 hours. Active and total Rac was detected as above. The experiments were repeated 2 times with similar results. (C) COS7 cells on chamber slides were co-transfected with Rac1-EGFP, Rac2-EGFP and Myc-PRL2 and stained with anti-Myc Alexa 647 antibody (red). Images are representative of two independent experiments. (D) Lysate of 293T cells transiently transfected with Myc–PRL2 pRK5 constructs were immunoprecipitated with anti-Myc beads or anti-IgG beads. Immunoprecipitates and total cell lysate were subjected to SDS-PAGE for western blot. (E) 293T cells were transfected with pRK5 vector or expression plasmids for Myc-tagged Rac1 or Rac2. Cell lysates were collected for co-immunoprecipitation with anti-Myc beads 24 h post transfection. Immunoprecipitates and total cell lysates were treated as above. The experiments in panel d and e were repeated at least three times with similar results.



There are two members of Rac GTPases, Rac1 and Rac2. To further investigate the relationship between PRL2 and Rac we co-overexpressed Rac1/Rac2 and PRL2 in COS7 cells and measured their subcellular localization using immunofluorescence. Both Rac and PRL2 are membrane proteins. As expected, Rac1/Rac2 was enriched at the plasma membrane where it co-localized with PRL2. Co-localization of PRL2 and Rac was also observed in the cytosol. Overexpressed Rac1/Rac2 was also enriched in nucleus while PRL2 was distributed mainly at the nuclear envelope (Figure 6C). Since PRL2 and Rac were co-localized both in the cell membrane and the cytosol, we tested whether PRL2 could bind to Rac using a co-immunoprecipitation (Co-IP) assay. First, myc-PRL2 was expressed in 293T cells and upon blotting using an anti-Rac1/2 antibody a strong PRL2 signal was detected in the precipitates (Figure 6D), indicating that PRL2 interacted with endogenous Rac protein. Second, we expressed Myc-tagged Rac1 or Rac2 in 293T cells and detected endogenous PRL2 protein. We found that PRL2 interacted with both Rac1 and Rac2 (Figure 6E).

DISCUSSION

PRL proteins represent a group of protein tyrosine phosphatases that has been implicated in the development and metastasis of various types of cancer, however, little is known about their function in immune system. Here we report that PRL2 plays an important role in the innate immune response by sensing ROS and regulating ROS production. PRL2 is highly expressed across all tissues and organ systems (13). Orthology data show that PRL2 is highly conserved in mammalians and contain homologs in protozoa, worms, insects and vertebrates suggesting it may have a critical function. ROS represent an evolutionary ancient part of the innate immune response for fighting invading microbes (20). They are a highly reactive group of oxygen-containing molecules which act as important signaling messengers to regulate various biological and physiological processes, including certain immune response mechanisms (7). In this study, we revealed a relationship between mammalian PRL2 and ROS. We propose that PRL2 is a controller of respiratory burst. High levels of PRLs in resting leukocytes maintain redox homeostasis under normal conditions, while under inflammatory conditions reduced levels of PRL2 promotes oxidative burst in order to damage invading pathogens.

Data from PRL2 genomic knockout (KO)mice has shown that deletion of PRL2 leads to retarded growth both at birth and adult stage. PRL2 genomic KO mice are 20% smaller compared to their wild-type littermates throughout their adulthood, although their bone marrow cellularity is normal when normalized to total body weight (21). PRL2 was found to be a repressor of PTEN and required for a number of development processes (placenta formation, spermatogenesis and stem cell self-renewal) (21–23). In this study, we have focused on the role of PRL2 in innate immunity. We generated PRL2 myeloid cell-specific conditional knockout mice (CKO) and found that they display normal body weight as well as normal blood, spleen and bone marrow cellularity. Both in vitro data, using cells, and in vivo data, using L.monocytogenes infection, suggest PRL2 is involved in the innate immune response rather than in innate immune cell development. At the molecular level, we found the colocation of PRL2 and Rac on cell membrane and in cytosol. Co-IP data suggested PRL2 bind with Rac1 and Rac2. The most important source of ROS in phagocytes is NADPH-oxidase which is made up of 5 phagocytic oxidase units and a Rac GTPase (24). In the resting state, the oxidase units and Rac are separated; upon cell stimulation they assemble to form the active enzyme. This may explain our results where PRL2-deficient phagocytes only show differences after stimulation and not in a resting state.

PRLs share the CX5R active site, P-loop, and WDP loop motifs typical of PTPs, while the presence a CAAX prenylation motif next to a polybasic region make them a unique subfamily of PTPs (25). PTPs commonly possess a unique cysteine (cys) residue that is highly sensitive to oxidation by ROS (17) and it has been reported that the oxidation of PRL1 and 3 induces both intramolecular and intermolecular disulfide bond formation and that the biological function of PRLs can be regulated by oxidation (26). It is well established that ROS contributes to both physiological and pathological conditions via its involvement in redox signaling and oxidative stress (7). Here, we focus on the role of PRL2 in inflammation. Neutrophils and macrophages from inflamed sites expressed less PRL2 protein than cells from normal tissues. We found that the reduced levels of PRL2 were associated with high ROS levels in the tissue environment. In response to H2O2 treatment the PRL2 protein expression levels in neutrophils and macrophages were diminished within 15~30 min suggesting that the stability of the PRL2 protein may be altered under conditions of oxidative stress. It has been reported that the cys residue at the active site and CAAX terminal of PRL are both sensitive to oxidation and that the complete oxidation of full-length PRL leads to protein precipitation (27, 28). This may contribute to the instability of PRL2 under oxidative stress.

ROS are used by the immune system as weapons against pathogens; however ROS may also cause tissue damage. Precisely regulating the intensity and timing of ROS production is critical for the host antibacterial immune response. Our findings may reveal a basic ROS regulation signal in animals and the identification of PRL2 functions in innate immunity may be useful in providing novel insights into the mechanisms of ROS generation and regulation, and might eventually lead to the development of more effective therapies against infectious diseases or for the control of immunopathogenic responses.

AUTHOR CONTRIBUTIONS

CY and ZW wrote the paper. ZW, CY ,and CW designed the experiments. YF, CW, XD, JW, LT, and JP performed and analyzed the data. WZ, YW, XG, and GC contributed reagents. GC and XG read the paper, and ZW oversaw the project.

FUNDING

This work was supported by grants from the National Natural Science Foundation of China (NSF-81471971, NSF-81172808) and Shanghai Pujiang Program (14PJ1406000).

ACKNOWLEDGMENTS

The authors thank Dr. Youhai Chen (University of Pennsylvania) for providing plasmid constructs. The authors also thank Dr. Feng Qian (School of Life Science, Fudan University) for sharing the LysMWT/cre B6 background transgenic mice. We thank Dr. Helena Helmby for proof-reading the paper.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2018.02609/full#supplementary-material

REFERENCES

 1. Nicholson LB. The immune system. Essays Biochem. (2016) 60:275–301. doi: 10.1042/EBC20160017

 2. Netea MG, Joosten LA, Latz EK, Mills HG, Natoli G, Stunnenberg HG, et al. Trained immunity: a program of innate immune memory in health and disease. Science (2016) 352:aaf1098. doi: 10.1126/science.aaf1098

 3. Mayo L, Quintana FJ, Weiner HL. The innate immune system in demyelinating disease. Immunol Rev. (2012) 248:170–87. doi: 10.1111/j.1600-065X.2012.01135.x

 4. Nathan C, Cunningham-Bussel A. Beyond oxidative stress:an immunologist's guide to reactive oxygen species. Nat Rev Immunol. (2013) 13:349–61. doi: 10.1038/nri3423

 5. Nathan C, Ding A. Snapshot:reactive oxygen intermediates (ROI). Cell (2010) 140:951. doi: 10.1016/j.cell.2010.03.008

 6. Landry WD, and Cotter TG. ROS signalling, NADPH oxidases and cancer. Biochem Soc Trans. (2014) 42:934–8. doi: 10.1042/BST20140060

 7. Schieber M, Chandel NS. ROS function in redox signaling and oxidative stress. Curr Biol. (2014) 24:R453–62. doi: 10.1016/j.cub.2014.03.034

 8. Tonks NK. Protein tyrosine phosphatases–from housekeeping enzymes to master regulators of signal transduction. FEBS J. (2013) 280:346–78. doi: 10.1111/febs.12077

 9. Stephens BJ, Han H, Gokhale V, Von Hoff DD. PRL phosphatases as potential molecular targets in cancer. Mol Cancer Therap. (2005) 4:1653–61. doi: 10.1158/1535-7163.MCT-05-0248

 10. Al-Aidaroos AQ, Zeng Q. PRL-3 phosphatase and cancer metastasis. J Cell Biochem. (2010) 111:1087–98. doi: 10.1002/jcb.22913

 11. Rios P, Li X, Kohn M. Molecular mechanisms of the PRL phosphatases. FEBS J. (2013) 280:505–24. doi: 10.1111/j.1742-4658.2012.08565.x

 12. Zhao D, Guo L, Neves H, Yuen HF, Zhang SD, McCrudden CM. The prognostic significance of protein tyrosine phosphatase 4A2 in breast cancer. Oncot Thera. (2015) 8:1707–17. doi: 10.2147/OTT.S85899

 13. Dumaual CM, Sandusky GE, Crowell PL, Randall SK. Cellular localization of PRL-1 and PRL-2 gene expression in normal adult human tissues. J. Histochem. Cytochem. (2006) 54:1401–12. doi: 10.1369/jhc.6A7019.2006

 14. Clemens RA, Newbrough SA, Chung EY, Gheith S, Singer AL, Koretzky GA, et al. PRAM-1 is required for optimal integrin-dependent neutrophil function. Mol Cell Biol. (2004) 24:10923–32. doi: 10.1128/MCB.24.24.10923-10932.2004

 15. Wang Z, Fayngerts S, Wang P, Sun H, Johnson DS, Ruan Q, et al. TIPE2 protein serves as a negative regulator of phagocytosis and oxidative burst during infection. Proc Nat Acad Sci USA. (2012) 109:15413–8. doi: 10.1073/pnas.1204525109

 16. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen species in inflammation and tissue injury. Antioxid Redox Signal. (2014) 20:1126–67. doi: 10.1089/ars.2012.5149

 17. Funato Y, Miki H. Reversible oxidation of PRL family protein-tyrosine phosphatases. Methods (2014) 65:184–9. doi: 10.1016/j.ymeth.2013.06.032

 18. Forstermann U, Sessa WC. Nitric oxide synthases:regulation and function. Eur Heart J. (2012) 33:829–37 doi: 10.1093/eurheartj/ehr304

 19. Kawazu M, Ueno T, Kontani K, Ogita Y, Ando M, Fukumura K, et al. Transforming mutations of RAC guanosine triphosphatases in human cancers. Proc Nat Acad Sci USA. (2013) 110:3029–34. doi: 10.1073/pnas.1216141110

 20. Vazquez-Mendoza A, Carrero JC, Rodriguez-Sosa M. Parasitic infections:a role for C-type lectins receptors. BioMed Res Int. (2013) 2013:456352. doi: 10.1155/2013/456352

 21. Dong Y, Zhang L, Zhang S, Bai Y, Chen H, Sun X, et al. Phosphatase of regenerating liver 2 (PRL2) is essential for placental development by down-regulating PTEN (Phosphatase and Tensin Homologue Deleted on Chromosome 10) and activating Akt protein. J Biol Chem. (2012) 287:32172–9. doi: 10.1074/jbc.M112.393462

 22. Kobayashi M, Bai Y, Dong Y, Yu H, Chen S, Gao R, et al. PRL2/PTP4A2 phosphatase is important for hematopoietic stem cell self-renewal. Stem Cells (2014) 32:1956–67. doi: 10.1002/stem.1672

 23. Dong Y, Zhang L, Bai Y, Zhou HM, Campbell AM, Chen H, et al. Phosphatase of regenerating liver 2 (PRL2) deficiency impairs Kit signaling and spermatogenesis. J Biol Chem. (2014) 289:3799–810. doi: 10.1074/jbc.M113.512079

 24. Dupre-Crochet S, Erard M, Nubetae O. ROS production in phagocytes:why, when, and where? J Leukocyte Biol. (2013) 94:657–70. doi: 10.1189/jlb.1012544

 25. Campbell AM, Zhang ZY. Phosphatase of regenerating liver:a novel target for cancer therapy. Exp Opin Therap Targets (2014) 18:555–69. doi: 10.1517/14728222.2014.892926

 26. Yu L, Kelly U, Ebright JN, Malek G, Saloupis P, Rickman DW, et al. Oxidative stress-induced expression and modulation of Phosphatase of Regenerating Liver-1 (PRL-1) in mammalian retina. Biochim Biophys Acta (2007) 1773:1473–82. doi: 10.1016/j.bbamcr.2007.06.005

 27. Ishii T, Funato Y, Miki H. Thioredoxin-related protein 32 (TRP32) specifically reduces oxidized phosphatase of regenerating liver (PRL). J Biol Chem. (2013) 288:7263–70. doi: 10.1074/jbc.M112.418004

 28. Skinner AL, Vartia AA, Williams TD, Laurence JS. Enzyme activity of phosphatase of regenerating liver is controlled by the redox environment and its C-terminal residues. Biochemistry (2009) 48:4262–72. doi: 10.1021/bi900241k

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 © 2018 Yin, Wu, Du, Fang, Pu, Wu, Tang, Zhao, Weng, Guo, Chen and Wang. 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-09-02609-g005.gif
mmmmm






OPS/images/fimmu-09-02609-g006.gif
wr PRL2 HRast2y -+
Ecol 0 5 15 0 5 15 FREZ = = &
GTPRac - = GTPRac ————

TolalRoC QDD . TolalRac e~

.

Werge
2

S
B & Tatye 1B lysse  _emye
e fam|[ =] we = e
Roctz o] ] pri2 amEBan e—
Y & & f® & P
& E RS gy e
& Y o &





OPS/images/fimmu-09-02609-g003.gif
B e M e
tistet e — ..

e y ke PR - -
B a CaPOH - - ——

gk 5% Maciophages Nourophils

®lop  @Fn -ATG

. o
T Ko ee) E
=)
. 7=
e :
g 00129 =
G 2w
KRR Ld ED
Oays postintecion
. o Uiver
" E
g £ o
s =
o






OPS/images/fimmu-09-02609-g004.gif





OPS/images/fimmu-09-02609-g001.gif
PRz

oz

Bcin
wos |~
Arginasel —_

rpae [

ol QD -

Nowrophll  Macrophegs





OPS/images/fimmu-09-02609-g002.gif
Macrophages
o2

o,

o
Newtephis

o2
oavon

o,

o, 1mm
-
——eee-

EEEETET T

o, 1w

cene -

o s 01520 .
i

40, 30min

-
—oeme-
[






OPS/images/cover.jpg
, frontiers
in Immunology

PRL2 Controls Phagocyte
Bactericidal Activity by Sensing and
Regulating ROS









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





