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IL-10 Protects Mice From the Lung Infection of Acinetobacter baumannii and Contributes to Bacterial Clearance by Regulating STAT3-Mediated MARCO Expression in Macrophages
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Interleukin-10 plays important, yet contrasting, roles in host protection against bacterial infections and in the septic response. To determine the role of IL-10 in the host defense against Acinetobacter baumannii infection, wild-type (WT) and IL-10-deficient mice were infected intranasally with the bacteria. IL-10-deficient mice exhibited increased mortality, severe pathology, and excess production of proinflammatory cytokines and chemokines in the lungs, and increased bacterial burdens in bronchoalveolar lavage (BAL) fluids and lung homogenates after A. baumannii infection, compared to WT mice. Intranasal administration of recombinant IL-10 rescued mice from the lethality of the bacterial infection by promoting bacterial clearance and reducing production of cytokines and chemokines in the lungs. In vitro experiments revealed that IL-10 enhanced phagocytosis and bacterial killing by macrophages by upregulating the macrophage receptor with collagenous structure (MARCO). In addition, A. baumannii-induced activation of STAT3 was impaired in IL-10-deficient macrophages, which was essential for expression of MARCO. Intranasal adoptive transfer of WT macrophages resulted in significant increases in mice survival and bacterial clearance in IL-10-deficient mice infected with A. baumannii. Our results show that IL-10 played an important role in the host defense against pulmonary infection of A. baumannii by promoting the antibacterial function of macrophages by regulating MARCO expression through the STAT3-mediated pathway.
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INTRODUCTION

Acinetobacter baumannii is a ubiquitous, gram-negative, and opportunistic pathogen with antibiotic resistance that often causes high morbidity and mortality, especially in patients with weakened immune systems (1–3). A. baumannii infection can cause nosocomial pneumonia, bloodstream infections, septicemia, urinary tract infections, and meningitis (4). Treatment for A. baumannii infection has become increasingly difficult due to the emergence of multiple antibiotic resistance (5). Despite its clinical importance, relatively little is known about the innate immune mechanism involved in the host resistance to A. baumannii infection.

Interleukin-10 (IL-10) is an important anti-inflammatory cytokine produced under different conditions of immune activation by a variety of cell types, including T cells, B cells, and monocytes/macrophages (6). IL-10 seems to be a double-edged sword in the host defense against pulmonary bacterial infections and its role likely depends on the bacterial strain. Inhibition of IL-10 by a neutralizing antibody improved survival of mice infected with Klebsiella pneumonia, which was concluded result from enhanced bacterial clearance and increased production of pro-inflammatory cytokines (7). Lung-specific IL-10-overexpressing mice exhibited impaired bacterial clearance in the lungs and increased mortality when infected with Pseudomonas aeruginosa (8). Moreover, IL-10 also exhibited a harmful effect on in vivo protection against Bordetella parapertussis infection by limiting IFN-γ production, which is critical for T cell responses required to promote bacterial clearance (9). In contrast, IL-10 contributed to host protection from lethality in mice infected with Corynebacterium kutscheri or Streptococcus pneumonia by alleviating lung inflammation, although it did not affect the clearance of those bacteria (10, 11). IL-10 also demonstrated host benefit by maintaining homeostasis and regulating apoptotic neutrophil clearance in a mice model of K. pneumonia infection (12). Moreover, in an E. coli-induced meningitis model in mice, IL-10 promoted CR3-mediated bacterial clearance by phagocytosis by reducing prostaglandin E2 (PGE2) production (13). Taken together, it is likely that IL-10 is involved in host defenses against bacterial infections with various phenotypes and mechanisms, depending on the bacterial species.

A recent study showed that the receptor for advanced glycation end products (RAGE) suppressed IL-10 production in a systemic infection model of A. baumannii, which resulted in increased mortality of the infected mice, although the RAGE signaling did not affect lung inflammation or bacterial clearance when the mice were intranasally infected (14). Administration of recombinant IL-10 rescued wild type (WT) mice from A. baumannii-induced lethality (14), suggesting that IL-10 may play a beneficial role in host defenses against A. baumannii infection. However, there is no evidence on the role of IL-10 in host protection against lung infections with A. baumannii, and the underlying mechanism is still unclear. In the present study, we showed that IL-10 was critical for host protection against lung infection with A. baumannii by suppressing the lung pathology and by promoting phagocytosis and bacterial killing by macrophages through a macrophage receptor with collagenous structure (MARCO)-dependent pathway.



MATERIALS AND METHODS


Mice

WT C57BL/6J mice were obtained from the Central Lab Animal (Seoul, Korea). IL-10-deficient mice on a C57BL/6J background were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Protocols for animal studies were approved by the Institutional Animal Care and Use Committee of Chonnam National University (Gwangju, Korea) (Approval number: CNU IACUC-YB-2015-33).



Reagents and Antibodies

Recombinant murine IL-10 was obtained from PeproTech (Rocky Hill, NJ, USA). Total STAT3, phospho-STAT3, total AKT, and phospho-AKT antibodies were from Cell Signaling Technology (Beverly, MA, USA). The β-actin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The neutralizing antibody to MARCO and goat IgG antibody were purchased from R&D Systems (Minneapolis, MN, USA). The D,15-DPP Stat3 inhibitor was obtained from Sigma Aldrich (St. Louis, MO).



Bacterial Preparation

The KCCM 35453 A. baumannii strain (ATCC 15150) was purchased from the Korean Culture Center of Microorganisms (Seoul, Korea). Single colonies were inoculated into 10 ml of Luria-Bertani broth supplemented with ampicillin (50 μg/ml) and grown overnight at 37°C with 200 rpm shaking. A 1:5 dilution of the culture suspension was allowed to grow in fresh medium at 37°C with shaking at 200 rpm for an additional 2 h. Bacteria were washed and resuspended with sterile phosphate buffered saline (PBS) to a final concentration of 109 colony-forming units (CFU)/ml. Bacteria were diluted to the desired concentrations for use in experiments.



In vivo Experiments

Six weeks old mice were anesthetized by intraperitoneal injection of 10 mg/kg Rompun (Bayer, Seoul, Korea) and 50 mg/kg Zoletil (Virbac, Seoul, Korea). They were then intranasally (i.n.) inoculated with 30 μl of an A. baumannii (1 × 109 CFU/ml) suspension in PBS. At the indicated times after infection, mice were anesthetized and blood was removed from cardiac puncture. Lungs and BAL fluids were collected 1 and 3 days post-infection to quantify immune cell populations, cytokines, and chemokines produced, and bacterial loads. For collection of BAL fluids, 1 mm of PBS was administered into lungs. After 3 to 5 times of lung massage, BAL fluids were collected without flushing. In a separate experiment using the same protocol, the right lobe of the lung was collected from each mouse and a lysate was prepared by homogenizing the tissue in PBS to determine bacterial growth. The left lung lobe was used to prepare slides for histopathological examination. Mouse recombinant IL-10 (750 ng/30 μl) was injected i.n. into mice 12 h after A. baumannii infection. Bone-marrow-derived macrophage (BMDMs) were isolated from WT and IL-10-deficient mice and cultured for 6 days. BMDMs (105 cells/30 μl) obtained from WT mice or IL-10-deficient mice were transferred i.n. to WT or IL-10-deficient mice. At 24 h post-adoptive transfer, mice were challenged with A. baumannii (3 × 107 CFU/30 μl) i.n. and euthanized 3 days after infection.



Cell Culture and Bacterial Infection

BMDMs were prepared as previously described (15). Alveolar macrophages were also obtained from BAL fluids of 8–10 weeks old WT and IL-10-deficient mice as previously described (16). Thioglycollate-elicited neutrophils were isolated from the mouse peritoneal cavity as previously described (17). Briefly, mice were injected intraperitoneally with 2 ml of 4% thioglycollate broth (Sigma Aldrich, St. Louis, MO). Four hours later, 5 ml of sterile PBS was injected intraperitoneally and peritoneal lavage was performed. Red blood cells in the lavage were lysed with a buffer containing ammonium chloride and the total cell numbers were counted with a hemocytometer.



Bacterial Counts in BAL Fluid and Lungs

Fifty microliters of serially-diluted BAL fluid or lung homogenate was spread onto LB agar plates supplemented with ampicillin (50 μg/ml). Following overnight culture at 37°C in an incubator, bacterial colonies were counted and the number of bacteria was expressed as CFU/ml of BAL fluids or CFU/g of lung tissue.



Cell Counts in BAL Fluid

The total number of cells in the BAL fluid was counted using a hemocytometer. Differential cell counts based on morphologic criteria were performed using Diff-Quik staining.



Histopathologic Examination

The left lung lobes were harvested and fixed in 10% neutral formalin for histopathological examination. The tissues were processed in an alcohol and xylene series and embedded in paraffin using routine procedures. Three-micrometer sections were prepared, stained with hematoxylin-eosin (H&E), and examined under a microscope. Histopathology of the lungs was blindly evaluated using an arbitrary scoring system depending on size of inflamed area composed of neutrophilic infiltration, loss of alveolar space, and necrotic lesions (score of 0 = no inflammation; 1 = inflamed area is 0–15% of sectioned lobes; 2 = 15–30%; 3 = 30–45%; 4 = 45–60%; 5 = 60–80%; and 6 = 80–100%).



Lung Myeloperoxidase (MPO) Assay

Lung tissue was homogenized in 1 ml of myeloperoxidase buffer (50 mM potassium phosphate, pH 6.0). Homogenates were frozen and thawed twice. After centrifugation at 10,000 rpm for 10 min at 4°C, supernatants were collected and serially diluted. Diluted supernatant (100 μl) was added to 100 μl of assay buffer (50 mM potassium phosphate buffer containing 0.167 mg/ml O-dianisidine dihydrochloride and 0.0005% hydrogen peroxide). Absorbance values at a wavelength of 460 nm were measured between 1 and 10 min. Myeloperoxidase activity was calculated as the change in absorbance per min per milligram of total protein in the lysate.



Measurement of Cytokines and Chemokines

The concentrations of IL-6, TNF-α, IL-1β, CXCL1, CXCL2, CCL2, and IL-10 in the lung homogenates and BAL fluids of A. baumannii-infected mice were determined using ELISA kits (R&D System, Minneapolis, MN, USA) according to the manufacturer's instructions.



Phagocytic Activity and Bacterial Killing Ability of Macrophages

The phagocytosis of bacteria by macrophages was determined by the gentamicin protection assay (18). Briefly, BMDMs and neutrophils were seeded into 48-well plates at a density of 2 × 105 cells/well and incubated at 37°C in an incubator with 5% CO2. Alveolar macrophages were seeded at a density of 2 × 104 cells/well. The cells were pretreated without or with recombinant IL-10 (10 ng/ml) and subsequently infected with A. baumannii at an MOI of 1:10. After incubation for 60 min, cell membrane-impermeable antibiotic gentamicin (5 μg/ml) was added to the medium for 30 min to eliminate extracellular bacteria. At 1 (for phagocytosis) or 6 h (for bacterial killing) after infection, the cells were washed with PBS and subsequently lysed with 1% Triton X-100 in PBS. The cell lysate was plated onto LB agar supplemented with ampicillin (50 μg/ml) to determine the number of living bacteria engulfed by macrophages or neutrophils.



Quantitative Real-Time PCR

Total RNA was extracted from BMDMs using easy-BLUE (Intron Biotechnology, Korea), according to the manufacturer's instructions. One microgram of total RNA was reverse transcribed to cDNA using ReverTra Ace qPCR RT Master Mix and cDNA Synthesis kit (Toyobo, Osaka, Japan). Equal amounts (1 μl) of cDNA were used for real-time PCR on a Rotor-Gene Q (Qiagen, Hilden, Germany) using a SYBR Green PCR kit (Qiagen). GAPDH was used for normalization. The following primers were used for real-time PCR: MARCO forward: 5′-ATCCTGCTCACGGCAGGTACT-3′; MARCO reverse: 5′-GCACATCTCTAGCATCTGGAGCT-3′; GAPDH forward: 5′-CAGTGGATGCAGGGATGATGTTCT-3′; GAPDH reverse: 5′-GTGGAGATTGTTGCCATCAACG-3′.



Immunoblotting

For immunoblotting, BMDMs were seeded and incubated overnight in 6-well plates at a concentration of 2 × 106 cells/well and infected with A. baumannii at an MOI of 10 by exposure for 24 h. Culture supernatants and remaining cells were mixed with a lysis buffer containing Nonidet P-40, complete protease inhibitor cocktail (Roche, Mannheim, Germany), and 2 mM dithiothreitol. Samples were separated by 8–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. The membranes were immunoblotted with primary antibodies, such as regular- and phospho-AKT, regular- and phosphor- STAT3 (each Cat No. #9272, #9271, #4904, and #9131; Cell Signaling Technology), and anti-β-actin (Cat No. sc-47779; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). After immunoblotting with secondary antibodies (goat anti-rabbit IgG-HRP, Cat No. sc-2357; Santa Cruz Biotechnology), proteins were visualized via an enhanced chemiluminescence (ECL) reagent from BioRad (Hercules, CA, USA).



Statistical Analysis

Differences between groups were determined by two-tailed Student's t-tests or one-way analysis of variance, followed by post-hoc analysis (Newman–Keuls multiple comparison test). All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, USA). Statistical significance was considered at P < 0.05.




RESULTS


IL-10 Protects Mice From Lethality by Lung Infection With A. baumannii and Promotes Bacterial Clearance

To determine the role of IL-10 in host defenses against A. baumannii infection, WT and IL-10-deficient mice were infected i.n. with the bacteria, and the survival rates and bacterial burden in the lungs and BAL fluids were evaluated. Infection with 1.5 × 107 CFU of the bacteria did not induce lethality of any mice (data not shown). When infected with 3 × 107 CFU, only 33% of the IL-10-deficient mice survived, whereas no WT mice died until the end of the experiment (Figure 1A). Bacterial loads in the lung homogenates were comparable between WT and IL-10-deficient mice 1 day after infection. However, the bacterial loads in IL-10-deficient mice were significantly higher than those in WT mice at day 3 (Figure 1B). In addition, the bacterial load in BAL fluids was significantly higher in IL-10-deficient mice compared to those in the WT mice 1 day after infection, although there was no significant difference between two groups at 6 h (Figure 1C). On day 3, bacteria were not detectable in BAL fluids from any mice (data not shown).


[image: Figure 1]
FIGURE 1. Deficiency of IL-10 increases mortality and pulmonary bacterial loads in mice after A. baumannii infection. WT and IL-10-deficient mice were infected i.n. with A. baumannii (3 × 107 CFU/30 μl) and euthanized at 6 h, 1 day, or 3 days after infection. (A) Survival was monitored daily. (B,C) Bacterial loads in lung homogenates and BALF were counted by plating assays. *P < 0.05 and ***P < 0.001.




IL-10 Reduces the Lung Pathology and Production of Proinflammatory Cytokines in A. baumannii-Infected Mice

As excessive production of cytokines can lead to tissue damage and severe pathology, histopathological examination was performed on the lungs of mice infected with A. baumannii. IL-10-deficient mice showed more severe lung pathology and higher histology scores compared to WT mice at days 1 and 3 (Figures 2A,B). The activity of myeloperoxidase (MPO), mostly expressed in neutrophils, was also significantly increased in the lung homogenates of IL-10-deficient mice with A. baumannii infection at 1 and 3 days after infection (Figure 2C). Furthermore, total cell counts in BAL fluids were increased in IL-10-deficient mice, with no difference in the composition ratio of macrophages and neutrophils (Figures 2D–F). Most inflammatory cells in BAL fluids were neutrophils, which was confirmed by flow cytometric analysis (Figure 2F and Supplementary Figures 1A,B).


[image: Figure 2]
FIGURE 2. IL-10-deficient mice show severe lung pathology after A. baumannii infection. WT and IL-10-deficient mice were infected i.n. with A. baumannii (3 × 107 CFU/30 μl) and euthanized at 1 day and 3 days after the infection. (A,B) Lung histopathology was evaluated in H&E-stained sections and scored as described in the Materials and Methods. Bar = 100 μm (C) MPO activities in lung homogenates of WT and IL-10-deficient mice were measured. (D) The total number of BAL fluid cells was determined with a hemocytometer. (E,F) Differential counts of macrophages and neutrophils were obtained by Diff-Quik staining. (B–F) Results are combined from two independent experiments and presented as means ± SD. *P < 0.05 and ***P < 0.001.


The levels of proinflammatory cytokines or chemokines, including IL-6, TNF-α, IL-1β, CXCL1, CXCL2, and CCL2 in the lung homogenates and BAL fluids, were significantly higher in IL-10-deficient mice, depending on the experimental time points, compared to WT mice (Table 1). The levels of IL-6, TNF-α, and IL-1β in BAL fluids and lung homogenates of both uninfected WT and IL-10-deficient mice were undetectable range in our system (<15.625 pg/ml) (data not shown). CXCL1, CXCL2, and CCL2 levels were also < 100 pg/ml in both groups and there was no significant difference between two groups (data not shown).


Table 1. Deficiency of IL-10 increases cytokines and chemokines production in response to A. baumannii infection.
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Intranasal Administration of Recombinant IL-10 Rescues IL-10-Deficient Mice Against A. baumannii Infection

We further investigated whether administration of γIL-10 could protect IL-10-deficient mice from the lethality of an A. baumannii infection and improve bacterial clearance in the mice lungs. First, the time-dependent response of in vivo IL-10 production in the lungs of mice in response to A. baumannii infection was determined. IL-10 was significantly induced 6 h after the bacterial infection and its level was sustained up to 12 h after the infection (Figure 3A). Therefore, γIL-10 was administered i.n. to IL-10-deficient mice 12 h after A. baumannii infection, and mice survival and bacterial CFUs in the lungs were determined. γIL-10 treatment enhanced the survival of the IL-10-deficient mice infected with A. baumannii and reduced the bacterial burdens in the mice lungs at day 1 (Figures 3B,C). In addition, levels of IL-6, TNF-α, IL-1β, CXCL1, CXCL2, and CCL2 in the lung homogenates were significantly lower in mice treated with γIL-10 (Figure 3D). Taken together, IL-10 seemed to have protective host effect against pulmonary infection with A. baumannii by suppressing the lung inflammation and enhancing bacterial clearance.


[image: Figure 3]
FIGURE 3. Recombinant IL-10 rescues mortality, bacterial clearance and anti-inflammation in IL-10-deficient mice after infection with A. baumannii. IL-10-deficient mice were administered with γIL-10 (750 ng/30 μl) i.n. 12 h after A. baumannii infection (3 × 107 CFU/30 μl) and lungs were collected 1 day after infection. (A) The production of IL-10 in A. baumannii-infected WT mice in a time-dependent manner. (B) Survival was monitored for 10 days. (C) Bacterial loads in lung homogenates were counted by plating assays. (D) Levels of IL-6, TNF-α, IL-1β, CXCL1, CXCL2, and CCL2 were measured by ELISA. (C,D) Results are combined from three independent experiments and presented as means ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.




IL-10 Promotes Phagocytosis and Bacterial Killing Ability of Macrophages in Response to A. baumannii by Regulating the Expression of a Scavenger Receptor MARCO

The in vivo results imply that the ability to clear A. baumannii is likely impaired in IL-10-deficient immune cells, such as macrophages and neutrophils, as the bacterial load in the lungs was increased in IL-10-deficient mice (Figures 1B,C), although the number of recruited immune cells was higher in those mice (Figure 2D). We thus compared the phagocytic and bacterial killing abilities of macrophages and neutrophils from WT and IL-10-deficient mice against A. baumannii. The bacterial phagocytic and killing abilities were impaired in IL-10-deficient BMDMs and were restored by pretreatment with γIL-10 (Figures 4A,B). Consistently, the ability to phagocytose A. baumannii was also impaired in IL-10-deficient alveolar macrophages, which was restored by γIL-10 (Supplementary Figure 2). In this experiment, bacterial killing ability could not be assessed due to use of low number of cells, resulting that no colony was detectable in both WT and IL-10-deficient cells at 6 h. In neutrophils, an IL-10 deficiency led to impairment of phagocytosis against A. baumannii, but there was no significant difference in the bacterial killing ability between WT and IL-10-deficient neutrophils (Supplementary Figures 3A,B). Therefore, we focused on determining the function of macrophages in controlling A. baumannii infections in further experiments.


[image: Figure 4]
FIGURE 4. IL-10 deficiency leads to impaired phagocytosis and bacterial killing of macrophages in response to A. baumannii. (A,B) BMDMs from WT and IL-10-deficient mice were infected with A. baumannii at 1/10 MOI followed by gentamicin treatment 60 min after infection to remove extracellular bacteria. Live bacteria were then counted by plating onto LB agar supplemented with ampicillin (50 μg/ml) at 1 h (for phagocytosis) or 6 h (for bacterial killing) after infection with A. baumannii. (A–C) BMDMs were pretreated with 10 ng/ml of γIL-10 for 2 h and subsequently infected with A. baumannii. (C) Expression levels of MARCO mRNA in γIL-10 treated BMDMs at 24 h. (D) Expression levels of endogenous MARCO mRNA in WT and IL-10-deficient BMDMs at 24 h. (E) Expression levels of MARCO mRNA in A. baumannii-infected BMDMs at indicated time points were evaluated by real-time PCR. Fold increase (arbitrary unit) compared to levels in uninfected BMDMs are presented. Results are from one representative experiment of three independent experiments. (F,G) For neutralizing antibody assays, BMDMs were pretreated with 0.2 ug/ml of goat IgG control or MARCO mAb for 2 h, then infected with A. baumannii and analyzed for phagocytic and bacterial killing abilities by gentamicin protection assays. *P < 0.05, **P < 0.01, and ***P < 0.001.


Previous studies showed that macrophages exposed to IL-10 exhibited increased expression of macrophage receptor with collagenous structure (MARCO) (19, 20), which is responsible for phagocytosis and in vivo clearance of pathogenic bacteria (21–23). In fact, γIL-10 treatment increased the gene expression of MARCO in BMDMs at 24 h (Figure 4C). We further examined MARCO expression in response to A. baumannii infection in WT and IL-10-deficient BMDMs. Remarkably, endogenous MARCO expression was slightly reduced in IL-10-deficient BMDMs, compared to WT cells, although its expression level was very weak in both intact cells (Figure 4D). A. baumannii infection increased the gene expression of MARCO time-dependently in both WT and IL-10-deficient cells, but the levels were significantly lower in IL-10-deficient cells (Figure 4E). We next examined the effect of MARCO on the phagocytic and bacterial killing abilities of macrophages in response to A. baumannii using an anti-MARCO antibody. Results showed that pretreatment with the anti-MARCO antibody reduced the phagocytic and bacterial killing abilities of A. baumannii-infected macrophages (Figures 4F,G). These findings indicate that IL-10 may play an important role in the removal of A. baumannii from the host by promoting phagocytosis and bacterial killing by macrophages through a MARCO-dependent pathway.



IL-10 Deficiency Leads to Impaired Phosphorylation of STAT3 in Macrophages in Response to A. baumannii, Which Contributes to Phagocytosis and Bacterial Killing by Regulating MARCO Expression

IL-10 signaling predominantly occurs via the activation of AKT or STAT3-mediated signaling pathways (24, 25). Thus, we investigated phosphorylation of AKT and STAT3 in WT and IL-10-deficient mice BMDMs infected with A. baumannii. Results showed that A. baumannii-induced AKT phosphorylation was unimpaired in IL-10-deficient macrophages, compared to WT cells (Figures 5A,B and Supplementary Figures 4A,C), but showed slightly enhanced activation in IL-10-deficient cells after long infection times (Figure 5B and Supplementary Figure 4C). Remarkably, A. baumannii strongly induced STAT3 phosphorylation in WT macrophages after 2 h of infection but was reduced in IL-10-deficient cells (Figures 5A,B and Supplementary Figures 4B,D). Next, we determined whether STAT3 activation was responsible for A. baumannii-induced MARCO expression in macrophages and their phagocytic and bacterial killing abilities. As shown in Figure 5C, the gene expression of MARCO induced by A. baumannii was abolished by treatment with a specific Stat3 inhibitor, D,15-DPP. D,15-DPP also inhibited γIL-10-induced expression of MARCO in macrophages (Figure 5D). Phagocytosis and bacterial killing by macrophages infected with A. baumannii were also reduced by D,15-DPP treatment (Figures 5E,F). Therefore, it is likely that IL-10 upregulated MARCO expression by activating STAT3-mediated signaling, which mediated bacterial clearance in macrophages infected with A. baumannii.
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FIGURE 5. IL-10 plays a significant role in A. baumannii induced MARCO expression via the activation of STAT3. (A,B) WT and IL-10-deficient BMDMS were infected with A. baumannii at 1/10 MOI for the indicated times. Cells were harvested and analyzed for AKT and STAT3 phosphorylation by Western blotting. Results are from one representative experiment of two independent experiments. (C,D) Inhibition of STAT3 inhibition by pretreatment with D,15-DPP (100 uM) 2 h prior to treatment with A. baumannii (MOI 1/10) and γIL-10 (10 ng/ml). Expression levels of MARCO mRNA in A. baumannii-infected BMDMs were evaluated by real-time PCR. (E,F) BMDMs were pretreated with D,15-DPP (100 uM) for 2 h, then infected with A. baumannii and analyzed for phagocytic and bacterial killing abilities by gentamicin protection assays. *P < 0.05, **P < 0.01, and ***P < 0.001.




Intranasal Adoptive Transfer of WT Macrophages Improves Survival of IL-10-Deficient Mice Infected With A. baumannii

We finally sought to determine whether local adoptive transfer with WT macrophages could rescue the IL-10-deficient mice from pulmonary infection with A. baumannii. WT or IL-10-deficient BMDMs (1 × 105 cells/animal) were adoptively transferred into WT and IL-10-deficient recipient mice through an intranasal route 24 h before infection. IL-10-deficient mice receiving BMDMs from WT mice showed significantly increased survival and bacterial clearance compared to mice who received BMDMs from IL-10-deficient mice (Figures 6A,B). In addition, A. baumannii-induced production of TNF-α and CXCL1 in the lung homogenates was significantly lower in IL-10-deficient mice who received WT BMDMs compared to the mice who received IL-10-deficient cells, although there was no significant difference in IL-6, IL-1β, CXCL2, and CCL2 levels between the two groups (Figure 6C).
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FIGURE 6. Reduced mortality, bacterial loads and cytokines production in lungs of IL-10-deficient mice infected with A. baumannii after adoptive transfer of WT BMDMs. 1 × 105 cells/30 μl BMDMs from WT or IL-10-deficient mice were transferred i.n. into either WT or IL-10-deficient mice (donor→ recipient). Mice were allowed to rest for 24 h, then were infected with A. baumanii (3 × 107 CFU/30 μl) i.n. and euthanized 3 days after infection. (A) Survival was monitored for 10 days. (B) Bacterial loads in lung homogenates were counted by plating assays. (C) Levels of IL-6, TNF-α, IL-1β, CXCL1, CXCL2, and CCL2 were measured by ELISA. Results are expressed as means ± SD. *P < 0.05.





DISCUSSION

IL-10 exerts both harmful and beneficial effects in host defenses against bacterial infections, depending on their strains. IL-10 negatively affects mice infected with P. aeruginosa, B. parapertussis, and K. pneumonia due to decreased bacterial clearance, impaired recruitment of innate immune cells, and reduced production of proinflammatory cytokines/chemokines (7–9). In contrast, IL-10 protects hosts from pneumonia by C. kutscheri and S. pneumoniae infections by alleviating excessive lung inflammation (10, 11). In the present study of mice with pulmonary infections of A. baumannii, we showed that IL-10 deficiency resulted in enhanced mortality, severe lung inflammation, and excess production of proinflammatory cytokines and chemokines in lung homogenates. Intranasal administration of γIL-10 or adoptive transfer of macrophages capable of producing IL-10 improved mice survival and promoted bacterial clearance in IL-10-deficient mice. Consistent with a study by Noto et al. (14), our results clearly indicated that IL-10 has beneficial effects on host defenses against pulmonary infection with A. baumannii.

Neutrophils and macrophages are known to play important roles in host resistance to pulmonary infection with A. baumannii (26, 27). The number of both cells in the BAL fluids of mice was increased 24 h after pulmonary infection with A. baumannii, although the inflammatory cells in the BAL fluids were largely composed of neutrophils (26). A previous study reported that neutrophil depletion using monoclonal antibodies led to decreased mice survival and impaired bacterial clearance in the lungs (27). Moreover, in vivo depletion of alveolar macrophages using clodronate liposomes increased bacterial burdens in the lungs and BAL fluids of mice with intranasal challenges of A. baumannii and reduced production of proinflammatory cytokines and chemokines (26). In the present study, the total number of cells in BAL fluids were significantly higher in IL-10-deficient mice infected with A. baumannii, compared to WT mice, with a large proportion of neutrophils. Nevertheless, the bacterial burdens in the lung homogenates and BAL fluids were higher in IL-10-deficient mice, suggesting that the ability of immune cells to control the growth of A. baumannii may be impaired in IL-10-deficient mice. In fact, our in vitro experiments showed that an IL-10 deficiency reduced the phagocytosis and bacterial killing of macrophages against A. baumannii, which was restored by γIL-10 treatment. Moreover, the neutrophils required IL-10 for optimal phagocytosis, although IL-10 did not affect the bacterial killing ability of the neutrophils. A previous study showed that IL-10 suppressed PGE2 production, which resulted in enhanced clearance of E. coli by promoting the bacterial phagocytosis by neutrophils and macrophages through a CR3-dependent manner in a meningitis model (13). Therefore, it is likely that neutrophils, as well as macrophages, play important roles in IL-10-mediated host defenses against A. baumannii, although we did not check the in vivo role of neutrophils in this study. Further study is needed to determine the in vivo role of neutrophils in IL-10-mediated host defenses against A. baumannii infections.

Macrophages contribute to host defenses against microbial infections through phagocytosis. MARCO is a scavenger receptor on the surface of macrophages that mediates phagocytosis of unopsonized particles, bacteria, and oxidized lipids (16, 28, 29). Transcriptome analysis by next-generation sequencing revealed that IL-10 stimulation enhanced expression of scavenger receptors, including MARCO, in macrophages (20). IL-10-polarized M2 macrophages displayed enhanced phagocytic activity against H. ducreyi and similar bacterial killing (30). In this study, we showed that MARCO expression in response to A. baumannii decreased in IL-10-deficient macrophages, and blocking it using antibodies impaired phagocytosis and bacterial killing in WT macrophages, suggesting that IL-10 may participate in host protection against A. baumannii infection by regulating such macrophage functions as phagocytosis and bacterial killing through a MARCO-dependent pathway. In fact, intranasal adoptive transfer of WT macrophages into IL-10-deficient mice enhanced mice survival and reduced bacterial burdens in the lungs of mice infected with A. baumannii, indicating that macrophages may be a critical immune cell regulating the IL-10-mediated host defense against A. baumannii infections.

It is generally accepted that IL-10 exerts its biological effects by interacting with a specific cell surface receptor, IL-10R (31, 32). The binding of IL-10 to its receptor leads to the activation of diverse signaling pathways, including JAK/STAT and PI3K/AKT, with different cellular functions (31–34). How IL-10 regulates MARCO expression in macrophages is not yet known. A previous study showed that LPS was capable of inducing a delayed activation of STAT3 that was dependent on the production of endogenous IL-10 (34). In this study, A. baumannii induced STAT3 phosphorylation in WT BMDMs starting 2 h after infection, a process which was impaired in IL-10-deficient macrophages. In addition, treatment with a STAT3 specific inhibitor, 5,15-DPP, reduced A. baumannii-induced expression of MARCO and impaired phagocytosis and bacterial killing in macrophages. Therefore, IL-10 mediated bacterial clearance by promoting the phagocytosis and bacterial killing of macrophages through STAT3-dependent MARCO expression. In addition, Wu et al. recently showed that AKT activation led to increased MARCO expression in macrophages, which improved phagocytosis in IFN-γ-treated cells (35). However, in this study, IL-10 deficiency did not influence AKT phosphorylation in response to A. baumannii. Accordingly, AKT-mediated signaling is not likely to a play major role in the IL-10-mediated host defenses against A. baumannii.

In conclusion, we showed that IL-10 exerted protective effects against pulmonary infection with A. baumannii by promoting mice survival and bacterial clearance, and by reducing the lung pathology. IL-10 may improve mice survival by suppressing excessive inflammation rather than improving bacterial clearance by macrophages, as difference of bacterial clearance in the lungs were seen at late time of infection (3 days) and supra physiological levels of IL-10 was needed to improve ability of bacterial phagocytosis and killing of immune cells. Nevertheless, our study clearly show that IL-10 mediates phagocytosis and bacterial killing of macrophages in response to A. baumannii by upregulating MARCO expression via STAT3-mediated signaling. The IL-10-mediated regulation of macrophage function is likely limited to some bacteria, including A. baumannii, as the bacterial burdens were reduced in the lungs of IL-10-deficient mice infected with S. pneumoniae, but the lung inflammation was still more severe in the S. pneumoniae-infected mice (11). In addition, in a study by de Breij et al., pathogenic strains of A. baumannii led to less production of IL-10 in the lungs of infected mice (36), suggesting that A. baumannii likely exerts its pathogenicity by regulating IL-10 production in host cells. The microbial factors and relevant mechanisms regulating host IL-10 production in response to A. baumannii infection also remain to be determined.



ETHICS STATEMENT

Protocols for animal studies were approved by the Institutional Animal Care and Use Committee of Chonnam National University (Gwangju, Korea) (Approval number: CNU IACUC-YB-2015-33).



AUTHOR CONTRIBUTIONS

M-JK acquired, analyzed, and interpreted data as well as developed study concept and wrote manuscript. A-RJ, J-YP, J-HA, T-SL, D-YK, M-SL, SH, and Y-JJ wrote sections of the manuscript. J-HP developed the study concept, obtained funding and ethics, interpreted data, and wrote manuscript. All authors read and approved the final manuscript.



FUNDING

This research was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (Grant No: NRF-2018R1A2B3004143 and NRF-2017M3A9D5A0105244). We appreciate the assistance from the KOBIC Research Support Program. M-JK was supported by the NRF grant funded by MIST (Grant No: 2018R1A6A3A01012425).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.00270/full#supplementary-material



REFERENCES

 1. Doughari HJ, Ndakidemi PA, Human IS, Benade S. The ecology, biology and pathogenesis of Acinetobacter spp.: an overview. Microbes Environ. (2011) 26:101–12. doi: 10.1264/jsme2.ME10179

 2. McConnell MJ, Actis L, Pachon J. Acinetobacter baumannii: human infections, factors contributing to pathogenesis and animal models. FEMS Microbiol Rev. (2013) 37:130–55. doi: 10.1111/j.1574-6976.2012.00344.x

 3. Alsan M, Klompas M. Acinetobacter baumannii: an emerging and important pathogen. J Clin Outcomes Manag. (2010) 17:363–9. doi: 10.5495/wjcid.v3.i3.25

 4. Cerqueira GM, Peleg AY. Insights into Acinetobacter baumannii pathogenicity. IUBMB Life. (2011) 63:1055–60. doi: 10.1002/iub.533

 5. Fournier PE, Richet H. The epidemiology and control of Acinetobacter baumannii in health care facilities. Clin Infect Dis. (2006) 42:692–9. doi: 10.1086/500202

 6. van der Poll T, Marchant A, Keogh CV, Goldman M, Lowry SF. Interleukin-10 impairs host defense in murine pneumococcal pneumonia. J Infect Dis. (1996) 174:994–1000. doi: 10.1093/infdis/174.5.994

 7. Greenberger MJ, Strieter RM, Kunkel SL, Danforth JM, Goodman RE, Standiford TJ. Neutralization of IL-10 increases survival in a murine model of Klebsiella pneumonia. J Immunol. (1995) 155:722–9.

 8. Sun L, Guo RF, Newstead MW, Standiford TJ, Macariola DR, Shanley TP. Effect of IL-10 on neutrophil recruitment and survival after Pseudomonas aeruginosa challenge. Am J Respir Cell Mol Biol. (2009) 41:76–84. doi: 10.1165/rcmb.2008-0202OC

 9. Wolfe DN, Karanikas AT, Hester SE, Kennett MJ, Harvill ET. IL-10 induction by Bordetella parapertussis limits a protective IFN-gamma response. J Immunol. (2010) 184:1392–400. doi: 10.4049/jimmunol.0803045

 10. Jeong ES, Won YS, Kim HC, Cho MH, Choi YK. Role of IL-10 deficiency in pneumonia induced by Corynebacterium kutscheri in mice. J Microbiol Biotechnol. (2009) 19:424–30. doi: 10.4014/jmb.0807.436

 11. Peñaloza HF, Nieto PA, Muñoz-Durango N, Salazar-Echegarai FJ, Torres J, Parga MJ, et al. Interleukin-10 plays a key role in the modulation of neutrophils recruitment and lung inflammation during infection by Streptococcus pneumoniae. Immunology. (2015) 146:100–12. doi: 10.1111/imm.12486

 12. Poe SL, Arora M, Oriss TB, Yarlagadda M, Isse K, Khare A, et al. STAT1-regulated lung MDSC-like cells produce IL-10 and efferocytose apoptotic neutrophils with relevance in resolution of bacterial pneumonia. Mucosal Immunol. (2013) 6:189–99. doi: 10.1038/mi.2012.62

 13. Mittal R, Gonzalez-Gomez I, Panigrahy A, Goth K, Bonnet R, Prasadarao NV. IL-10 administration reduces PGE-2 levels and promotes CR3-mediated clearance of Escherichia coli K1 by phagocytes in meningitis. J Exp Med. (2010) 207:1307–19. doi: 10.1084/jem.20092265

 14. Noto MJ, Becker KW, Boyd KL, Schmidt AM, Skaar EP. RAGE-mediated suppression of interleukin-10 results in enhanced mortality in a murine model of Acinetobacter baumannii sepsis. Infect Immun. (2017) 85:e00954–16. doi: 10.1128/IAI.00954-16

 15. Celada A, Gray PW, Rinderknecht E, Schreiber RD. Evidence for a gamma-interferon receptor that regulates macrophage tumoricidal activity. J Exp Med. (1984) 160:55–74. doi: 10.1084/jem.160.1.55

 16. Arredouani MS, Palecanda A, Koziel H, Huang YC, Imrich A, Sulahian TH, et al. MARCO is the major binding receptor for unopsonized particles and bacteria on human alveolar macrophages. J Immunol. (2005) 175:6058–64. doi: 10.4049/jimmunol.175.9.6058

 17. Park SR, Kim DJ, Han SH, Kang MJ, Lee JY, Jeong YJ, et al. Diverse Toll-like receptors mediate cytokine production by Fusobacterium nucleatum and aggregatibacter actinomycetemcomitans in macrophages. Infect Immun. (2014) 82:1914–20. doi: 10.1128/IAI.01226-13

 18. Subashchandrabose S, Smith SN, Spurbeck RR, Kole MM, Mobley HL. Genome-wide detection of fitness genes in uropathogenic Escherichia coli during systemic infection. PLoS Pathog. (2013) 9:e1003788. doi: 10.1371/journal.ppat.1003788

 19. Park-Min KH, Antoniv TT, Ivashkiv LB. Regulation of macrophage phenotype by long-term exposure to IL-10. Immunobiology. (2005) 210:77–86. doi: 10.1016/j.imbio.2005.05.002

 20. Lurier EB, Dalton D, Dampier W, Raman P, Nassiri S, Ferraro NM, et al. Transcriptome analysis of IL-10-stimulated (M2c) macrophages by next-generation sequencing. Immunobiology. (2017) 222:847–6. doi: 10.1016/j.imbio.2017.02.006

 21. Dorrington MG, Roche AM, Chauvin SE, Tu Z, Mossman KL, Weiser JN, et al. MARCO is required for TLR2- and Nod2-mediated responses to Streptococcus pneumoniae and clearance of pneumococcal colonization in the murine nasopharynx. J Immunol. (2013) 190:250–8. doi: 10.4049/jimmunol.1202113

 22. Mukouhara T, Arimoto T, Cho K, Yamamoto M, Igarashi T. Surface lipoprotein PpiA of streptococcus mutans suppresses scavenger receptor MARCO-dependent phagocytosis by macrophages. Infect Immun. (2011) 79:4933–40. doi: 10.1128/IAI.05693-11

 23. van der Laan LJ, Döpp EA, Haworth R, Pikkarainen T, Kangas M, Elomaa O, et al. Regulation and functional involvement of macrophage scavenger receptor MARCO in clearance of bacteria in vivo. J Immunol. (1999) 162:939–47.

 24. Sabat R, Grütz G, Warszawska K, Kirsch S, Witte E, Wolk K, et al. Biology of interleukin-10. Cytokine Growth Factor Rev. (2010) 21:331–44. doi: 10.1016/j.cytogfr.2010.09.002

 25. Shi J, Li J, Guan H, Cai W, Bai X, Fang X, et al. Anti-fibrotic actions of interleukin-10 against hypertrophic scarring by activation of PI3K/AKT and STAT3 signaling pathways in scar-forming fibroblasts. PLoS ONE. (2014) 9:e98228. doi: 10.1371/journal.pone.0098228

 26. Qiu H, KuoLee R, Harris G, Van Rooijen N, Patel GB, Chen W. Role of macrophages in early host resistance to respiratory Acinetobacter baumannii infection. PLoS ONE. (2012) 7:e40019. doi: 10.1371/journal.pone.0040019

 27. van Faassen H, KuoLee R, Harris G, Zhao X, Conlan JW, Chen W. Neutrophils play an important role in host resistance to respiratory infection with Acinetobacter baumannii in mice. Infect Immun. (2007) 75:5597–608. doi: 10.1128/IAI.00762-07

 28. Hamilton RF Jr, Thakur SA, Mayfair JK, Holian A. MARCO mediates silica uptake and toxicity in alveolar macrophages from C57BL/6 mice. J Biol Chem. (2006) 281:34218–26. doi: 10.1074/jbc.M605229200

 29. Dahl M, Bauer AK, Arredouani M, Soininen R, Tryggvason K, Kleeberger SR, et al. Protection against inhaled oxidants through scavenging of oxidized lipids by macrophage receptors MARCO and SR-AI/II. J Clin Invest. (2007) 117:757–64. doi: 10.1172/JCI29968

 30. Li W, Katz BP, Spinola SM. Haemophilus ducreyi-induced interleukin-10 promotes a mixed M1 and M2 activation program in human macrophages. Infect Immun. (2012) 80:4426–34. doi: 10.1128/IAI.00912-12

 31. Park HJ, Lee SJ, Kim SH, Han J, Bae J, Kim SJ, et al. IL-10 inhibits the starvation induced autophagy in macrophages via class I phosphatidylinositol 3-kinase (PI3K) pathway. Mol Immunol. (2011) 48:720–7. doi: 10.1016/j.molimm.2010.10.020

 32. Hu D, Wan L, Chen M, Caudle Y, LeSage G, Li Q, et al. Essential role of IL-10/STAT3 in chronic stress-induced immune suppression. Brain Behav Immun. (2014) 36:118–27. doi: 10.1016/j.bbi.2013.10.016

 33. Benkhart EM, Siedlar M, Wedel A, Werner T, Ziegler-Heitbrock HW. Role of Stat3 in lipopolysaccharide-induced IL-10 gene expression. J Immunol. (2000) 165:1612–7. doi: 10.4049/jimmunol.165.3.1612

 34. Carl VS, Gautam JK, Comeau LD, Smith MF. Role of endogenous IL-10 in LPS-induced STAT3 activation and IL-1 receptor antagonist gene expression. J Leukoc Biol. (2004) 76:735–42. doi: 10.1189/jlb.1003526

 35. Wu M, Gibbons JG, DeLoid GM, Bedugnis AS, Thimmulappa RK, Biswal S, et al. Immunomodulators targeting MARCO expression improve resistance to postinfluenza bacterial pneumonia. Am J Physiol Lung Cell Mol Physiol. (2017) 313:L138–53. doi: 10.1152/ajplung.00075.2017

 36. de Breij A, Eveillard M, Dijkshoorn L, van den Broek PJ, Nibbering PH, Joly-Guillou ML. Differences in Acinetobacter baumannii strains and host innate immune response determine morbidity and mortality in experimental pneumonia. PLoS ONE. (2012) 7:e30673. doi: 10.1371/journal.pone.0030673

Conflict of Interest: 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 © 2020 Kang, Jang, Park, Ahn, Lee, Kim, Lee, Hwang, Jeong and Park. 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-11-00270-g005.gif
o WT L0

° WT L0

TS 6020106 Tensh inim T3 € 5 % 03 € 5 2 am

I

Bactera kg ()
3 5






OPS/images/fimmu-11-00270-g006.gif
e [ ER B =

!

e





OPS/images/fimmu-11-00270-g003.gif
<
90,

o o o o o
o5 10 T pes Lo ° Pos dL10 O PES aLt0 U PSS L0 U PBS L0





OPS/images/fimmu-11-00270-g004.gif
28

38

Boctwiakiing () @

e





OPS/images/fimmu-11-00270-t001.jpg
ng/mi

IL-6
TNF-a
IL-1p
CXCL1
CXcL2
cCL2

wWT

52+08
22+09
112+ 36
205 £3.9
141 £19
42+07

Lung homogenates

1 day
IL-107/=

159 + 1.8
6.5+ 1.6
17.1 24"
41.6 £26™
28,6 + 135
51+06

< 0.01, and ***P < 0.001.

wT

11£07
03+£0.1

78+£29
57+£1.0

3days

302 + 16.8

36+07

107/~

89+ 42"
32+ 1.1"
95+28
21£78
34.7 £ 101
5.1+04"

wT

3108
123+£1.0
09+04
1.3 £0.01
03£0.1
0.1+£0.03

BAL fluids

6h

IL-10-/~

2817
106 £ 1.1
07 +03
1.3 £ 0.02
123 £ 1.8
0.07 + 0.02*

13+£08
23+08
1.0£0.1
08+0.1
14£07
0.2+0.03

1 day

IL-10-/=

32+04"
76+34"
11£06
12£0.1"
80+£38"
0.1 £0.02*





OPS/xhtml/Nav.xhtml




Contents





		Cover



		IL-10 Protects Mice From the Lung Infection of Acinetobacter baumannii and Contributes to Bacterial Clearance by Regulating STAT3-Mediated MARCO Expression in Macrophages



		Introduction



		Materials and Methods



		Mice



		Reagents and Antibodies



		Bacterial Preparation



		In vivo Experiments



		Cell Culture and Bacterial Infection



		Bacterial Counts in BAL Fluid and Lungs



		Cell Counts in BAL Fluid



		Histopathologic Examination



		Lung Myeloperoxidase (MPO) Assay



		Measurement of Cytokines and Chemokines



		Phagocytic Activity and Bacterial Killing Ability of Macrophages



		Quantitative Real-Time PCR



		Immunoblotting



		Statistical Analysis







		Results



		IL-10 Protects Mice From Lethality by Lung Infection With A. baumannii and Promotes Bacterial Clearance



		IL-10 Reduces the Lung Pathology and Production of Proinflammatory Cytokines in A. baumannii-Infected Mice



		Intranasal Administration of Recombinant IL-10 Rescues IL-10-Deficient Mice Against A. baumannii Infection



		IL-10 Promotes Phagocytosis and Bacterial Killing Ability of Macrophages in Response to A. baumannii by Regulating the Expression of a Scavenger Receptor MARCO



		IL-10 Deficiency Leads to Impaired Phosphorylation of STAT3 in Macrophages in Response to A. baumannii, Which Contributes to Phagocytosis and Bacterial Killing by Regulating MARCO Expression



		Intranasal Adoptive Transfer of WT Macrophages Improves Survival of IL-10-Deficient Mice Infected With A. baumannii







		Discussion



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

IL-10 Protects Mice From the Lung
Infection of Acinetobacter
baumannii and Contributes to
Bacterial Clearance by Regulating
STAT3-Mediated MARCO Expression
in Macrophages





OPS/images/fimmu-11-00270-g001.gif





OPS/images/fimmu-11-00270-g002.gif
Cont 14 3q










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





