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In vivo LPS tolerance recruits CD11b+ macrophages to the liver with enhanced bactericidal activity and low TNF-releasing capability, resulting in drastic resistance to lethal septicemia
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Materials and Methods

Collection of blood or tissue samples and the measurement of cytokines, ALT and C-reactive protein (CRP)
Peripheral blood samples were serially obtained by retro-orbital sinus puncture from the mice under isoflurane anesthesia, and the collected plasma was stored at -80°C. A stereomicroscope was used to facilitate blood withdrawal from the hepatic vein at the confluence of each lobular vein. The liver, spleen, lungs and small intestine were removed from the mice after euthanasia with i.p. injection of pentobarbital (50 mg/kg; Abbott Laboratories, Abbott Park, IL) and homogenized in 1 mL PBS to make suspensions. After centrifugation at 400  g for 15 min, supernatants were collected and stored at -80°C. TNF, IFN-γ, IL-1β, IL-6, IL-10, or monocyte chemotactic protein-1 (MCP-1) levels in the plasma, tissue or culture supernatants were measured using cytokine-specific enzyme-linked immunosorbent assay (ELISA) kits (BD Pharmingen, San Diego, CA). Plasma ALT levels were measured using the Fuji Dri-Chem system (Fuji Film, Tokyo, Japan), and plasma CRP levels were measured using a mouse high-sensitivity CRP ELISA kit (Kamiya Biomedical Co., Seattle, WA). Tissue TNF levels are expressed as a relative value to a given protein concentration (per 1 mg tissue protein).

Isolation of mononuclear cells (MNC) of the liver, spleen, and other organs
Separation of mononuclear cells (MNC) was performed as previously described (1-5). In brief, the liver was removed and minced with scissors. After shaking with 10 ml Hank’s balanced salt solution (HBSS) containing 0.05% collagenase (Type IV; Sigma-Aldrich) for 20 min at 37°C, liver specimens were filtered through the mesh, suspended in 33% Percoll solution containing 10 U/mL heparin, and centrifuged for 15 min at 500 × g at room temperature. After red blood cells were lysed, the remaining cells were washed twice. Splenocytes were also filtered through the mesh, treated with a lysing solution, and washed twice. To obtain lung MNC, the lung was removed, minced and shaken with HBSS containing 0.05% collagenase (Type IV; Sigma-Aldrich) and 0.01% trypsin inhibitor (Sigma-Aldrich) for 20 min at 37°C. After filtration through mesh, lung MNC were obtained with Percoll solution as described above. To obtain MNC from the Peyer’s patch, Peyer’s patch was removed from the mouse intestine, filtered through mesh, treated with a lysing solution, and washed twice. Peripheral blood was withdrawn from the abdominal inferior vena cava with heparin, and peripheral blood mononuclear cells (PBMC) were obtained by Ficoll-hypaque density gradient centrifugation. Peritoneal exudate cells (PEC) were harvested by peritoneal lavage. Briefly, after injection with 1.5 mL of PBS into the peritoneal cavity, 0.5 mL of lavage fluid was obtained. After the lysing of the red blood cells, the remaining cells were washed twice.

Determination of the intracellular ATP levels of the liver adherent MNC
To obtain the adherent cells, liver MNCs were suspended at 2.5  106/mL in 10% fetal bovine serum (FBS) Roswell Park Memorial Institute medium (RPMI) 1640 for incubation in collagen-coated plastic plates for 2 h at 37°C in 5% CO2. The culture supernatants including non-adherent cells were then removed by gentle pipetting. Subsequently, the plastic plates were placed on ice, and adherent liver MNC were obtained using a cell scraper (6). The intracellular ATP levels in these cells (1  104 cells) were determined using a commercially available assay kit (TOYO B-Net Co., Tokyo, Japan), according to the manufacturer’s instructions.

Count of viable bacteria in the liver
Twelve hours after bacterial challenge, mice were euthanized using i.p. injection of pentobarbital (50 mg/kg; Abbott Laboratories, Abbott Park, IL) and the livers were removed from the mice to produce a homogenized PBS suspension. The liver suspension was serially diluted with PBS, placed on agar plates, and incubated for 18 h to count viable bacteria as previously described (3, 7).

In situ hybridization of liver TNF mRNA and histological evaluations
Livers were removed from mice and immersed in 20% formalin for 2 days. Thereafter, the specimens were embedded in paraffin. To prepare for in situ hybridization, tissue sections were placed on platinum-coated slides (Matsunami, Osaka, Japan). Sections were deparaffinized, hydrolyzed in 0.2 N HCl for 20 min, treated with proteinase K (1 μg/mL in PBS; Merck, Darmstadt, Germany) for 10 min at 37°C, fixed with 4% paraformaldehyde in PBS for 5 min, and washed with 0.2% glycine for 10 min. The sections were then immersed in triethanolamine for 10 min, washed in absolute ethanol, and dried. Hybridization was performed using 20 pmol per slide of 5′-end biotin-labeled TNF oligonucleotide probes (sense probe: 5′-CCAGAAAAGACACCATGAGGAC-3′; antisense probe: 5′-ACAGATGACTTGAAGCCCCACT-3′) (Nihon Gene Research Laboratories, Miyagi, Japan). The sense probe was used as a negative control. To confirm the presence of intact RNA, replicate slides from each sample used for the TNF expression were also evaluated for the expression of housekeeping genes using biotinylated RNA-positive control oligonucleotides as described previously (13). Hybridization was performed overnight at 37°C. The sections were washed sequentially as follows: twice with 2× saline-sodium citrate (SSC) at 37°C for 5 min, once with 2× SSC at room temperature for 10 min, and once with 0.2× SSC at room temperature for 10 min. Signal amplification was performed using the ABC Kit (DAKO, Carpinteria, CA). The TNF expression was detected using 5-bromo-4-chloro-3-indolyl phosphate (Sigma-Aldrich, St. Louis, MO).

Flow cytometric analysis
After incubation with Fc-blocker (2.4 G2; BD Pharmingen), liver MNC were stained with FITC-conjugated anti-F4/80 Ab (eBioscience, San Diego, CA), PE-conjugated anti-CD68 Ab (FA-11, AbD Serotec, Oxford, UK), and PE-Cy5-conjugated anti-CD11b Ab (M1/70, eBioscience). Liver MNC were also stained with FITC-conjugated anti-CD11b Ab (eBioscience) or CD68 Ab (AbD Serotec), PE-conjugated anti-CD69 Ab (R&D Systems Inc., Abingdon, UK), anti-CCR-2 Ab (R&D), anti-FcγRI (CD64) (eBioscience), anti-CLEC4F Ab (R&D Systems Inc.), anti-TRL4 (eBioscience), TNFR I (eBioscience), TNFR II Ab (eBioscience), or respective isotype Abs and PE-Cy5-conjugated anti-F4/80 Ab (eBioscience). A three-color flow cytometric analysis was performed using an FC500 flow cytometer (Beckman Coulter, Miami, FL).

In vivo phagocytosis of microspheres or FITC-labeled E. coli
As described previously (3), LPS-primed/control mice were i.v. challenged with 20 μL FITC-microspheres. Twenty min later, liver MNC were obtained from the mice. After incubation with Fc-blocker, cells were stained with PE-Cy5-conjugated anti-F4/80 Ab. Phagocytosis of FITC-microspheres was analyzed using a flow cytometer. Mice were also i.v. challenged with a lethal dose of E. coli (1  109 CFU in total) containing 2.5  108 CFU of FITC-labeled E. coli as a tracer. Twenty min later, liver MNC were similarly obtained from the mice for staining with anti-F4/80 Ab. Phagocytosis of FITC-labeled E. coli by MNC was analyzed using a flow cytometer. Potent phagocytosis indicated in the figures is defined as cells showing > 101 FL1 intensity (FITC).

The simultaneous analysis of TNF production and E. coli phagocytic activity of liver F4/80+ cells
LPS-primed/control mice were i.v. challenged with a sublethal dose of E. coli (7.5  108 CFU) containing 1  107 CFU of FITC-labeled E. coli as a tracer. Twenty min later, liver MNC (2.5  106 cells/mL) were obtained from the mice and incubated with BD GolgiStop (0.7 g/mL, BD Pharmingen) for 2 h at 37°C in 5% CO2. Thereafter, cells were stained with PE-conjugated anti-TNF Ab (eBioscience), or isotype Ab, and PE-Cy5-conjugated anti-CD11b Ab (eBioscience) or PerCP/Cy5.5-conjugated anti-CD68 Ab (FA-11, BioLegend, San Diego, CA), and PE-Cy7-conjugated anti-F4/80 Ab (eBioscience) using a PerFix-nc Kit (no centrifuge assay kit, Beckman Coulter). Thereafter, a four-color flow cytometric analysis was performed using a FC500 flow cytometer.

Digestion of pHrodo-conjugated E. coli in liver F4/80+ cells and annexin V staining
Liver MNC (5  105 cells/200 L) were incubated with 20 L of pHrodo-conjugated E. coli for 30 min at 37°C or 4°C (as a negative control) and 5% CO2. After incubation with Fc-blocker, cells were stained with FITC-conjugated CD11b Ab (eBioscience) or CD68 Ab (AbD Serotec) and PE-Cy5-conjugated F4/80 Ab to examine the acidification of phagolysosomes following the ingestion of E. coli. To examine the annexin V staining, liver MNC were similarly incubated with pHrodo-conjugated E. coli for 30 min. Before annexin V staining, the cells were incubated with Fc-blocker and stained with PE-Cy5-conjugated CD11b or PerCP/Cy5.5-conjugated anti-CD68 Ab, as well as Cy7-conjugated anti-F4/80 Ab. After washing, the cells were then stained with FITC-labeled annexin V (Annexin V-FITC system, Beckman Coulter) according to the manufacturer’s protocol.

The adoptive transfer of the CD11b+ adherent liver MNC from LPS-primed mice to control mice
Liver MNC were obtained from LPS-primed or non-primed control mice and incubated in collagen-coated plastic plates for 2 h at 37°C in 5% CO2 to harvest the liver adherent MNC. As described previously (1), the cells were incubated with an Fc-blocker and then stained with PE-conjugated anti-CD11b Ab and magnetically labeled with anti-PE MicroBeads (Miltenyi Biotec). The CD11b+ cells were sorted using a MACS system (Miltenyi Biotec); the purity of magnetic separation was more than 90%. Thereafter, these sorted cells, CD11b+ adherent liver MNC, were i.v. injected into the recipient normal mice (1  106 cells in 0.2 mL of PBS) followed by an E. coli (1  109 CFU) challenge. LPS-primed mice and non-primed control mice that did not receive the cell-transfer treatment were similarly i.v. challenged with E. coli. 

Western blotting analysis of TLR4
TLR4 protein expression in liver MNC was also confirmed by Western blotting as previously described (8). An immunoblot analysis was performed by probing with antibodies to TLR4 (sc-16240) and β-tubulin (sc-9104; Santa Cruz Biotechnology, Santa Cruz, CA).

Results

Expression of TLR4 and TNF receptors on the liver F4/80+ cells in LPS-primed mice
LPS priming dramatically downregulated the expression of TLR4 on both CD11b+ and CD68+ subsets in the liver F4/80+ cells (Suppl. Fig. 4A). Additionally, a decrease in the TLR4 protein level was confirmed by a Western blot analysis (Suppl. Fig. 4B). Similarly, the expression of TNF receptor I was downregulated in both CD11b+ and CD68+ subsets in the liver F4/80+ cells from LPS-primed mice (Suppl. Fig. 4C). Also, CD68+ subset from LPS-primed mice showed a remarkable reduction in the expression of TNF receptor II, although the suppression remained at an equivocal level in CD11b+ subset (Suppl. Fig. 4D). These results suggest that inflammatory processes via the LPS-TLR4 axis or TNF-TNF receptor I/II axes were effectively suppressed in LPS-tolerant mice.

Plasma MCP-1, TNF and CRP levels in response to priming injection with LPS
Although LPS priming increased plasma levels of MCP-1 in mice, they peaked 3 h after LPS priming and were reduced with increasing numbers of LPS priming (Suppl. Fig. 2A). In line with this result, LPS-primed mice had suppressed elevations in plasma MCP-1 levels after the E. coli challenge (13 ± 0.6 vs. 17 ± 0.1 ng/mL at 3 h, p < 0.01). Although a single LPS priming in mice slightly (but significantly) increased plasma TNF levels at 1 h, 2 or 3 LPS priming did not increase the amount of plasma TNF (Suppl. Fig. 2B). Similarly, a single LPS priming in mice also slightly increased plasma CRP levels at 12 h, but 2 or 3 LPS priming did not increase (Suppl. Fig. 2C). However, LPS-primed mice did show higher CRP levels relative to control mice 12 h after the E. coli challenge (Suppl. Fig. 2D), suggesting that LPS priming enhanced reactivity of CPR production to lethal bacterial challenge.
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