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            Abstract
The tissue-resident macrophages of barrier organs constitute the first line of defence against pathogens at the systemic interface with the ambient environment. In the lung, resident alveolar macrophages (AMs) provide a sentinel function against inhaled pathogens1. Bacterial constituents ligate Toll-like receptors (TLRs) on AMs2, causing AMs to secrete proinflammatory cytokines3 that activate alveolar epithelial receptors4, leading to recruitment of neutrophils that engulf pathogens5,6. Because the AM-induced response could itself cause tissue injury, it is unclear how AMs modulate the response to prevent injury. Here, using real-time alveolar imaging in situ, we show that a subset of AMs attached to the alveolar wall form connexin 43 (Cx43)-containing gap junction channels with the epithelium. During lipopolysaccharide-induced inflammation, the AMs remained sessile and attached to the alveoli, and they established intercommunication through synchronized Ca2+ waves, using the epithelium as the conducting pathway. The intercommunication was immunosuppressive, involving Ca2+-dependent activation of Akt, because AM-specific knockout of Cx43 enhanced alveolar neutrophil recruitment and secretion of proinflammatory cytokines in the bronchoalveolar lavage. A picture emerges of a novel immunomodulatory process in which a subset of alveolus-attached AMs intercommunicates immunosuppressive signals to reduce endotoxin-induced lung inflammation.
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                    Figure 1: Live confocal microscopy of AMs in situ.[image: ]


Figure 2: Communicating Ca2+ spikes in AMs.[image: ]


Figure 3: AM MyD88 in inflammatory signalling.[image: ]


Figure 4: AMâ€“epithelial signalling.[image: ]
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Extended data figures and tables

Extended Data Figure 1 AM function and distribution
a, Fluorescence-activated cell sorting (FACS) plots and group data for antigen-presentation assays on AMs from BAL samples. First box shows gating scheme for CD11chighâ€‰MHC-IIlow AMs (black box). n = 3; âˆ’, negative control; +, positive control. *Pâ€‰<â€‰0.05 versus negative control. b, Quantifications of AMs and alveoli (Alv). *Pâ€‰<â€‰0.05 versus left bar; n = 20 imaging fields. c, Images and quantifications of AM numbers before (top) and after (bottom) indicated treatments (n = 4). Arrowheads indicate AMs. 4â€‰h, 4â€‰h imaging; BAL, 3Ã— 1â€‰ml BAL; Bu, 20â€‰min injection of buffer containing calcein; SA, S. aureus injection. Scale bar, 30â€‰Î¼m. *Pâ€‰<â€‰0.05 versus before. d, Gating scheme for sorting of CD11chighâ€‰MHC-IIlow AMs (black box) from lung tissue samples. Bars are meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Figure 2 Cx43 knockout in AMs.
a, Images show CD11c (green) and Cx43 (red) immunofluorescence and nuclei (blue) in lung-tissue-adherent AMs of wild-type (top) and CD11câ€‰Cx43âˆ’/âˆ’ (Cxâˆ’/âˆ’; middle) mice. Bottom image is IgG control for Cx43 antibody. Bars quantify Cx43 expression. Ctl, control. Scale bar, 5â€‰Î¼m. *Pâ€‰<â€‰0.05 versus control; n = 4. b, Sequential images show progressive colocalization (yellow) of AMs (arrowheads) and S. aureus (green). Scale bar, 15â€‰Î¼m. Replicated three times. c, Bars quantify AM numbers 1â€‰h after bacterial challenge. n = 4 for wild type, n = 3 for CD11câ€‰Cx43âˆ’/âˆ’. Bars are meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Figure 3 Spatiotemporal uptake of fluorescent LPS in AMs and lung dendritic cells.
a, Gating scheme for sorting of CD11chighâ€‰MHC-IIlow AMs and CD11chighâ€‰MHC-IIlhigh dendritic cells (DCs; black boxes) from BAL (top) and lung tissue (bottom) samples. b, Representative FACS plots for fluorescent LPS uptake (green box) in AMs (black line) and dendritic cells (red line) recovered from BAL (left) and lung tissue samples after BAL (right). c, Group data quantify percentages of dendritic cells and AMs among CD11c-expressing cells in BAL (B) and lung tissue after BAL (T). d, Quantification of LPS uptake in cells of AM and dendritic-cell populations shown in c. n = 4 for tissue, n = 5 for BAL samples. Bars are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05.

                          Source data
                        


Extended Data Figure 4 AM distribution and intercommunication of Ca2+ spikes.
a, Images and sketch show the alveolar trajectory (dashed line) of a Ca2+ spike that originates in one AM (left arrowhead) and passes through alveolar type II cells (arrows) to another AM (right arrowhead). Scale bar, 20â€‰Âµm. b, c, Bars quantify fluo-4 fluorescence in baseline (b) and 24â€‰h LPS-treated (c) lungs at the beginning (0) and after 20â€‰min of imaging (20) (n = 4). d, Quantification of AM Ca2+ spikes 4â€‰h after LPS in control (Ctl, n = 4) and leukocyte-depleted (Leu, n = 3) lungs. e, Bar diagram shows AMs per imaging field in untreated lungs (Ctl) and at different time points after LPS. Ctl, n = 8; 1â€‰h, n = 6; 4â€‰h, n = 4; 24â€‰h, n = 11. f, Bars quantify Cx43 expression. Myâˆ’/âˆ’, CD11câ€‰Myd88âˆ’/âˆ’. Bars are meanâ€‰Â±â€‰s.e.m. n = 4.

                          Source data
                        


Extended Data Figure 5 Cellular responses to E. coli.
a, Bars quantify BAL leukocytes 24â€‰h after E. coli instillation in littermate control (Ctl) and CD11câ€‰Cx43âˆ’/âˆ’ (Cxâˆ’/âˆ’) mice. Bars are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05 versus control, n = 8. b, Western blots for phosphorylated (p-Akt) and total Akt in whole lung homogenates (n = 4 lungs).

                          Source data
                        


Extended Data Figure 6 Cytokine secretion in response to Cx43 knockdown in bone-marrow-derived macrophages.
Cells were treated with scrambled or siRNA against Cx43. Differences were significant between LPS and PBS (Pâ€‰<â€‰001), but not within groups (n = 4). Bars are meanâ€‰Â±â€‰s.e.m. ND, not detected.

                          Source data
                        


Extended Data Figure 7 NF-ÎºB immunostaining in the alveolar epithelium and AM distribution in knockout mice.
a, Images show immunofluorescence for NF-ÎºB (green) and alveolar nuclei (red) for CD11câ€‰Cx43âˆ’/âˆ’ mice (Cxâˆ’/âˆ’) and littermate controls (Ctl) (n = 4). Rectangle in merged images depicts magnified nuclei. b, Bars quantify AMs per imaging field in optically viewed lungs 24â€‰h after LPS instillation. Ctl, wild-type mice (n = 11). Cxâˆ’/âˆ’, CD11câ€‰Cx43âˆ’/âˆ’ mice (n = 6); Myâˆ’/âˆ’, CD11câ€‰Myd88âˆ’/âˆ’ mice (n = 6). Scale bar, 10â€‰Î¼m. Bars are meanâ€‰Â±â€‰s.e.m.

                          Source data
                        


Extended Data Figure 8 Ca2+ dependence of Akt phosphorylation and BAL leukocyte counts and p-Akt expression in SPCâ€‰Cx43âˆ’/âˆ’ mice.
a, Western blots show phosphorylated Akt (p-Akt) and total Akt after instillations of LPS or LPS plus BAPTA (100â€‰ÂµM) 4â€‰h before lung isolation (n = 4). b, Bars quantify BAL leukocytes 24â€‰h after LPS instillation in littermate control (Ctl) and SPCâ€‰Cx43âˆ’/âˆ’ (SCxâˆ’/âˆ’) mice. Bars are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05 versus control, n = 4. Gels are representative western blots for phosphorylated Akt, Cx43 and total Akt in whole lung homogenates (n = 4).

                          Source data
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        Editorial Summary
Macrophage-mediated immune suppression
Macrophages are responsible for initiating the immune response to invading pathogens, but because they are usually studied in vitro the mechanisms that generate immune responses in situ in the relevant tissues remain largely unknown. Jahar Bhattacharya and colleagues used real-time optical imaging to observe the behaviour of lung macrophages genetically engineered to express fluorescence in live alveoli of mouse lungs. During lipopolysaccharide-induced inflammation, a model for pathogenic challenge, tissue-resident macrophages initiate the immune response, and concomitantly suppress it, thereby reducing tissue injury, by forming communicating channels with adjoining epithelia. The channels are formed by connexin 43, a gap junction protein that on this evidence is a possible target for new therapeutics for inflammatory lung disease.
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