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The histopathology of bronchopulmonary dysplasia (BPD) includes hypoalveolarization and interstitial thickening due to abnormal myofibroblast accumulation. Chorioamnionitis and sepsis are major risk factors for BPD development. The cellular mechanisms leading to these lung structural abnormalities are poorly understood. We used an animal model with repeated lipopolysaccharide (LPS) administration into the airways of immature mice to simulate prolonged airway exposure to gram-negative bacteria, focusing on the role of C-C chemokine receptor type 2-positive (CCR2+) exudative macrophages (ExMf). Repetitive LPS exposure of immature mice induced persistent hypoalveolarization observed at 4 and 18 days after the last LPS administration. LPS upregulated the expression of lung pro-inflammatory cytokines (TNF-α, IL-17a, IL-6, IL-1β) and chemokines (CCL2, CCL7, CXCL1, and CXCL2), while the expression of genes involved in lung alveolar and mesenchymal cell development (PDGFR-α, FGF7, FGF10, and SPRY1) was decreased. LPS induced recruitment of ExMf, including CCR2+ ExMf, as well as other myeloid cells like DCs and neutrophils. Lungs of LPS-exposed CCR2−/− mice showed preserved alveolar structure and normal patterns of α-actin and PDGFRα expression at the tips of the secondary alveolar crests. Compared to wild type mice, a significantly lower number of ExMf, including TNF-α+ ExMf were recruited to the lungs of CCR2−/− mice following repetitive LPS exposure. Further, pharmacological inhibition of TLR4 with TAK-242 also blocked the effect of LPS on alveolarization, α-SMA and PDGFRα expression. TNF-α and IL-17a induced α-smooth muscle actin expression in the distal airspaces of E16 fetal mouse lung explants. In human preterm lung mesenchymal stromal cells, TNF-α reduced mRNA and protein expression of PDGFR-α and decreased mRNA expression of WNT2, FOXF2, and SPRY1. Collectively, our findings demonstrate that in immature mice repetitive LPS exposure, through TLR4 signaling increases lung inflammation and impairs lung alveolar growth in a CCR2-dependent manner.
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Introduction

Bronchopulmonary dysplasia (BPD) is the most common chronic pulmonary complication of preterm birth, with over 12,000 new cases annually in the US (1). Infants with BPD have higher complication rates, longer initial hospitalizations (2), and often develop chronic respiratory symptoms and abnormal lung function with airflow obstruction lasting into adulthood (3). Despite its impact on chronic respiratory disease, few measures to prevent BPD exist and treatment is supportive rather than curative.

The histopathology of BPD includes hypoalveolarization and interstitial thickening due to abnormal myofibroblast accumulation (4). The mechanisms leading to these lung structural abnormalities are poorly understood. Infection and inflammation have been postulated to play a role in impaired alveolar growth in BPD [reviewed in (5, 6)]. There is ample evidence that chorioamnionitis and sepsis are major risk factors for BPD development (7–9). In severe chorioamnionitis, amniotic fluid pro-inflammatory cytokine levels correlate with BPD severity (10, 11). Furthermore, postnatal airway gram-negative bacterial dominance is associated with BPD development (12–14). In premature infants undergoing prolonged (more than 2 weeks) mechanical ventilation, neonatal airway colonization with gram negative, but not gram positive bacteria is associated with development of severe BPD and prolonged use of supplemental oxygen (15, 16). During the first days of life, an influx of polymorphonuclear leukocytes and macrophages is observed in tracheal aspirates of mechanically ventilated premature infants who later develop BPD (17, 18). Monocytes from tracheal aspirates of premature infants with evolving BPD display a pro-inflammatory phenotype and increased expression of IL-1 cytokines (19). Activated alveolar macrophages producing oxidants are present in the airways of infants with established BPD (20). Tracheal aspirate levels of pro-inflammatory cytokines such as IL-6, IL-1β, TNF-α, and chemokines CCL2, CCL7, CCL8, and IL-8 (CXCL8) are higher in premature infants with respiratory distress syndrome who develop BPD (21–26). Similar findings are present in animal models of BPD (27–29).

Bacterial endotoxin lipopolysaccharide (LPS) is a membrane component of Gram-negative bacterial wall that binds to Toll-like receptor 4 (TLR4), as well as CD14, the macrophage scavenger receptor, the β2 integrins (CD11a/CD18, CD11b/CD18, and CD11c/CD18) and caspase 11 (30–32). LPS is capable of inducing a strong pro-inflammatory immune response, including increased CCL2 expression (33). CCL2 is a high-affinity ligand for CC chemokine receptor 2 (CCR2). CCR2 mediates recruitment and accumulation of monocytes, dendritic cells and exudative macrophages in response to various infectious stimuli (34–36). CCR2 signaling is required for lung pro-fibrotic responses in mice (37–39) and partially mediates hyperoxia-induced hypoalveolarization in immature mice (40). Recent studies implicate a role for repetitive LPS exposure in pulmonary hypoalveolarization and inflammation, including increased CCL2 expression (13, 41–43). However, the role of innate immune cells recruited in response to increased CCL2 expression and their pro-inflammatory signals has not been investigated. In this study, we tested the hypothesis that in immature mice repetitive LPS exposure, through TLR4 signaling increases lung inflammation and impairs lung alveolar growth in a CCR2-dependent manner.



Materials and Methods


Ethics Statement

The animal study was performed in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals recommendations. The protocol was approved by the University of Michigan Committee on Use and Care of Animals.



Animal Model

Neonatal C57BL/6J and CCR2−/− (B6.129S4-Ccr2tm1Ifc/J) mice from Jackson Laboratories (Bar Harbor, ME) were inoculated with 3 µg/10 µl of LPS from E. coli O26:B6 (Sigma-Aldrich, St. Louis, MO), or endotoxin-free PBS (Sigma-Aldrich), intranasally on days of life 3, 5, 7, and 10. Selected mice were injected intraperitoneally with 10 mg/kg of the TLR4 inhibitor TAK-242 (MilliporeSigma, Burlington, MA) or dimethyl sulfoxide control (Sigma-Aldrich) dissolved in 40 µl of endotoxin-free PBS per mouse.



Quantitative Real-Time PCR

Whole lung tissues were harvested in TRIzol (Zymo Research, Irvine, CA) and homogenized on ice. RNA extraction was performed according to Direct-zol™ RNA MiniPrep (Zymo Research, Irvine, CA) manufacturer instructions. Complementary DNA was synthesized following the TaqMan Reverse Transcription Reagents protocol (Life Technologies, Carlsbad, CA). The expression levels of genes of interest were quantified with SYBR Green technology. The specific primer sequences are available upon request. Relative gene expression was analyzed with the 2−ΔCT algorithm by normalizing the level of gene expression for each sample to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and beta-actin (β-actin) as indicated.



Measurement of Lung Cytokines

Protein levels of TNF-α, IL-6, and IL-17a in whole lung homogenate supernatants were measured by enzyme-linked immunosorbent assay (ELISA). Tracheal aspirate protein levels of TNF-α were measured by multiplex assay (Bio-Rad, Hercules, CA).



Flow Cytometry Analysis

Lungs were perfused with PBS containing EDTA (0.5 mM), minced, and digested with Liberase TM (100 µg/ml; Roche, Indianapolis, IN), together with collagenase XI (250 µg/ml), hyaluronidase 1a (1 mg/ml), and DNase I (200 µg/ml; Sigma, St. Louis, MO) for 1 h at room temperature (44). Dead cells were stained with Pac-Orange Live/Dead fixable, dead staining dye (Invitrogen). Cells were filtered through a 70 µm strainer, treated with RBC lysis buffer (BD Biosciences, Franklin Lakes NJ), and kept on ice in media containing 10% serum. Lung cells were then stained with fluorescently labeled antibodies against various leukocyte surface markers (CD45, CD11b, CD11c, F4/80, and CCR2). Appropriate isotype-matched controls and Fluorescence Minus One (FMO) controls were used in all experiments. Antibodies were purchased from EBiosciences (San Diego, CA) or Biolegend (San Diego, CA). Cells were fixed and analyzed on a Fortessa (Becton-Dickinson, San Jose, CA) or FACSAria II (BD Biosciences) flow cytometer. Results were analyzed using FlowJo software (Tree Star, Ashland, OR).



Histology, Morphometry and Immunofluorescence Microscopy

Lungs were perfused with 5 mM EDTA, inflated to 30 cmH2O pressure with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO), and paraffin embedded. Total lung volume was determined by Scherle’s method based on the total water displacement (45, 46). Five μm-thick paraffin sections were stained with Hematoxylin and eosin (H&E) or fluorescently labeled, monoclonal antibodies specific for PDGFR-α (Cell Signaling, Danvers, MA) or α-smooth muscle actin (Sigma-Aldrich). Images were acquired using Olympus IX71 microscope (Tokyo, Japan). To assess alveolarization, alveolar chord length was determined as described (47). In summary, alveolar chord length was calculated as the mean length of line segments on random test lines spanning the airspace between intersections of the line with the alveolar surface was calculated. Four random images from two sections for each animal were photographed at ×200.



Human Tracheal Aspirate Collection and MSC Isolation

The human study was approved by the University of Michigan Medical School Institutional Review Board. Written informed consent was obtained from both parents. All methods involving human participants were performed in accordance with the relevant guidelines and regulations. Tracheal aspirates from premature infants (≤32 weeks gestation), requiring mechanical ventilation for respiratory distress syndrome in the first 7 days of life, were collected during routine suctioning. Primary preterm lung MSCs were isolated from the tracheal aspirates as previously described (48). Supernatants were assayed by multiplex assay (Millipore) for CCL2 and TNF-α.



Human Tracheal Aspirate MSC Cell Culture and RNA Isolation

Preterm lung MSCs were maintained in 10% MSC fetal bovine serum, 1% penicillin–streptomycin, 1% L-glutamine, and 0.5% amphotericin B in a 100-mm plate, at 37°C and 5% CO2, until 80–90% confluent. Cells were then treated with recombinant human TNF-α (5 ng/ml). The cells were serum starved for 4 h prior to harvest to minimize differences in cell cycle related gene expression. Total RNA was extracted using RNeasy Plus Mini kit (Qiagen, Valencia, CA). Gene expression was analyzed by RT-qPCR or immunoblotting.



Immunoblotting

Lysates were resolved by SDS-PAGE and transferred to a nitrocellulose membrane. Membranes were blocked in 5% milk for 1 h at room temperature and probed with antibodies against PDGFR-α (Cell Signaling, Danvers, MA).



Lung Explant Culture

Embryonic day 16 fetal mouse lungs were minced into 0.5–1.0 mm3 pieces. Explants were placed onto polyethylene hanging insert filters (0.4 μm, EMD Millipore Corp, Billerica, MA) in 12-well plates and were cultured in the presence or absence of recombinant mouse TNF-α (50 ng/ml) and IL-17a (100 ng/ml), both from Peprotech, (Rocky Hill, NJ), for 72 h. Total RNA was extracted using RNeasy Plus Micro kit (Qiagen, Valencia, CA). Gene expression was analyzed by RT-qPCR. Selected explants were fixed in 4% paraformaldehyde overnight and stained with fluorescently labeled, monoclonal antibody specific for α-smooth muscle actin (Sigma-Aldrich).



Statistical Analysis

All data were described as mean ± SE or median and interquartile range as appropriate. An unpaired t-test, Mann–Whitney test or one-way ANOVA test were used for comparison. P values were considered statistically significant if they were <0.05.




Results


Chronic Neonatal LPS Exposure Induces Persistent Hypoalveolarization

We examined the effects of chronic airway LPS exposure in early life on lung alveolar development. Immature mice were anesthetized and repeatedly inoculated with LPS or endotoxin-free PBS intranasally on days of life 3, 5, 7, and 10. Subsequently, we examined lung histology on days of life 14 and 28. Comparative examination of random H&E images revealed that following LPS exposure: alveolar chord length was significantly increased both on days of life 14 and 28, indicating long lasting interference with lung alveolar growth (Figure 1). In addition, LPS-exposed lungs showed leukocyte infiltration within the interstitium and alveolar spaces (Figure 1 arrowheads) on day of life 14. Collections of mononuclear cells localized around the bronchovascular bundles or perivascular space, resembling BALT, were observed on day of life 28 (Figure 1 arrows). In addition, on day of life 28, the total lung volume of LPS-treated lungs was significantly higher compared to PBS-treated lungs suggestive of hyperinflation (Figure 1E).




Figure 1 | Chronic airway LPS exposure induces persistent hypoalveolarization in immature mice. Immature C57BL/6J mice were inoculated with 3 µg/10 µl of LPS from E.coli O26:B6 or equal volume endotoxin-free PBS intranasally on days of life 3, 5, 7, and 10. Lung histology was assessed on days of life 14 and 28. Representative lung sections were stained with hematoxylin and eosin. Compared to PBS-exposed mice, LPS-exposed mice demonstrated increased alveolar size indicative of alveolar simplification both on day of life 14 (A) and 28 (C). Hypoalveolarization in LPS-exposed mice was associated with a statistically significant increase in alveolar chord length both on day of life 14 (B) and 28 (D). N = 8–9 per group for day of life 14 and three per group for day of life 28, mean ± SEM, *different from PBS-exposed group, *P < 0.05, unpaired t-test. LPS-exposed lungs also showed leukocyte infiltration within the interstitium and in the alveolar spaces (arrowheads in A) on day of life 14 and collection of mononuclear cells, resembling BALT, in the perivascular space (arrows in C) on day of life 28. (E) On day of life 28, the total lung volume of LPS-treated lungs was significantly higher compared to PBS-treated lungs. *different from PBS-exposed group, *P < 0.01, unpaired t-test.





Chronic Airway LPS Exposure Induces Lung Pro-Inflammatory Cytokine and Chemokine Expression and Downregulates the Expression of Genes Involved in Lung Alveolar and Mesenchymal Cell Development

We examined lung pro-inflammatory cytokine and chemokine expression in response to LPS, both after the first and after the fourth (repetitive) LPS administration. Tnfa, Il17a, Il6, and Il1b mRNA expression was significantly increased on day 1 after the first LPS inoculation (Figure 2A). The pattern of expression was similar on day 1 after repetitive LPS administration. On protein level, TNF-α and IL-6 levels were significantly increased after the first LPS inoculation and tended to be higher after repetitive LPS administration compared to PBS-treated mice (Figure 2B). In addition, mRNA and protein expression of CCL2, a potent monocyte chemoattractant, as well as mRNA expression of other chemokines like CCL7, CXCL1, and CXCL2 were also increased in a similar pattern (Figures 2A, B).




Figure 2 | Repetitive airway LPS exposure induces lung pro-inflammatory cytokine and chemokine expression and downregulates the expression of genes required for lung alveolar and mesenchymal cell development. Immature mice were inoculated with LPS or PBS intranasally on days of life 3, 5, 7, and 10. Whole lung mRNA and protein were measured by quantitative PCR and ELISA after the first and after the last (fourth) LPS inocculation. (A) LPS increased whole lung mRNA expression of Tnfa, Il17a, Il6, Il1b, Ccl2, Ccl7, Cxcl1, and Cxcl2. (B) Effects of LPS on whole lung protein expression of TNF-α, IL-17a, IL-6, and CCL2. (C) LPS decreased whole lung mRNA expression of Pdgfra, Fgf7, Fgf10, and Spry1. (n = 4–5 per group, mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA). The experiment was repeated three times with similar results.



To define the effects of LPS on lung alveolar development, we focused on the expression of Pdgfra, Fgf7, Fgf10, and Spry1, mesenchymal cell genes required for lung alveolar growth and mesenchymal cell function (49–54). We found that both after the first and after repetitive LPS administration, the mRNA expression of Pdgfra, Fgf7, Fgf10, and Spry1 was significantly decreased (Figure 2C), correlating with the impaired alveolar growth at this time point.



Chronic Airway LPS Exposure Promotes Lung Myeloid Cell Infiltration

To define the effects of LPS exposure on lung myeloid cell responses on day 1 after the first and after repetitive LPS administration, we examined lungs by flow cytometry. We differentiated the exudative macrophages (ExMf) from dendritic cells (DCs), alveolar macrophages (AMs), and interstitial macrophages (IMs) based on the established gating strategy using F4/80, CD11c and CD11b expression (27, 55) (Figures 3A, B). There was a significant increase in CD45-positive cells both after the first and after repetitive LPS administration (Figure 3C). The percent CD45-positive cells that expressed CCR2 was significantly higher after repetitive LPS inoculation (Figure 3C). A similar trend was noted after the first LPS inoculation. We focused on exudative macrophages, which migrate to the lungs following LPS inoculation in CCR2-dependent manner (34, 37). Exudative macrophages are increased in a hyperoxia-induced hypoalveolarization model of BPD (27). Comparison of the magnitude of increase in ExMf and CCR2-positive ExMf after the first and after repetitive LPS stimulation demonstrated a significantly greater increase in both after repetitive LPS exposure (Figure 3B). Similarly, repetitive LPS exposure induced an increase in DCs, including CCR2+ DCs, as well as CCR2+ interstitial macrophages (Figure 3C). We noticed that LPS decreased the AM population at both time points (Figure 3C). We identified neutrophils by using a series of gates (CD45+ F4/80− CD11c− CD11b+ SSC mod-high FSC high, Supplementary Figure 1). We observed that both after the first and after repetitive LPS stimulation there is a significant increase in neutrophils in the lungs (Supplementary Figure 1). CCR2-positive neutrophils were significantly increased after repetitive LPS exposure but constituted a significantly smaller proportion of all live cells compared to the CCR2+ ExMf. Together, these data show that in immature mice the lung myeloid cell response to a single dose of LPS is dominated by neutrophils, whereas the response to repetitive LPS stimulation includes ExMf and DCs, in addition to neutrophils. A significantly higher proportion of these cells, especially ExMf, express CCR2.




Figure 3 | CCR2+ exudative macrophages are recruited to neonatal lungs after repetitive airway LPS exposure. Immature mice were inoculated with LPS or PBS intranasally on days of life 3, 5, 7, and 10. Lung digests obtained after the first and after the last (fourth) LPS inocculation were subjected to flow cytometry. (A) Flow gating strategy used to identify viable, CD45+ cell populations of lung macrophages (F4/80+CD11c+), dendritic cells (DCs; F4/80− CD11c+) and interstitial macrophages/monocytes (IMs; F4/80+CD11c−). (B) Lung F4/80+CD11c+ cells were analyzed for expression of CD11b to distinguish alveolar macrophages (AMs; F4/80+CD11c+CD11b−) from exudative macrophages (ExMf; F4/80+CD11c+CD11b+), and for expression of CCR2 to determine the CCR2-expressing AMs and ExMf, defined by the gates based on FMO control. The populations of ExMf and CCR2+ ExMf were significantly increased after repetitive LPS exposure. (C) Comparison of total live, CD45+ cells, IMs, AMs, DCs, as well as CCR2+CD45+, CCR2+IMs, CCR2+ AMs, CCR2+DCs in PBS- and LPS-exposed lungs. N = 3–6 mice per group. NS is non-significant difference, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA.





Role of CCR2 in LPS-Induced Hypoalveolarization and LPS Effects on Interstitial α-Smooth Muscle Actin and PDGFR-α Expression in the Alveolar Tips

To assess the effects of absent CCR2 signaling on chronic LPS-induced hypoalveolarization, we repeatedly inoculated immature wild type and CCR2−/− mice with LPS or endotoxin-free PBS intranasally on days of life 3, 5, 7, and 10. Subsequently, we examined lung histology on day of life 14. As noted above, in wild type mice chronic LPS exposure induced larger and fewer alveolar spaces resulting in increased alveolar chord lengths. In contrast, the alveolar size of LPS-exposed CCR2−/− mice appeared similar to PBS-treated CCR2−/− and wild type mice (Figure 4A). The chord lengths of LPS-exposed CCR2−/− mice were similar to the chord lengths of the PBS-treated mice and significantly smaller than the LPS-exposed wild type mice. Together, these data indicate that CCR2−/− mice are protected from the effects of LPS on alveolarization.




Figure 4 | CCR2 deficiency attenuates repetitive LPS-induced hypoalveolarization and restores normal pattern of α-smooth muscle actin and PDGFR-α expression in the distal lung. Immature wild type and CCR2−/− mice were inoculated with LPS or PBS intranasally on days of life 3, 5, 7, and 10. Lung histology was assessed on day of life 14. (A) Representative lung sections were stained with hematoxylin and eosin. Unlike wild type mice, LPS-exposed CCR2−/− mice do not develop increased alveolar size indicative of alveolar simplification. After LPS exposure, the chord lengths of CCR2−/− mice were significantly lower compared to wild type mice. N = 3–4 per group, mean ± SEM, **different from PBS-exposed group, **P < 0.01. (B) Lung sections were stained for α-smooth muscle actin (red) and PDGFR-α (green). In wild type, PBS-treated mice, α-smooth muscle actin (red) and PDGFR-α (green) were predominantly at the tips of secondary crests. In contrast the wild type, LPS-exposed lung has abnormal α-smooth muscle actin (red) widespread throughout the interstitium, and there are very few PDGFR-α (green)-positive cells at the tips of secondary crests. In LPS-exposed CCL2−/− lungs α-smooth muscle actin (red) and PDGFR-α (green) were predominantly at the tips of secondary crests, a pattern similar to wild type mice. The representative images are from a random coronal section. The experiments were repeated two times with similar results.



Next, we evaluated the effects of chronic LPS exposure on lung α-SMA and PDGFR-α expression in both wild type and CCR2−/− mice by using fluorescence microscopy. As lung saccules form, myofibroblasts that express PDGFRα and α-SMA migrate to the tips of secondary alveolar septa and are required for alveogenesis (49, 50, 56–58). By contrast, hyperoxia-exposed lungs with arrested alveolar development show a paucity of α-actin-positive myofibroblasts at the septal tips and an increase in the number of interstitial myofibroblasts (59). In BPD, alveolar septa are thickened with α-SMA-positive myofibroblasts (4). We have also previously reported that BPD lungs show a paucity of PDGFRα-positive mesenchymal cells in the dysmorphic alveolar septa (60). We inoculated immature wild type and CCR2−/− mice with LPS or PBS by intranasal inoculation on days of life 3, 5, 7, and 10. Subsequently, we examined lung histology on day of life 14. As previously described, in wild type PBS-treated lungs we observed α-SMA-positive cells predominantly at the tips of the secondary alveolar crests (Figure 4B), consistent with the location of alveolar myofibroblasts. These cells are also positive for PDGFRα. LPS exposure induced α-SMA expression in the interstitium and decreased PDGFRα immunoreactivity at the tips of the secondary alveolar crests (Figure 4B). In contrast, the lungs of LPS-treated CCR2−/− mice show a pattern similar to the wild type PBS-treated mice with α-SMA- and PDGFRα-positive cells predominantly at the tips of the secondary alveolar crests (Figure 4B). Collectively, these results demonstrate that chronic LPS-induced hypoalveolarization, increased interstitial α-SMA expression and reduced PDGFRα expression at the tips of the secondary alveolar crests are CCR2 dependent.



CCR2 Is Required for Exudative Macrophage Infiltration and Increased TNF-α Expression in Response to Chronic LPS Exposure

We hypothesized that CCR2 signaling is required for chronic LPS exposure-induced infiltration of the lungs with ExMf. To test this hypothesis, we inoculated immature wild type and CCR2−/− mice with LPS or PBS intranasally as above. We quantified lung ExMf using flow cytometry. As described above, in wild type mice LPS induced a significant increase in ExMf. In contrast, CCR2−/− mice showed an attenuated increase in ExMf (Figure 5A). The number of ExMf that were recruited to the lungs in response to repetitive LPS stimulation was significantly lower in CCR2−/− mice compared to wild type mice. We also analyzed the effect of the absence of CCR2 on LPS-induced recruitment of neutrophils. Neutrophils were distinguished from other myeloid cells in the lung based on gating for CD45+, Live, SSC hi, CD11b+, CD11c−, Gr-1+ (Supplementary Figure 2). As noted above, LPS induced a significant increase in the number of neutrophils in the lungs of wild type mice. In CCR2−/− mice, there was also a trend for an increase in neutrophils following LPS inoculation (Supplementary Figure 2). There was no significant difference in the number of neutrophils in wild type and CCR2−/− mice both at baseline and after repeated LPS inoculation. We investigated whether lung ExMf from wild type and CCR2−/− mice produce TNF-α after repetitive LPS exposure. The number of lung ExMf producing TNF-α after LPS exposure was significantly increased in wild type mice, whereas it remained low and unchanged in CCR2−/− mice (Figure 5B). Whole lung TNF-α mRNA expression was increased in wild type mice but did not change in CCR2−/− mice (Figure 5C). Unlike TNF-α, the effect of LPS on the expression of Ccl2 was not affected in CCR2−/− mice (Figure 5D), suggesting a different source for Ccl2. Together, these results highlight an important role for ExMf and TNF-α in chronic LPS-induced pulmonary inflammation in immature mice.




Figure 5 | Immature CCR2 knockout mice show an attenuated increase in lung exudative macrophages and lung TNF-α expression following chronic LPS exposure. (A) CD45+F4/80+CD11c+CD11b+ cells, representing exudative macrophages (ExMf) were quantified by flow cytometry. Compared with LPS-exposed wild type mice, CCR2 knockout mice showed a decreased number of ExMf (A), in addition to decreased number of TNF-α+ExMf (B) and total lung TNF-α mRNA expression (C). LPS-induced Ccl2 mRNA expression was not affected by CCR2 deficiency (D). n = 3 to 8 mice per group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA.





Effects of Pharmacological Inhibition of TLR4 With TAK-242 on Chronic LPS-Induced Hypoalveolarization, Myofibroblast Differentiation, and Suppression of PDGFR-α Signaling

Since LPS signals through binding and activation of TLR4, as well as other receptors including CD14, the macrophage scavenger receptor, the β2 integrins and caspase 11 (30–32), we investigated the requirement of TLR4 for the LPS effects on lung alveolar growth. Specifically, we tested the potential of the small molecule inhibitor of TLR4 TAK-242 (61) to block the effects of LPS on alveolarization and the expression of α-smooth muscle actin and PDGFR-α in the distal developing lung. Immature wild type mice were anesthetized and inoculated with LPS or PBS by intranasal inoculation on days of life 3, 5, 7, and 10, as described above. Immediately prior to each LPS or PBS inoculation, mice were injected intraperitoneally with TAK-242 or DMSO control. Subsequently, we examined lung histology on day of life 14. Compared to PBS-treated mice, the LPS-treated mice that were injected with the control DMSO showed larger and fewer alveoli and increased chord lengths (Figure 6A), consistent with impaired alveolar development. In contrast, alveolar size and chord lengths of the LPS-treated mice that were injected with TAK-242 appeared similar to the PBS-treated mice (Figure 6A). TAK-242 also blocked the decrease in PDGFRα mRNA and protein expression and prevented the increase in interstitial α-SMA induced by LPS (Figure 6B). These data indicate that TLR4 is required for the LPS effects on alveolarization, interstitial myofibroblast differentiation, represented by the α-SMA-positive cells and the suppression of PDGFR-α signaling.




Figure 6 | Pharmacological inhibition of TLR4 with TAK-242 attenuates the effects of chronic LPS exposure on alveolarization, α-smooth muscle actin and PDGFR-α expression in the distal lung. Immature wild type mice were inoculated intranasally with LPS or PBS and treated intraperitoneally with control (DMSO) or the TLR4 inhibitor TAK-242 on days of life 3, 5, 7, and 10. Lung histology was assessed on day of life 14. (A) Representative lung sections were stained with hematoxylin and eosin. Unlike control (DMSO)-treated mice, LPS-exposed TAK-242-treated mice do not develop increased alveolar size indicative of hypoalveolarization. After LPS exposure, the chord lengths of TAK-242-treated mice were significantly lower compared to control (DMSO)-treated mice. N = 3–4 per group, mean ± SEM, **different from PBS-exposed group, **P < 0.01. (B) Whole lung PDGFR-α mRNA expression was decreased after repetitive LPS exposed in control (DMSO)-treated, but not in TAK-242-treated mice. N = 3–6 per group, mean ± SEM, **different from PBS-exposed group, **P < 0.01. (C) Fluorescence microscopy shows after LPS exposure there is increased deposition of α-smooth muscle actin (red) in the alveolar interstitium and reeduced PDGFR-α expression (green) at the tips of secondary crests in control (DMSO)-treated mice, but not in TAK-242-treated mice. The representative images are from a random coronal section. The experiments were repeated two times with similar results.





In E16 Fetal Mouse Lung Explants, TNF-α and IL-17a Induce α-Smooth Muscle Actin Expression in the Distal Airspaces

At P3 the immature mouse lung is in late saccular stage of lung development that corresponds to late preterm human lung. To extend our study to encompass earlier stage of lung development as observed in extremely premature infants, we used E16 fetal lung explants corresponding to early saccular stage of development. To gain additional insight into the effects of LPS-induced pro-inflammatory signals on distal lung α-SMA expression, we investigated the effects of TNF-α and IL-17a, pro-inflammatory cytokines shown above to be induced in the lungs of immature mice exposed to LPS. To test this effect, we used an in vitro model in which E16 fetal mouse lungs were cultured on air–liquid interface for 72 h in the presence or absence of TNF-α, IL-17a or both. In a similar model, LPS has previously been shown to induce thick bands of α-SMA-positive myofibroblasts in the lung explant mesenchyme (62). We found that incubation with mouse recombinant TNF-α and IL-17a each and in combination induced α-SMA mRNA (Figure 7A) and protein (Figure 7B) expression in the distal airways of the lung explants. Our results, however, do not indicate an additive or synergistic effect between TNF-α and IL-17a. To some degree the combined treatment weakened the effect of each factor, which could be due to competing effects. TNF-α and IL-17a did not significantly affect the mRNA expression of PDGFR-α. Since PDGFR-α is required for alveolar stage of lung development and the E16 fetal lung explants are in early saccular stage of lung development, we did not focus on PDGFR-α in this model.




Figure 7 | In E16 fetal mouse lung explants, TNF-α and IL-17a induce α-smooth muscle actin expression in the distal airspaces. E16 fetal mouse lung explants were microdissected and cultured in vitro in a transwell system on air–liquid interface in the presence or absence of recombinant mouse TNF-α (50 ng/ml), IL-17a (100 ng/ml) or both for 72 h. Control explants were cultured in serum free medium. This period corresponds to early saccular stage of lung development. Subsequently, lung explant tissue was analyzed for α-smooth muscle actin expression by qPCR (A) and immunostaining (B). (A) Data are shown as mean ± SEM; **P < 0.01 by unpaired t-test.





Effect of TNF-α on Human Preterm Lung Mesenchymal Stromal Cell Expression of PDGFR-α

We have previously reported that mesenchymal stromal cells (MSCs) from tracheal aspirates of very premature infants, mechanically ventilated for respiratory distress syndrome in the first week of life, show surface markers, colony-forming capacity, and differentiation potential consistent with an alveolar mesenchymal cell progenitor capable of differentiation into myofibroblast (48, 63, 64). We have also shown that MSCs from infants developing BPD show lower PDGFR-α expression (60). Upon review of the MSC gene expression data we noted that these cells express the TNF-α receptor TNF receptor type 1 (TNFR1), suggesting these cells have the capacity to respond to TNF-α. TNF-α inhibits PDGFR-α expression in mouse embryonic fibroblasts (65). Therefore, next we assessed the effect of TNF-α on preterm lung MSC expression of PDGFR-α and other related genes. MSC lines from six premature infants were incubated with TNF-α for 48 h. TNF-α decreased the mRNA and protein expression of PDGFRA (Figures 8A, B). Also decreased was the mRNA expression of WNT2, FOXF2, and SPRY1 genes (Figure 8A) required for normal mesenchymal cell function and lung development (66). TNF-α increased the mRNA expression of CCL2 and IL-6 (Figure 6A), creating a possible feed forward mechanism to promote inflammation and recruitment of inflammatory cells.




Figure 8 | TNF-α treatment of mesenchymal stromal cells reduces PDGFR-α expression. Human preterm lung mesehncymal stromal cells (MSCs) were cultured in serum free medium with or without 5 ng/ml TNF-α for 48 h. PDGFR-α mRNA and protein expression was assessed by qPCR and ELISA, respectively. Also assessed was the mRNA expression of WNT2, FOXF2, SPRY1, CCL2, and IL-6 mRNA expression. (A) TNF-α treatment significantly reduced mRNA expression of PDGFRA, WNT2, FOXF2, and SPRY1 and increased mRNA expression of CCL2 and IL-6. N = 6, one-way ANOVA. (B) TNF-α treatment significantly reduced PDGFR-α protein expression.





TNF-α Protein Levels in Preterm Infant Airways

Prior studies demonstrate elevated TNF-α levels in the airway fluid of infants with evolving and established BPD (26). We sought to confirm these findings in a larger cohort of premature infants receiving mechanical ventilation for respiratory distress syndrome in the first week of life. We collected tracheal aspirates from 54 premature infants and assayed the supernatants for TNF-α protein. Characteristics of the patients are described in Table 1. We defined BPD based on need for oxygen supplementation at 36 weeks postmenstrual age. We did not have information if death before 36 weeks postmenstrual age was owing to persistent parenchymal lung disease and respiratory failure that cannot be attributable to other neonatal morbidities. For prematurely born infants, death before 36 weeks postmenstrual age is a competing outcome for BPD and may confound a cause-specific analysis, therefore we combined both outcomes. TNF-α protein levels were significantly higher in aspirates from premature infants developing BPD compared to aspirates from infants who did not develop BPD (Figure 9A). We also analyzed the relationship between TNF-α protein levels in the tracheal aspirate supernatant with PDGFR-α mRNA expression of MSCs, isolated from the same tracheal aspirate. We found a significant negative correlation between tracheal aspirate TNF-α protein levels and MSC PDGFR-α mRNA expression (Figure 9B). For infants who continued to receive mechanical ventilation for at least 3 weeks, we found a significant increase in tracheal aspirate TNF-α protein levels from week 1 to week 3 of mechanical ventilation (Figure 9C).


Table 1 | Baseline characteristics of infants who developed BPD or died before 36 weeks postmenstrual age (BPD/death), and infants who did not develop BPD (No BPD).






Figure 9 | TNF-α protein levels in tracheal aspirates from human infants receiving mechanical ventilation for respiratory distress syndrome. (A) Tracheal aspirates were collected in the first week of life. Supernatant was assayed for TNF-α. Comparison by Mann–Whitney test. (B) Tracheal aspirate TNF-α protein levels (log2-transformed) positively correlated with MSCs PDGFRA mRNA expression. (C) For patients who remained endotracheally intubated receiving mechanical ventilation tracheal aspirates were obtained during week 1 and week 3 of mechanical ventilation, and TNF-α levels were quantified. Statistical significance was pointed by Wilcoxon matched-pairs test.






Discussion

In the current study, we used an animal model with repeated administration of LPS into the airways of immature mice to simulate prolonged airway exposure to gram-negative bacteria and assess the effects on pulmonary alveolarization, as well as inflammation, focusing on lung cytokine expression and inflammatory cell trafficking. Repetitive LPS exposure of immature mice induced persistent hypoalveolarization lasting up to 18 days after the last LPS administration. Also, LPS upregulated the expression of lung pro-inflammatory cytokines (TNF-α, IL-17a, IL-6, IL-1β) and chemokines (CCL2, CCL7, CXCL1, and CXCL2), while the expression of genes involved in lung alveolar and mesenchymal cell development (PDGFR-α, FGF7, FGF10, and SPRY1) was decreased. In addition, LPS induced recruitment of ExMf, including CCR2+ ExMf, as well as other myeloid cells like DCs and neutrophils. CCR2−/− mice were protected from LPS-induced hypoalveolarization, increased interstitial α-SMA expression, and reduced PDGFRα expression at the tips of the secondary alveolar crests. The number of ExMf recruited to the lungs in response to repetitive LPS exposure was significantly lower in CCR2−/− mice, compared to wild type mice. Also, unlike wild type mice, the number of TNF-α-producing ExMf, as well as whole lung TNF-α mRNA expression after LPS remained low and unchanged in CCR2−/− mice. Further, in wild type mice, pharmacological inhibition of TLR4 with TAK-242 blocked the effect of LPS on alveolarization, α-SMA and PDGFRα expression. Finally, in an in vitro study, TNF-α and IL-17a induced α-smooth muscle actin expression in the distal airspaces of E16 fetal mouse lung explants. TNF-α decreased human preterm lung MSC mRNA and protein expression of PDGFR-α and reduced mRNA expression of WNT2, FOXF2, and SPRY1. Collectively, our findings demonstrate that in immature mice repetitive LPS exposure, through TLR4 signaling increases lung inflammation and impairs lung alveolar growth in a CCR2-dependent manner.

Inflammation typically precedes the clinical symptoms of BPD (67). However, the specific immunologic mechanisms leading to impaired alveolar growth, the hallmark of BPD histopathology are unknown. Premature infants who develop BPD have higher tracheal aspirate chemokine levels of CCL2, CCL7, and CCL8, suggesting a role for these mediators in the pathogenesis of BPD (21, 68). CCL2, CCL7, and CCL8 are ligands for CCR2, a chemokine receptor that mediates recruitment of inflammatory cells, among which inflammatory monocytes, exudative macrophages and other innate immune cells (38, 69, 70). CCR2 signaling has been implicated in other lung diseases with interstitial involvement, including pulmonary fibrosis (38) and pediatric interstitial lung disease (71). Animal studies implicate a role for CCL2–CCR2 signaling in alveolar development. In murine models of BPD, both hyperoxia and LPS exposure of immature mice induce higher lung levels of CCL2 (13, 27). CCL2 is required for hyperoxia-induced alveolar simplification (27). Further, hyperoxia-induced lung injury and hypoalveolarization and exudative macrophage recruitment are attenuated in CCR2−/− mice (40, 72). The inflammatory stimulus during hyperoxic exposure is likely multifaceted. The development of a model of postnatal LPS exposure-induced hypoalveolarization (13, 42) confirms a relationship between the bacteria-derived inflammatory stimulus and impaired alveolar development. Our model offers the opportunity to investigate the mechanisms by which inflammation induced by repeated LPS administration into the airway translates into hypoalveolarization. Specifically, our findings that LPS-induced expression of lung CCL2 and CCL7 chemokines precede the development of hypoalveolarization are reminiscent of patterns of chemokine expression observed in human infants developing BPD (21, 67, 68). To our knowledge, in this study, we demonstrate for the first time the requirement of CCR2 for repeated LPS exposure-induced hypoalveolarization, changes in interstitial α-SMA and PDGFRα expression, as well as pulmonary inflammation and exudative macrophage accumulation in immature mice.

Inflammatory stimuli induce CCL2 and CCR2 expression in multiple cell types, including macrophages, monocytes, as well as epithelial, endothelial, smooth muscle cells, and fibroblasts (73–75). We evaluated the cellular inflammatory response induced by LPS focusing on ExMf, myeloid cells recruited in CCR2-dependent manner (34, 37). The LPS-induced increase in ExMf and CCR2+ ExMf correlated with an increase in CCL2 mRNA and protein and CCL7 mRNA, both transcriptionally regulated ligands for CCR2. The higher magnitude of increase in ExMf and CCR2+ ExMf after repetitive LPS stimulation present at the same time when hypoalveolarization is observed further affirms our interest in the hypothesis that recruited inflammatory cells, i.e. macrophages contribute to impaired alveolar development (27). Compared to wild type mice, the number of ExMf recruited to the lungs in response to repetitive LPS exposure was significantly lower in CCR2−/− mice. However, the ExMf response to LPS in CCR2−/− mice was not completely blocked. This finding is in agreement with other reports demonstrating attenuated, but not completely abolished recruitment of exudative macrophages in a murine model of hyperoxia-induced hypoalveolarization (40, 72), and non-infectious lung injury model (37). In the hyperoxia-induced hypoalveolarization model, other resident macrophage populations that become activated upon exposure, specifically Csf1r-expressing monocyte/macrophages, but not neutrophils are key mediators of arrested alveolarization (40). It is possible that other chemokines or chemokine receptors are responsible for the recruitment of the remaining exudative macrophages. For example, CCR5 is also required for recruitment of ExMf into inflamed issues (76). CCR2 and CCR5 have opposing effects in response to influenza A infection, and while CCR2 deficiency dampens the inflammatory response, CCR5 deficiency leads to a hyperacute inflammatory response (77).

Our findings that pharmacological inhibition of TLR4 with TAK-242 blocked the effects of LPS on alveolarization, α-SMA and PDGFRα expression highlight a potential therapeutic implication for TLR4 inhibitors to preserve alveolarization and attenuate interstitial fibrosis in the immature lung exposed to gram-negative bacterial inflammation. TAK-242 prevents bleomycin-induced dermal and pulmonary fibrosis and mitigates increased collagen and α-SMA expression in cultured fibroblasts stimulated with fibronectin extra domain A isoform, a profibrotic treatment to simulate systemic sclerosis (78). The specific mechanisms by which TLR4-dependent signals regulate PDGFRα expression, promote abnormal myofibroblast differentiation, and impair lung alveolar growth are incompletely understood and will be the focus of our future studies.

When administered systemically or into the airways LPS is a potent stimulator of pro-inflammatory cytokines, including TNF-α, IL-6, IL-1β (42, 79). Our findings of higher lung levels of TNF-α, IL-6 and IL-1β following LPS administration into the airways are reminiscent of the higher levels of these cytokines in tracheal aspirates from premature infants with evolving BPD (19, 26). Further evidence implicating TNF-α in BPD development is provided by a study, which demonstrates that the TNF-α −238 allele, associated with lower production of TNF-α upon stimulation, reduces the risk and severity of BPD (80). In vitro studies demonstrate marked inhibitory effects of TNF-α on the expression of pulmonary surfactant proteins, SP-A and SP-B (81), and thus support the concept that TNF-α may contribute in the pathogenesis of respiratory distress syndrome, which often precedes BPD development. Furthermore, in mouse embryonic fibroblasts, TNF-α reduces the expression of PDGFRα, a receptor absolutely required for lung alveolar development (49, 65). In this context, our findings in fetal mouse lung explants, human preterm lung MSCs and preterm infants’ tracheal aspirates further extend the implication of TNF-α in negative control of PDGFRα expression, abnormal myofibroblast differentiation in the distal airways and impaired lung alveolar growth. However, we note that our findings are in contrast to a study reporting that the absence of TNF-α enhances the inflammatory response in the newborn lung undergoing mechanical ventilation with oxygen-rich gas (82). In addition, unlike our and other studies (26) showing higher levels of TNF-α in tracheal aspirates from infants with evolving BPD, in this study tracheal aspirate TNF-α levels were lower in infants with moderate to severe BPD (82). Several factors could account for the observed differences. In regard to the animal studies these include differences in the models, timing when the responses were analyzed, balance between absent or enhanced inflammatory response. For example, a certain amount of inflammation is required for resolution of the response versus detrimental effects from sustained or continuous inflammatory stimulus. The contradictory human tracheal aspirate TNF-α results could be due to differences when the tracheal aspirates were collected, at birth in the study by Ehrhardt et al. (82) versus the first week of life in our study.

We also acknowledge that focusing on a single cytokine, i.e. TNF-α is a limitation of our study and may underscore the importance of other secreted or cell-bound signals, other innate or adaptive immune responses, cell–cell or cell–matrix interactions. Another cytokine that was increased by LPS in immature lungs was IL-17a. IL-17a, a member of the IL-17 family, is a pro-inflammatory cytokine produced by T cells (T helper 17 cells), γδ T cells, as well as innate lymphocytes, and myeloid cells, such as neutrophils and macrophages (83–85). Interestingly, histological chorioamnionitis, a risk factor for BPD development, is associated with a higher frequency of IL-17a-expressing T lymphocytes in cord blood (86). The main source of IL-17a in mucosal tissues, including lungs, is γδ T cells (87), which can also be recruited in a CCR2-dependent manner (88). While in our study IL-17a did not have a direct effect on MSC expression, in the murine fetal lung explants IL-17a, as well as TNF-α increased α-smooth muscle actin expression. We attribute this to an indirect effect through an intermediate cell in the explant model. Our future studies will focus on the role of IL-17a-producing innate immune cells, including γδ T cells in LPS-induced hypoalveolarization. In addition, other pro-inflammatory cytokines, including IL-1β and IL-6 may also have an effect on MSCs. Future studies are needed to investigate the effects of these and other pro-inflammatory cytokines on lung development and mesenchymal cell function.

In conclusion, our results demonstrate that in immature mice, repetitive LPS exposure, through TLR4 signaling increases lung inflammation and impairs lung alveolar growth in a CCR2-dependent manner. This mechanism links gram-negative bacterial stimulation of the innate immune system to alveolar development. This helps to further understand the mechanisms of BPD development and chronic airway disease in survivors of preterm birth.
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