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Neutrophil L-Plastin Controls Ocular Paucibacteriality and Susceptibility to Keratitis
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Why ocular mucosa is paucibacterial is unknown. Many different mechanisms have been suggested but the comprehensive experimental studies are sparse. We found that a deficiency in L-plastin (LCP1), an actin bundling protein, resulted in an ocular commensal overgrowth, characterized with increased presence of conjunctival Streptococcal spp. The commensal overgrowth correlated with susceptibility to P. aeruginosa-induced keratitis. L-plastin knock-out (KO) mice displayed elevated bacterial burden in the P. aeruginosa-infected corneas, altered inflammatory responses, and compromised bactericidal activity. Mice with ablation of LPL under the LysM Cre (LysM. CreposLPLfl/fl) and S100A8 Cre (S100A8.CreposLPLfl/fl) promoters had a similar phenotype to the LPL KOs mice. In contrast, infected CD11c.CreposLPLfl/fl mice did not display elevated susceptibility to infection, implicating the myeloid L-plastin-sufficient cells (e.g., macrophages and neutrophils) in maintaining ocular homeostasis. Mechanistically, the elevated commensal burden and the susceptibility to infection were linked to defects in neutrophil frequencies at steady state and during infection and compromised bactericidal activities upon priming. Macrophage exposure to commensal organisms primed neutrophil responses to P. aeruginosa, augmenting PMN bactericidal capacity in an L-plastin dependent manner. Cumulatively, our data highlight the importance of neutrophils in controlling ocular paucibacteriality, reveal molecular and cellular events involved in the process, and suggest a link between commensal exposure and resistance to infection.
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INTRODUCTION

L-plastin (LPL) is a leukocyte-specific member of the plastin family of actin remodeling proteins. In humans, there are two ubiquitous plastin isoforms (L and T). Expression of the L isoform has been reported exclusively in the hemopoietic cell lineages, while the T isoform has been found in all other normal cells of solid tissues that have replicative potential (fibroblasts, endothelial cells, epithelial cells, melanocytes, etc.) (1, 2). Zebrafish, murine, and human L-plastin share over 85% aminoacid sequence identity suggestive that their function is highly evolutionary conserved and important (3).

L-plastin knock outs have multiple defects in many cell types. Because of L-plastin ability to support actin fibers, it regulates immunological synapse formation in B- and T-cells, their motility, and functions, such as antibody responses (4–6). In addition, several reports document that L-plastin controls innate immunity. L-plastin deficient zebrafish show increased susceptibility to lung bacterial opportunistic infections at the time of zebrafish development when the adaptive immunity hasn't matured, implicating defects in innate immunity (3). Similarly, L-plastin deficient mice show elevated susceptibility to pneumococcal infections (7). The phenotype is likely due to impaired generation of CD11c+ alveolar macrophages in the lungs since L-plastin deficient and the conditionally floxed LPL (CD11c.Crepos-LPLfl/fl) mice have decreased numbers of CD11c+ macrophages at baseline and during infection (7). Impaired localization of macrophage precursors to the alveoli is reported in LPL deficient mice (8). While both LPL KO mice and CD11c.Crepos-LPLfl/fl mice have defects in handling of pneumococci, it remains unclear whether the lower numbers of LPL-deficient alveolar macrophages or other myeloid defects are causative for the increased susceptibility to disease. To this end, defective responses are detected in L-plastin deficient polymorphonuclear cells (PMNs). Namely, L-plastin-deficient PMNs show impaired killing of Staphylococcus aureus and E. coli (9, 10). Cumulatively, these studies provide a solid foundation for further work that should elucidate which L-plastin regulated pathways and which myeloid cell types sensitize to infection. The generation of the floxed-L-plastin mouse strains offer tools to address the issue.

Our interest in L-plastin-regulated biology came from the discovery that the relative abundances of the L-plastin-derived peptides were significantly elevated in the proteomes from eye wash samples derived from specific pathogen free (SPF) mice when compared to germ free mice (GF) (11). In addition, our data indicated that the commensal presence promoted relative abundances of innate immune molecules with antimicrobial activities and recruitment of neutrophils. Based on these data we suspected an important role for L-plastin in responding to commensal organisms and/or pathogens. Since we reasoned that there was a connection between responses to commensal organism and susceptibility to infection, we were interested in understanding what role L-plastin plays in this process and which cell types were affected.

Here, we report that LPL KO mice had conjunctival commensal overgrowth exemplified by increased levels of Streptococcus ovis (S. ovis) and exhibited profound susceptibility to Pseudomonas aeruginosa-induced keratitis. Infected mice with specific ablation of L-plastin under the LysM. Crepos and S100A8/A9 Crepos promoters showed a similar phenotype to the LPL KO mice, signifying the importance of myeloid cells and, specifically, neutrophils in mediating the phenotype. In contrast, the CD11c.Crepos-LPLfl/fl mice did not display increased susceptibility to infection. Mechanistically, L-plastin deficient neutrophils responded poorly to priming signals released by trained macrophages.



MATERIALS AND METHODS


Ethics Statement

All animal experiments were performed following National Institutes of Health guidelines for housing and care of laboratory animals and performed in accordance with institutional regulations after protocol review and approval by the BWH Animal Care and Use Committee and were consistent with the Association for Research in Vision and Ophthalmology guidelines for studies in animals. Additional experiments were performed and reviewed by BWH Animal Care and review Committee.



Mice

Mice were housed and bred in the Channing Laboratory Animal Care Facilities. Age and gender matched L-plastin KO mice and WT littermates at 7–9 weeks old, gender-matched, were used throughout the experiments. The majority of the experiments were carried out with female mice as the initial experiments showed no gender bias (Supplementary Figure 2).



Genotyping

Breeders of LPL KO, wild type littermates, LPL floxed, and CD11c.Crepos-LPLfl/fl mice were generously provided by Dr. Morley, Washington University School of Medicine, St. Louis, MO (8, 12, 13). Genotyping of the LPL KO, wildtype, CD11c.Crepos-LPLfl/fl mice was performed as previously described using the primers: LPL mutant: ATCGCCTTCTATCGCCTTCTTG; LPL Forward: GCTCCATCATTTCTTCGTCAG; LPL Reverse: TCACCTCCTTCCTTCATCCTTG; Cre 1: AGG TTC GTT CAC TCA TGG A; Cre 2: TCG ACC AGT TTA GTT ACC C; IntC500F: CCT CCG GAG AGC AGC GAT TAA AAG TGT CAG; IntC500R: TAG AGC TTT GCC ACA TCA CAG GTC ATT CAG; LCP-geno-For2: AAGGATTGCAGAAGCAGGTAGGGCT; LCP-geno-Rev2: GGGCATATGTACATGTAGAGGTCACA. LysM Crepos-LPLfl/fl and S100A8.Crepos-LPLfl/fl mice were generated by crossing floxed LPLfl/fl alleles onto LysM Cre (Jackson) and MRP8-Cre-ires/GFP, Mrp8 creTg (Jackson). The genotyping of those strains was carried out per vendor's instructions.



Bacterial Strains and Inocula

Invasive P. aeruginosa strains 6294 and PAO1 were used throughout these experiments. The bacterial strains were grown overnight at 37°C on Tryptic Soy Broth (TSB) (Cardinal Health) agar plates supplemented with 5% sheep blood. The bacterial suspensions were prepared in saline solution and used for subsequent infection experiments.



Infection Model

Infections were carried out as described previously (14). Briefly, mice were anesthetized with intraperitoneal ketamine and xylazine injections. Three 0.5 cm scratches were made on the cornea with 25G needle tip and an inoculum of 5 × 105 cfu of P. aeruginosa 6294 or 5 × 106 cfu of P. aeruginosa PAO1 delivered in 5 μl onto the eye. Mice remained sedated for ~30 min. For evaluation of corneal pathology, daily scores were recorded by an observer unaware of the experimental status of the animals based on the following scoring system using a graded scale of 0 to 4 as follows: 0, eye macroscopically identical to the uninfected contra-lateral control eye; 1, faint opacity partially covering the pupil; 2, dense opacity covering the pupil; 3, dense opacity covering the entire anterior segment; and 4, perforation of the cornea, phthisis bulbi (shrinkage of the globe after inflammatory disease), or both. To determine corneal bacterial counts at 24 h after infection, mice were sacrificed, the eyes were enucleated, and the corneas were dissected from the ocular surface. To quantify P. aeruginosa levels, corneas were suspended in PBS, 0.05% Triton X100, serially diluted and plated on P. aeruginosa selective McConkey agar plates.



Histopathology Examinations

Eyes were enucleated from euthanized mice, fixed in 4% (v/v) paraformaldehyde, and subsequently embedded in paraffin. Four micrometer sections were cut and stained with hematoxylin-eosin to visualize tissue morphology following previously used techniques (15). The levels of ocular inflammation in the corneal sections was quantified on a scale of 1 to 4, with “1” being reflective of no neutrophil influx in the cornea or anterior chamber and healthy appearance; “2” denoting mild inflammation, preserved corneal epithelial layer, presence of neutrophils in the conjunctival tissues; “3” being reflective of moderate inflammation, loss of epithelial layer, influx of neutrophils in the corneal epithelium, less than 50 cells/field of vision at 40X magnification, neutrophils lining the anterior chamber; and “4” denoting severe inflammation, lost corneal epithelial layer, massive influx of neutrophils in the cornea (more than 50 cells/field of vision at 40X magnification); numerous neutrophils present and scattered thought the anterior chamber. Histological scoring was carried out by Dr. Roderick Bronson, (HMS, Histopathology core) blindly using sections which did not display genotypic and phenotypic information.



Cytokine Analysis

Cytokine levels were determined by commercially available ELISA assays (R&D Systems).



Single Cell Suspensions of Cornea and Conjunctiva Tissues, and Bone Marrow

Single cell suspension of cornea and conjunctiva were made according to the method described by Khandelwal et al. (16) with the following change. Tissues were cut into small pieces and were minced and digested with collagenase D (2 mg/ml) (Roche, Germany) for 1 h with vortexing every 15 min. Bone marrow were flushed and filtered through 70 μM filter. Single cell suspensions were counted and used for FACS analysis.



Flow Cytometry

All the cells were incubated with Fc block (Biolegend) for 15 min at room temperature before staining for specific markers. Two million corneal and conjunctival cells were stained for 30 min with CD45 FITC, LY6G APC, CD11b PE (Biolegend). Bone marrow cells were stained with the following panel of antibodies CD3e BUV395, CD19 BV650, c-Kit BV711, CD11b FITC, Ly6G PE, Ter119 PECy7, Ly6C APC, F4/80 APC/Cy7 (BD Biosciences). Appropriate isotypes were used as negative controls. Stained cells were washed with PBS and analyzed on LSR-II flow cytometer (BD Biosciences). The data acquired from LSR-II were analyzed by Summit.



Purification of PMNs and Bactericidal Assays

Murine bone marrow was flushed from both hind limbs with PBS supplemented with 2% fetal bovine serum and 1 mM EDTA. The cells were washed, erythrocytes in the cell pellet were lyzed using the Mouse Erythrolysis Kit (R&D Systems) according to the manufacturer's instructions, and neutrophils were isolated using the EasySep Mouse Neutrophil Enrichment Kit (Vancouver, Canada). Neutrophils were incubated with P. aeruginosa strain PA01 at an MOI of 100:1 for 90 min at 37°C on a rotator. Aliquots taken at time 0 and 90 min were serially diluted and plated on McConkey agar to determine numbers of live P. aeruginosa. Percentage of killing ability of neutrophils was calculated as in Dwyer and Gadjeva (17).



Measurement of Reactive Oxygen Species

Two million bone marrow purified neutrophils were incubated with 50 μl of 50 μM luminol sodium salt (Sigma, A4685) and 5 μl of peroxidase from horseradish (1 μ/ul) (Sigma, P8375) in a total of 200 μl reaction in HBSS+/+ at 37°C for 5 min. Pseudomonas aeruginosa 6294 was spiked at an MOI of 1 or 5 in 10 μl HBSS+/+ just before recording the luminescence. Luminescence was measured every 1 min for a total of 30 min duration in SpectraMax L (Molecular Devices) at 470 nm wave length.



Gut Microbiome Profiling by 16S rRNA Sequencing

DNA was extracted from the fecal pellets using QIAamp DNA Stool Mini Kit (Qiagen). Quality of the DNA was checked by Agilent 2100 Bioanalyser. Libraries were created by targeting the V4 region of the 16S rRNA gene using qPCR. Purified and size selected libraries were subjected for sequencing by Illumina MiSeq. The sequencing was performed at SeqMatic (Fremont, CA).

Sequence analysis was carried out using Pavian R package 0.8.2.



Bacterial Identification

The identification of the commensal organisms was carried out at the BWH Microbiology Core facility using Vitek® MS.



Statistical Analysis

Statistical analysis of corneal pathology scores, bacterial burden, and cytokine levels were either by Mann-Whitney U-test for pair-wise comparisons or the Kruskal-Wallis non-parametric ANOVA with Dunn's correction for Multigroup comparisons and individual 2-group comparisons (Prism 4.0 for Macintosh). Differences were considered significant if the p < 0.05 (Prism 4.0 for Macintosh).




RESULTS


L-Plastin Deficiency Sensitizes to P. aeruginosa-Induced Keratitis

To determine the impact of L-plastin deficiency on P. aeruginosa–induced keratitis, L-plastin KO mice and wild type (WT) littermates were infected with P. aeruginosa strain 6294. Elevated bacterial counts were detected in the infected LPL KO mice when compared to the WT littermates at 24 and 48 h post-infection (Figures 1A,B, p = 0.0001, p = 0.004, Student's t-test). The LPL KO mice persistently had elevated corneal opacity, demonstrating a stable trend for worse disease (Figures 1A,B, p = 0.007 and p = 0.0037, Mann-Whitney). To rule out bacterial strain-specific responses, additional infection experiments were carried out with the laboratory strain, P. aeruginosa PAO1, and a similar tendency for elevated susceptibility to infection was observed. At 24 h after infection the corneas of the infected LPL KO mice exhibited a significantly higher bacterial burden (Supplementary Figure 1A, p < 0.0001, Student's t-test) than those in the control littermates (Supplementary Figure 1A). Initially, there were lower pathology scores in the PAO1 infected LPL KO mice when compared to the WT littermates (Supplementary Figure 1A, p = 0.0062, Mann-Whitney). However, further monitoring of disease progression revealed a sustained tendency for worse disease in the LPL KO (Supplementary Figure 1B). Bacterial burdens were significantly increased in the infected corneas from LPL KO mice at 48 h post-challenge (Supplementary Figure 1B, Student's t-test, p = 0.03). Pathology scores were now elevated in the LPL KO mice when compared to WT littermates (Figure 1B, p = 0.054, Mann-Whitney). Sex-based analysis showed that both female and male LPL KO mice were susceptible to keratitis (Supplementary Figure 2).


[image: Figure 1]
FIGURE 1. L-plastin deficiency sensitizes to P. aeruginosa-induced keratitis. (A) At 24 h post-infectious challenge with P. aeruginosa 6294. Groups of LPL KO mice (n = 12) and WT (n = 11) mice were infected with 5 × 105 CFU P. aeruginosa 6294 per eye. Data are representative of three independent experiments performed under comparable conditions. p-values are generated using Student's t-test, p = 0.0001 Pathology scores at 24 post-infection. p-values are generated using Mann-Whitney test, p = 0.007. (B) At 48 h post-infectious challenge with P. aeruginosa 6294. Groups of LPL KO mice (n = 9) and WT (n = 8) mice were infected with 5 × 105 CFU P. aeruginosa 6294 per eye. Data are representative of three independent experiments performed under comparable conditions. P-values are generated using Student's t-test, p = 0.0004. Pathology scores at 48 post-infection. P-values are generated using Mann-Whitney test, p = 0.0037. Cumulatively these data show significant susceptibility to P. aeruginosa-induced infection in the absence of L-plastin.


Because of the similar tendencies for worst disease upon 6294 and PAO1 challenges, all subsequent infection experiments were carried out with P. aeruginosa 6294.

To characterize histological changes occurring during P. aeruginosa 6294 infection, sections from infected eyes of WT and LPL KO were harvested at 6, 24, and 48 h post-infectious challenge and analyzed for pathophysiological changes (Figure 2). Data revealed significantly fewer neutrophils adhering to the capillaries at 6 h post-challenge (Figure 2, Student's t-test, p = 0.006), indicative of delayed neutrophil trafficking. This defect was not sustained as there were comparable level of infiltrating neutrophils at 24 h post-infection and significantly more neutrophils in the infected corneas of the LPL KO at 48 h, exemplifying worse disease (Figure 2).


[image: Figure 2]
FIGURE 2. Infected LPL KO mice show altered kinetics of neutrophil recruitment to the infected corneas. Hematoxylin-eosin staining of sections derived from infected LPL-deficient and LPL-sufficient mice. Representative hematoxylin and eosin stained sections form infected with P. aeruginosa 6294-infected LPL KO and WT mice at 6 (A), 24 (B), and 48 h (C) post-challenge. Arrows point to PMNs present in conjunctival capillaries of the infected animals. Vessel-associated neutrophils were counted in 3 sections per mouse and averaged among 7 animals to gain insight into early neutrophil infiltration. Student's t-test. p = 0.006. Data are representative images taken from the infected eyes of LPL KO mice (n = 5) and LPL WT (n = 5) mice. Data demonstrate delays in the trafficking of neutrophils to the infected LPL KO corneas, followed by exacerbated infiltration consistent with worse disease.


Profiling for key infection-associated inflammatory cytokines was carried out at different time points post P. aeruginosa 6294 challenge. At 6h after the infectious challenge, no differences in the tissue levels of IL-1βand MIP-2 were observed in corneal lysates (Figure 3). In contrast, KC, MPO, NE, S100A8/9, and IL-6 levels were significantly lower in the infected LPL KO corneas when compared to the WT corneas (Figure 3A, Student's t-test). At 24 h post infectious challenge, the neutrophil markers MPO, NE, S100A8/9 were comparable between the infected L-plastin and WT mice. Differences were now observed in the neutrophil recruiting cytokines such as IL-1β and MIP2 (Figure 3, Student's t-test, p = 0.0001). At 48 h post-challenge, corneal NE levels were more than 3-fold higher than those in the WT controls (Figure 3C, Student's t-test, p = 0.0003). Overall, there was a good correlation between the histology data and the tissue markers of infection demonstrating early delay in PMN recruitment, followed by extensive PMN presence. Cumulatively, data revealed alterations in neutrophil frequencies and, likely, functionalities been the source for the increased susceptibility to infection.


[image: Figure 3]
FIGURE 3. Profiling of corneal inflammatory mediators shows altered inflammatory responses. (A) Corneal inflammatory profiles at 6 h post-infection with P. aeruginosa 6294. (B) Corneal inflammatory profiles at 24 h post-infection. (C) Corneal inflammatory profiles at 48 h post-infection. Data plotted in all panels are from groups of 7LPL KO mice and 7 WT littermates mice that were infected with 5 × 105CFUP. aeruginosa 6294 placed onto scratch-injured eyes. Corneas were harvested either at after infection, washed in F12 media, homogenized in PBS containing a mix of protease inhibitors and supplemented with 0.5% Triton to disrupt plasma membranes. The levels of cytokines in corneal lysates were measured using ELISA, p-values by Student's t-test. Bonferroni correction for multiple comparisons p = 0.007. Data show significant alterations in NE levels indicative of changes in neutrophil trafficking.




L-Plastin Deficiency in the Myeloid Compartment Is Responsible for the Elevated Susceptibility to Infection

To examine the impact of L-plastin deficiency in the different myeloid lineages, mice carrying the floxed L-plastin alleles were intercrossed with CD11c.Crepos, LysM.Crepos, and S100A8.Crepos mice to generate lineage-specific deficiencies. The CD11c.Crepos-LPLfl/fl mice showed no differential susceptibility to keratitis when compared to WT littermates at either 6 h (data not shown) or 24 h post-infection (Figure 4A, Student's t-test, not significant). In contrast, disease susceptibility segregated with LysM-driven ablation of L-plastin (Figure 4B, Student's t-test, p = 0.0049). The LysMCreposLPLflp/flp mice showed about 1-log higher recoverable CFU than their infected littermates. Interestingly, the S100A8-driven ablation of L-plastin expression resulted in a weaker, but a significant phenotype, e.g., the bacterial burden in these mice was two-fold higher than that in the WT littermates (Figure 4C, Student's t-test, p = 0.003). Cumulatively, these data revealed that the L-plastin deficiency in neutrophils sensitized to infection.


[image: Figure 4]
FIGURE 4. The susceptibility to infection segregated with LysM-driven and S100A8-driven ablation of L-plastin, but not with CD11c-driven ablation. (A) LPL deficiency in the CD11c+ DCs does not contribute to the phenotype. LPL floxed mice were crossed onto CD11c.Crepos to generate L-plastin deficiency in the CD11c-expressing cells. CD11c.CreposLPL fl/fl mice did not show altered susceptibility to P. aeruginosa 6294-induced infection as demonstrated by similar corneal bacterial burden at 24 h post-challenge. Data are from experiments performed in duplicates with each data point representing an individual animal (Student's t-test, ns). (B) LPL deficiency in the macrophage/neutrophil lineages contributes to susceptibility to disease. LPL floxed mice were crossed onto LysM.Crepos background to generate L-plastin deficiency in the myeloid/neutrophil lineage. Student's t-test, p = 0.0049. (C) LPL deficiency in the neutrophil lineage contributes to susceptibility to disease. LPL floxed mice were crossed onto S100A8.Crepos background to generate L-plastin deficiency in the neutrophil lineage. Student's t-test, p = 0.03. Data prove that L-plastin deficiency in the myeloid compartment determines susceptibility to keratitis.




The Elevated Susceptibility to Infection Correlates With Conjunctival Commensal Overgrowth

To examine whether the elevated susceptibility to infection correlated with baseline alterations in the commensal presence, conjunctival swabs were collected and commensal bacteria identified. LPL KO mice had abundant incidence of S. ovis whereas much fewer bacteria were detected in the WT littermates (Figures 5A,B, Student's t-test). Upon microbiolgical analysis, S. ovis appeared as a gram-positive, ovoid in shape, catalase negative α-hemolytic strain (data not shown). These experiments were carried out in large cohorts of mice (N = 15) where mice were housed in different cages to rule out housing artifacts.
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FIGURE 5. LPL deficient mice show altered conjunctival commensal presence. (A) Conjunctival swabs were taken from cohorts of LPL KO (n = 7) mice and LPL WT littermates (n = 7) and commensal presence identified using LC-MS/MS and quantified by plating on blood agar plates. Representative blood agar plates from LPL WT and LPL KO mice. (B) Quantification of the commensal presence per swab. LPL KO mice showed elevated levels of Streptococcus spp. when compared to LPL WT mice. Each symbol represents an individual mouse (Mann-Whitney test, p = 0.002). (C) Conjunctival swabs were taken from cohorts of LysM.Crepos (n = 7) mice, WT littermates and S100A8.Crepos (n = 7) and commensal presence identified using LC-MS/MS and quantified by plating on blood agar plates. Commensal presence was monitored at 7 weeks of age. A statistically significant elevation was detected when the levels of the Streptococcus spp. were compared (Two-way ANOVA, p = 0.0001 and 0.01, respectively). Experiments were repeated twice with representative data shown. (D) Gut commensal abundance was evaluated via 16S metagenomics analysis. Fecal samples were collected from S100A8.Crepos (n = 7) and WT (n = 7) littermates, genomic DNA extracted, microbial abundance evaluated (Two-way ANOVA). No significant changes were observed at the order levels. Cumulatively, data demonstrates commensal overgrowth in the absence of L-plastin, a phenotype that appears specific to the ocular niche.


Similar to the LPL KO mice, the LysM.CreposLPLfl/fl and S100A8.CreposLPLfl/fl mice had increased abundance of Streptococcal spp. (Figure 5C, Two-way ANOVA, p = 0.0001 an p = 0.01, respectively). The commensal overgrowth was ocular-niche specific, as metagenomics 16S analysis did not reveal significant alterations in the gut commensal abundance at the order, family or individual strain levels (Figure 5D, Two-way ANOVA). Cumulatively, data demonstrate that defects in neutrophil functionality correlate with ocular, but not gut commensal overgrowth.



L-Plastin Deficient Mice Show Reduced Neutrophil Presence and Compromised Neutrophil Functions

To examine lymphocyte distribution in naïve, non-infected animals, conjunctival tissues were harvested and the frequencies of CD4+ T cells, DCs, myeloid cells and PMNs quantified in the S100A8.CrenegLPLfl/fl and S100A8.CreposLPLfl/fl mice. The most striking differences were observed in the PMN populations, with the relative percent of the viable PMNs been significantly higher in the S100A8.CrenegLPLfl/fl mice, WT, littermates when compared to S100A8.CreposLPLfl/fl mice KO mice (Figures 6A,B, Student's t-test, p = 0.03). Next, we examined the relative abundance of viable PMNs in the corneas of P. aeruginosa-infected mice (Figure 6C). At 24 h post-infectious challenge, a time point at which bacterial burdens in the cornea were different among the genotypes, the numbers of viable PMNs were significantly reduced in the S100A8.CreposLPLfl/fl mice when compared to the L-plastin sufficient mice (Figure 6C, Student's t-test, p = 0.01).
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FIGURE 6. S100A8.Creposmice show diminished frequencies of viable PMNs at baseline and during infection. Gating strategy for analysis of the conjunctival tissues harvested from naïve S100A8.Creposand S100A8.Crenegmice. Neutrophils were identified as CD45+, viable, Ly6G+ cells. Flow cytometry analysis using CD45, CD11b, Ly6G was carried out on pooled conjunctival and corneal tissues from non-infected LPL KO and WT littermates. (A) Percent CD45+, viable, Ly6G+ cells in the conjunctival tissues. At least 5 mice per genotype were harvested and analyzed individually. Experiments were performed twice with similar outcomes (Student's t-test, p = 0.03). (B) Percent CD45+, viable, Ly6G+ cells in the infected corneas. Mice were infected with 5 × 105 CFU P. aeruginosa 6294 per eye and corneal tissues harvested at 24 h post-challenge. At least 5 mice per genotype were analyzed individually. Experiments were performed twice with similar outcomes (Student's t-test, p = 0.01). Cumulatively data demonstrate significant reduction in the viable PMN frequencies at baseline and during infection in the L-plastin deficient KO mice.


To evaluate whether changes in bactericidal activities existed in the absence of L-plastin, bone marrow-derived neutrophils were purified from naïve or infected mice. There were no significant differences in the bactericidal potential of non-primed neutrophils (Figure 7A). In contrast, upon infection, there were measurable changes in the bactericidal potency of neutrophils. WT neutrophils showed improved killing, whereas L-plastin deficient neutrophils failed to respond to priming signals (Figure 7B, One-way ANOVA, overall p = 0.0001).


[image: Figure 7]
FIGURE 7. L-plastin deficient PMNs show diminished bactericidal activities. (A) LPL-deficient and sufficient neutrophils were purified from bone marrow and exposed to P. aeruginosa at MOI of 0.05. No differences in the bactericidal activities were noted when the reactions were conducted in the presence of autologous serum. (B) LPL-deficient show compromised bactericidal activity against P. aeruginosa. OPK assays were carried out with bone marrow derived neutrophils harvested from infected mice in the presence of either autologous serum harvested from WT mice or serum harvested from infected LPL KO mice. Percent killed P. aeruginosa was plotted (One-way ANOVA, overall p = 0.001). Significant differences were denoted by asterisks. Data are representative of duplicate experiments carried out with at least 4 biological replicas. Cumulatively data demonstrate significant reduction in bactericidal activities upon exposure to signals derived from “infected” serum.


Since macrophages produce pro-inflammatory factors that control neutrophil infiltration and activation during keratitis (18–20), we examined whether conditioned media derived from in vitro cultured BMDM could affect PMN bactericidal activities in a similar fashion like serum. L-plastin sufficient BMDMs were cultured either exposed to the commensal isolate “trained” or left untreated, “non-trained,” washed, rested for 48 h, and conditioned media was collected (Figure 8A). Under non-activated conditions, there were no major differences in the bactericidal activities of L-plastin sufficient (first set of bars, black bar, Figure 8B) and L-plastin deficient (second set of bars, black bar, Figure 8B). In contrast, conditioned media from commensal-exposed, “trained” WT BMDMs promoted neutrophil bactericidal activities in WT PMNs (Figure 8B, black vs. red bars, Two-way ANOVA, p = 0.004). The LysM.Crepos LPLfl/fl PMNs did not respond to the priming signals by the conditioned media (Figure 8B, second set of bars, Two-way ANOVA, not significant). Cumulatively, these data confirm that defects in neutrophil functionalities could be revealed upon priming.
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FIGURE 8. LPL deficient neutrophils show compromised responses to priming signals, released by “trained” macrophages. (A) Schematic diagram depicting the experimental approach to generate “trained” macrophages. BMDMs were exposed to S. ovis (MOI = 1) for 24 h, cells were washed, rested for 48 h, then conditioned supernatants were harvested, and used to prime neutrophil killing. (B) Killing assays were carried out with WT PMNs (first set of bars) and LysMCreposLPLfl.fl PMNs (second set of bars) in the presence of conditioned medium derived from “non-trained” WT BMDMs (black bars), “trained” WT BMDMs (red bars), “non-trained” LysMCreposLPLfl.fl BMDMs (gray bars) and “trained” LysMCreposLPLfl.fl BMDMs (pink bars) (Two-way ANOVA, p < 0.05). Data are representative of two experiments. Each bar shows mean values with SD based on four individual replicas per sample. (C) ELISA measurements of IL-1β in the conditioned media from “non-trained” WT (black bars) and “trained” (purple bars) BMDMs. (Student's t-test, p < 0.028). Representative data are shown out of two experiments. Cumulatively, data demonstrate that exposure to commensals “train” macrophages to prime neutrophil responses to P. aeruginosa. The LysMCreposLPLfl.fl PMNs show bactericidal defects revealed upon exposure to priming signals.





DISCUSSION

The ocular mucosal site is paucibacterial, in stark contrast to the skin or other mucosal sites such as the gut. The types of cultivable bacterial species range from none to 2–3 per eye per sampling (21, 22). This incredibly low bacterial presence is an unique feature of the site. Several different mechanisms have been proposed including tear film, mucins, antimicrobial proteins, sIgA, frequent blinking (22–24). Our previous work has also shown that neutrophils can be recruited to the conjunctival tissues in response to commensal presence (11, 25). Here, we define an important role for L-plastin in the myeloid compartment and, specifically, in neutrophils that controls commensal burden and susceptibility to infection.

The absence of L-plastin resulted in ocular commensal conjunctival overgrowth. LPL KO mice showed increased Streptococcus ovis burden and a similar phenotype was observed in mice that harbored lineage-specific deletion of L-plastin in the myeloid or neutrophil compartments such as LysMCreposLPLfl.fl and S100A8.CreposLPLfl/fl mice indicating that the neutrophil responses regulated by L-plastin were fundamental to control commensal abundance. While other bacterial species such as CNS spp. and Aerococcus spp. were also isolated from the LysMCreposLPLfl.fl and S100A8.CreposLPLfl/fl mice, their abundances were not different among the genotypes, suggesting that the responses were organism-specific. The elevated levels of Streptococcus spp. correlated with reduced levels of myeloid cells measured in L-plastin deficient mice at steady state (data not shown). Indeed, subsequent experiments showed that neutrophil frequencies were significantly reduced in the S100A8.CreposLPLfl/fl conjunctivas when compared to WT tissues, suggesting that changes in neutrophil trafficking likely affect commensal presence. Cumulatively, data illustrate niche-and organism-specific mechanisms to control ocular commensal presence.

In addition to alterations in the commensal presence, we observed elevated susceptibility to P. aeruginosa-induced keratitis. The susceptibility trait segregated with the L-plastin defects in the myeloid compartment and neutrophils, but not in the CD11c+ cells. Mice with lineage-specific deletions of L-plastin under the LysMCrepos and S100A8.Crepos promoters showed elevated bacterial burden in the eye, reduced neutrophil frequencies, and impaired neutrophil bactericidal activities. Given that L-plastin transmits integrin mediated adhesion, it wasn't surprising to detect reductions in PMN levels at baseline and upon challenge (10). However, similar analysis of the lungs of non-infected mice or Streptococcus pneumoniae-infected mice failed to show differences in viable PMN counts, suggesting that the observed phenotype is organ-specific (7). It is likely that the decreased PMN levels were reflective of altered trafficking, rather than viability, as no changes in the numbers of non-viable PMNs were noted (data not shown). We also detected reductions in the bactericidal capacity in the L-plastin deficient PMNs, which were observed only after exposure to serum-derived priming signals. Similar phenotype was noted, when L-plastin deficient PMNs were allowed to opsonophagocytose bacteria in the presence of conditioned medium derived from BMDMs.

Macrophages are the most abundant, long-lived myeloid cell in the conjunctival and corneal tissues. Their frequency and functionalities depend on microbiota (26). Recently, it was shown that macrophages retain innate memory. Exposure to commensal metabolites such as β-glucans or BCG trains macrophage responses through epigenetic modifications to subsequent challenges (27–30). The training is usually associated with a shift in the metabolic responses or cytokine release (31, 32). How commensal exposure affects P. aeruginosa macrophage responsiveness hasn't been investigated. Prior exposure to commensal organisms in vitro affected subsequent responses to P. aeruginosa challenge in, both, BMDMs themselves and PMNs. Namely, BMDMs exposed to Streptococcus spp. released elevated levels of IL-1β upon secondary challenge with P. aeruginosa (Figure 8C) and their bactericidal function was improved in contrast to that of the L-plastin deficient BMDM (Supplementary Figure 3). Similar to the “trained” macrophages, L-plastin sufficient PMNs demonstrated improved bactericidal activity in the presence of conditioned medium derived from “trained” BMDMs, in contrast to the phenotype of the L-plastin deficient PMNs. It is likely that IL-1β, released by the BMDMs promotes neutrophil priming.

Microbiota-driven changes of the ocular mucosa are often associated with alterations in the IL-1β levels (11, 25, 33). For example, GF out bred Swiss Webster (SW) mice showed significantly lower IL-1β levels when compared to Specific Pathogen Free (SPF) mice illustrating that IL-1β signals were induced by commensal exposure (11). Consistently, increased IL-1β production was elicited upon Corynebacterium mastitidis colonization of ocular conjunctiva (25). In contrast, deficiency in the IL-1β signaling such as in the IL-1R knock-out mice was linked to increased abundance of commensal species in the cornea including Streptococcus spp., demonstrating that IL-1β signals restricted ocular commensal presence (34). What remains unknown to a large extent is what cell types respond to IL-1β and whether these responses are niche-specific. Microbiota-induced IL-1β responses in the gut stimulate protective monocytic activation, while microbiota-induced IL-1β responses in the skin stimulate TC17 cell responses (35, 36). Consistently, our data provides information that trained macrophages release elevated levels of IL-1β upon priming and that LPL deficient PMNs mount decreased ROS production and impaired P. aeruginosa killing after IL-1β priming (data not shown) (37).

In conclusion, we provide evidence of defective neutrophil functionality in the absence of L-plastin that is associated with commensal overgrowth coupled to increased sensitivity to opportunistic infections. Our work has important implications, suggesting that genetic predispositions associated with commensal overgrowth can be associated with frequent opportunistic infections.
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Supplementary Figure 1. L-plastin deficiency sensitizes to P. aeruginosa-induced keratitis. (A) Bacterial burdens and pathology scores at 24 h post infection. Groups of LPL KO mice (n = 7) and WT littermates (n = 14) mice were infected with 5 × 106 CFU P. aeruginosa PAO1 per eye. LPL deficient mice have higher bacterial burden than WT littermates at 24 h after the PAO1 challenge. Data are representative of two independent experiments performed under comparable conditions. In the scatter plot each symbol represents CFU value per individual animal. p-values are generated using Student's t-test, p < 0.0001. Box with whiskers show pathology scores, p-values are generated using Mann Whitney test, p = 0.0062. (B) Bacterial burdens at 48 h post infection with 5 × 106 CFU P. aeruginosa PAO1. Groups of LPL KO mice (n = 5) and WT littermates (n = 5) mice were infected with P. aeruginosa PAOI per eye. Data are representative of two independent experiments performed under comparable conditions. p-values are generated using Student's t-test, p = 0.03. Box with whiskers show pathology scores, p-values are generated using Mann Whitney test, p = 0.0054.

Supplementary Figure 2. Male and female LPL mice show comparable susceptibility to infection. Groups of LPL KO male mice (n = 7), female LPL KO mice (n = 5), and age and gender matching littermates (n = 7) mice were infected with 5 × 105 CFU P. aeruginosa 6294 per eye. Data are representative of three independent experiments performed under comparable conditions. p-values are generated using Mann-Whitney test. Cumulatively, these data show no sex influence on the phenotype. *p < 0.05; **p < 0.001; ***p < 0.0001.

Supplementary Figure 3. Exposure to Streptococcus spp. promotes BMDM bactericidal activity. BMDMs were exposed to S. ovis (MOI = 1) for 24 h, cells were washed, rested for 48 h, then exposed to P. aeruginosa 6294 MOI 1 for 60 min. Cells were treated with gentamycin for 90 min and then lysed to count viable intracellular bacteria. Bars represent mean cfu values with SD. Each symbol is a biological replica. One-way AOVA, p = 0.072.
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