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Bacterial infections and the concurrent inflammation have been associated with increased long-term cardiovascular (CV) risk. In patients receiving peritoneal dialysis (PD), bacterial peritonitis is a common occurrence, and each episode further increases late CV mortality risk. However, the underlying mechanism(s) remains to be elucidated before safe and efficient anti-inflammatory interventions can be developed. Damage-Associated Molecular Patterns (DAMPs) have been shown to contribute to the acute inflammatory response to infections, but a potential role for DAMPs in mediating long-term vascular inflammation and CV risk following infection resolution in PD, has not been investigated. We found that bacterial peritonitis in mice that resolved within 24h led to CV disease-promoting systemic and vascular immune-mediated inflammatory responses that were maintained up to 28 days. These included higher blood proportions of inflammatory leukocytes displaying increased adhesion molecule expression, higher plasma cytokines levels, and increased aortic inflammatory and atherosclerosis-associated gene expression. These effects were also observed in infected nephropathic mice and amplified in mice routinely exposed to PD fluids. A peritonitis episode resulted in elevated plasma levels of the DAMP Calprotectin, both in PD patients and mice, here the increase was maintained up to 28 days. In vitro, the ability of culture supernatants from infected cells to promote key inflammatory and atherosclerosis-associated cellular responses, such as monocyte chemotaxis, and foam cell formation, was Calprotectin-dependent. In vivo, Calprotectin blockade robustly inhibited the short and long-term peripheral and vascular consequences of peritonitis, thereby demonstrating that targeting of the DAMP Calprotectin is a promising therapeutic strategy to reduce the long-lasting vascular inflammatory aftermath of an infection, notably PD-associated peritonitis, ultimately lowering CV risk.
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Introduction

Bacterial infections have been associated with increased cardiovascular (CV) risk in the short (Clayton et al., 2007; Chen et al., 2012; Dalager-Pedersen et al., 2014) and long (Chen et al., 2012; Bergh et al., 2017) term. While serious infections carry the biggest risk (Jafarzadeh et al., 2016), less severe local infections, such as periodontal infections, were also found to increase long-term CV risk (Sanz et al., 2020; Zardawi et al., 2020), notably via the promotion of atherosclerosis (Beukers et al., 2017).

Chronic Kidney Disease (CKD) at all stages is associated with significantly increased cardiovascular (CV) risk (Gansevoort et al., 2013; Liu et al., 2014), with patients on dialysis showing a 20-fold increase in CV mortality (Gansevoort et al., 2013). In CKD patients receiving peritoneal dialysis (PD), bacterial peritonitis is a common occurrence, and increasing evidence suggests an additional promoting long-term effect of prior peritonitis episodes on late CV mortality (Ye et al., 2017; Pecoits-Filho et al., 2018; Cheikh Hassan et al., 2022). In a 3-year follow-up period, peritonitis was associated with a 90% increased risk of cardiovascular mortality (Ye et al., 2017), and increasing number of peritonitis episodes were found to further increase CV mortality risk in PD patients (Pecoits-Filho et al., 2018; Cheikh Hassan et al., 2022).

Increasing evidence suggests that infection-induced inflammation, rather than the pathogen itself, promotes CV pathologies (Bergh et al., 2017; Pecoits-Filho et al., 2018). Therefore, anti-inflammatory therapies administered during or after infections such as PD-associated peritonitis may be valuable adjuncts to standard anti-microbial therapies to reduce long-term CV risk. Development of novel anti-inflammatory strategies in PD will, however, require elucidation of the mechanisms by which acute infection-induced inflammatory responses transition to lasting low grade vascular inflammation and increased CV risk in these patients.

Endogenous components released and/or generated as a result of cellular stress and tissue damage, termed Damage-Associated Molecular Patterns (DAMPs), which interact with pro-inflammatory Pattern-Recognition Receptors (PRRs), are critical to the development of chronic inflammatory pathologies, including CV pathologies, such as atherosclerosis (Tobias and Curtiss, 2007; Feldman et al., 2015; Roshan et al., 2016; Roh and Sohn, 2018). In addition to their role in mediating sterile inflammation, DAMPs have also been shown to significantly contribute to the inflammatory response to severe bacterial infections. Notably, elevated plasma levels of the host DAMPs mitochondrial DNA (Yamanouchi et al., 2013) and Calprotectin (S100A8/S100A9) (Wirtz et al., 2020; Parke et al., 2023) in sepsis have been found to correlate with disease severity. Furthermore, deficiency in or blockade of S100A9, reduced organ damage during sepsis (Ding et al., 2021; Wu et al., 2023; Zhang et al., 2023). However, the potential role of specific DAMPs in mediating lasting inflammation and increased CV risk long past infection resolution, including following peritonitis in PD, remains to be evaluated.

The present study revealed that a single peritoneal bacterial infection episode in mice leads to systemic and vascular inflammatory changes that are maintained 28 days past infection resolution and can promote vascular inflammation and atherosclerosis development by inducing i) higher blood proportion of inflammatory innate immune leukocytes, ii) increased leukocyte expression of adhesion molecules, ii) higher plasma pro-inflammatory cytokine levels, and iv) increased aortic inflammatory and atherosclerosis-associated gene expression. Importantly in the context of PD-associated peritonitis, these observations were reproduced in nephropathic mice and aggravated upon repeated daily exposure to PD fluids. A peritonitis episode resulted in a strong elevation in plasma levels of the DAMP Calprotectin, both in PD patients and mice, which in the latter remained elevated for at least 28 days. In vitro, the ability of culture supernatants from infected cells to promote typical key vascular inflammatory and pro-atherosclerotic responses, such as monocyte chemotaxis, and foam cell formation, was demonstrated to be Calprotectin-dependent. In vivo, Calprotectin blockade robustly inhibited the short and long-term systemic and vascular inflammatory consequences of peritonitis in mice, without affecting bacterial clearance.

Thus, our findings demonstrate that specific targeting of the DAMP Calprotectin is a promising therapeutic strategy to reduce the long-lasting peripheral and vascular inflammatory aftermath of an infection, notably peritonitis in PD, ultimately lowering CV risk.





Methods




Animal work

All experiments were carried out under a Home Office project licence. 7- to 9- week old female wild-type mice (C57BL/6, n=5/group/time point, unless indicated otherwise) were i.p. injected with live S. epidermidis at a dose around 5x108 cfu/mouse, as previously defined by our laboratory (Raby et al., 2009; Raby et al., 2017). Live inoculum was prepared based on previously established standard curves correlating the turbidity (OD600) of the bacterial suspension with the number of bacterial colonies after growth on Petri dishes. Therefore, while mice were always injected with the same OD inoculum, the actual number of colonies injected was only confirmed 1-2 days later following culture of the inoculum and may vary slightly between experiments. The actual number of bacteria injected for each experiment (Time course, 6.8x108 cfu/mouse; AAN mice, 7.8x108 cfu/mouse; PDF-exposed mice, 3.85x108 cfu/mouse; Paquinimod treatment, 8.75x108 cfu/mouse).

For Calprotectin blockade experiments, PBS or live S. epidermidis i.p. injections were performed in the presence or absence of Paquinimod (1 mg/kg) and Paquinimod was repeated weekly until cull date, for a total of 3 additional injections. Mice were sacrificed at the indicated time points and blood (cardiac puncture) and peritoneal lavages (in 2ml PBS) were collected. The heart was flushed with PBS (10 ml) prior to aorta isolation. The thoracic portion of the aorta was immediately snap-frozen prior to RNA extraction. Aliquots of blood (30µl) and lavage (300µl) from each mouse were set aside for cell surface staining and the rest of the samples were centrifuged at 450 x g for 15 mins at 4°C to obtain plasma and cell-free lavage. Samples were stored at -80˚C until analysis by ELISA or for creatinine levels (Cardiff and Vale UHB, Medical Biochemistry services). Total RNA was extracted from blood using the QIAamp RNA Blood Mini Kit (Qiagen).

Chronic Aristolochic Acid-induced Nephropathy (AAN) was induced as previously described (Lu et al., 2021). 7- to 9- week old female wild-type mice (C57BL/6, n=5/group/time point) were i.p. injected with PBS (500 μl) or Aristolochic Acid (AA, Sigma, 2.5 mg/kg). Injections were repeated every 3 days for a total of 4 times. 28 days after the first AA injection, mice from each group were injected i.p. with live S. epidermidis or PBS (Day 0) and culled at Day 1 or Day 28. Bacterial injection, tissue collection and sample processing were as described above. In addition, the right kidney was isolated and halved lengthwise, transferred to a histology cassette and fixed for at least 24h (4°C) in 10% Neutral-Buffered Formalin (NBF) before being transferred to 70% Ethanol (4°C) until embedding, slicing (8µm) and Masson’s trichrome staining (Bioimaging Hub, Cardiff University).

PD fluid (PDF) exposure experiments were performed under a project license granted by the Spanish Consejo Superior de Investigaciones Científicas. 7- to 9-week-old female wild-type mice (C57BL/6, n=6/group/time point) underwent peritoneal catheter (Access technologies, West Midlands, UK) implantation surgery, as previously reported (Gonzalez-Mateo et al., 2009; Raby et al., 2018a). Following 7 days of recovery, mice were instilled once daily with 2ml PBS (n=24) or 2ml PDF (n=24, Fresenius standard 4.25% glucose solution) for 14 days. Mice were then i.p. injected with S. epidermidis or PBS (Day 0) and PBS and PDF instillation were carried out daily until cull date (Day 1 or Day 28). Blood, peritoneal lavages and aortas were collected and processed as described above.





Focused transcriptomic analyses

Total RNA was extracted from mouse mouse aortas (Qiagen, RNeasy Fibrous Tissue Mini Kit) following the manufacturer’s instructions, quantified by Nanodrop, and kept frozen (-80°C) until further use. Purified RNA (250 ng/condition) was converted into cDNA by reverse transcription (RT2 First Strand kit, Qiagen). Atherosclerosis-focused transcriptomic analysis was then performed by quantitative PCR of the cDNA using a mouse Atherosclerosis RT2 Profiler PCR Array (Qiagen, Cat. # 330231, GeneGlobe ID PAMM-038Z, https://geneglobe.qiagen.com/gb/product-groups/rt2-profiler-pcr-arrays for full list and description of genes tested), following the manufacturer’s instructions. Analysis was performed automatically via the Qiagen Geneglobe analysis tool. Reference genes were selected automatically from the housekeeping gene panel and relative gene expression was calculated using the ΔΔCt method.





Flow cytometry

Expression levels of cell surface antigens were determined by flow cytometry as previously described (Rey Nores et al., 1999). Briefly, cell suspensions (300 µl mouse peritoneal lavage or 30 µl of red-blood cell lysed mouse blood, Pharm Lyse, BD Biosciences) were prepared in sterile PBS and Fc receptors were blocked by incubation (10 min, RT) with mouse Fc block (BD Biosciences) before incubation (45 min, 4°C) with directly conjugated monoclonal antibodies (Ly6C, clone HK1.4-AF488; Ly6G, clone 1A8-AF647; CD11b, clone M1/70-PerCP Cy5.5, BioLegend). Cells were rinsed twice with PBS before immediate flow cytometry analysis on an Attune NxT or a FACS Canto II cytometer. Cellular debris and doublets were excluded based on their FSC-A/SSC-A and FSC-H/FSC-A scatter profiles, respectively. Neutrophils were defined as Ly6G+ and CD11b+ and monocytes as Ly6G- and CD11b+. Among total monocytes, Ly6Chigh and Ly6C low populations were determined based on their Ly6C expression. In lavage samples, peritoneal resident macrophages were defined as Ly6G- and CD11b++.





Cell culture

Mono-Mac6 cells were cultured in RPMI 1640 medium supplemented with 10% low endotoxin fetal calf serum (FCS, HyClone; < 0.06 U/mL endotoxin), 1% insulin (Fisher Scientific), 1% Non-essential Amino Acids (Fisher Scientific) and 1% pyruvate (Fisher Scientific).

Human peripheral blood mononuclear cells (PBMC) were obtained from buffy coats (Welsh Blood Services) through Ficoll density-gradient centrifugation and cultured in RPMI 1640 medium supplemented with 10% low endotoxin FCS. Macrophages were differentiated from blood monocytes obtained by PBMC adhesion (2h, RMPI 1640 supplemented with 1% FCS). Non-adherent cells were removed, and adherent monocytes were rinsed (3 times, PBS) before culture for at least 7 days in complete medium supplemented with human M-CSF (10 ng/ml, Peprotech). The culture medium was then supplemented with fresh M-CSF every 3 days for the remainder of the culture.





Post-infection supernatants preparation

Mono-Mac 6 cells were seeded at 800.000 cells/well in 1ml of complete medium, before stimulation or not with Heat-killed S. epidermidis (HK S. epi, 5x108 cfu/ml) overnight. Bacteria-containing supernatants were then removed, cells were rinsed twice with sterile PBS and cultured for a futher 24h in 1ml complete medium before supernatant collection and filtering (0.22µm). DAMP levels in the supernatants were analysed by ELISA prior to supernatant use in functional experiments.





Cytokine production assays

M-CSF differentiated macrophages (1.5 x 104 cells/well) were cultured (18h) in the presence of the indicated concentrations of ultra-pure LPS (10 ng/ml, E. coli O111:B4 strain; Invivogen) or post-infection supernatants (50% final volume). For Calprotectin blockade, post infection supernatants or LPS were pre-incubated with Paquinimod (5µg/ml, Sigma) in culture medium (30 mins) prior to incubation with cells (18h). Cell viability was routinely assessed at the end of the experiments by Trypan Blue staining, was always > 90% and was not affected.





Monocyte migration

Mono-Mac 6 cells (1x106 cells/condition) were stimulated or not (18h) with recombinant human Calprotectin (1 µg/ml), ultra-pure LPS (10 ng/ml) or post-infection supernatants (50% final volume). For Calprotectin blockade, Calprotectin, post infection supernatants and LPS were pre-incubated with Paquinimod (5µg/ml, Sigma) in culture medium (30 mins) prior to incubation with cells (18h). Cells were then starved (1h) in serum-free medium prior to seeding (200,000 cells, in triplicates) in the top chamber of 8 µm pores transwells. The bottom compartment was filled with RPMI containing 10% FCS and recombinant human MCP-1 (CCL2, functional grade, R&D, 50ng/ml). Cell numbers were counted in the bottom compartment at the indicated time points.





Foam cell formation

Following a starvation step (24h, no serum, RPMI 1640 supplemented with 0.2% fatty-acid free BSA), macrophages were seeded in 8-well microscopy slide (175,000 cells/well) and cultured (24h, no serum) in the presence, or not, of LDL (Invitrogen, 25 µg/ml) alone or together with ultra-pure LPS (10 ng/ml) or post-infection supernatants (50% final volume). For Calprotectin blockade, post infection supernatants and LPS were pre-incubated with Paquinimod (5µg/ml, Sigma) in RPMI without serum (30 mins) prior to incubation (24h) with macrophages in the presence of LDL. Intracellular neutral lipids were visualised by Oil Red-O staining (30 min, 37°C), as previously described (Xu et al., 2010). Slides were mounted using DAPI mounting medium (Fluoroshield, Abcam) to preserve fluorescence and visualise cell nucleus. Images (20x magnification) of 5 non-overlapping fields of view were taken for each condition on a Leica DM LA microscope. To quantify foam cell formation, 20 cells were selected from the top left corner of each image, each cell with detectable red staining was considered a foam cell, while cells without staining were considered normal cells. The process was repeated with the 5 images taken for each condition (total of 100 cells counted/condition). The percentage of foam cells per condition is shown as a measure of foam cell formation.





Patient blood samples

Blood samples from patients on PD, before or at Day 1 of presentation with peritonitis, were collected via the Welsh Kidney Research Tissue Bank in accordance with the institutional review board of Cardiff University and the local National Health Service Research Ethics Committee (Table 1). Non infected baseline plasma samples were collected more than 1 week before peritonitis diagnosis. Written informed consent was obtained from all donors. Causes of CKD included focal segmental glomerulosclerosis (n=2), granulomatosis with polyangiitis, IgA nephropathy, hypertensive nephropathy, obstructive uropathy, idiopathic membranous nephropathy and congenital renal dysplasia. Samples from patients with diabetes or malignancy were excluded from the analysis. Blood was centrifuged at 1500 x g for 15 mins to obtain plasma, which was aliquoted and kept at -80°C until further use. At the time of testing, samples were thawed and kept on ice for the duration of the preparation, for analysis by ELISA according to the manufacturer’s instructions.


Table 1 | PD patients’ characteristics at the time of non-infected plasma sample collection.







Statistical analysis

Statistical analyses were performed using GraphPad Prism (version 10) and are described in the corresponding figure legends. Normal distribution of data sets was evaluated by Shapiro Wilk test. For experiments where data from all groups was normally distributed, p values were calculated using a t-test (2 groups) or an ordinary one-way ANOVA followed by a Tukey test (multiple groups). In cases where data for one of more of the experimental groups being compared was not normally distributed, a Mann-Whitney U test for independent samples (2 groups) or a Kruskal-Wallis test (multiple groups) was used. For paired sample comparisons, the non-parametric Wilcoxon signed-rank test was used.






Results




A bacterial peritonitis episode induces vascular inflammatory and atherosclerosis-promoting responses that are long-lasting following resolution

In order to better understand the mechanism(s) linking infection with increased long-term CV risk, peritonitis was induced in normal mice as previously described (Raby et al., 2013; Raby et al., 2017), by intraperitoneal injection of live Staphyloccocus epidermidis (S. epidermidis), a leading cause of peritonitis in PD patients (Finkelstein et al., 2002; Mujais, 2006). This model mimics the progression of a clinical bacterial peritonitis episode typically observed in PD patients. Vascular inflammatory readouts were evaluated up to 28 days following infection. While pathogen clearance from the blood and peritoneum was achieved within the first 24h post-infection (Figure 1A), peritonitis led to systemic and vascular inflammatory responses that were maintained for up to 28 days. Specifically, proportions of innate immune leukocytes were markedly elevated until at least Day 10, including neutrophils (CD11b+/Ly6G+), total monocytes (CD11b+/Ly6G-) and the pro-inflammatory Ly6Chigh monocytic subset (Figure 1B), the latter being preferentially recruited to the atherosclerotic plaque (Tacke et al., 2007) and specifically associated with increased risk of CV events in dialysis patients (Betjes, 2013). While there was a temporary reduction in this leukocyte elevation at Day 3, probably as a result of the recruitment of these leukocyte populations to the peritoneal cavity, proportions at Day 10 had increased again, despite pathogen clearance. This was in line with the maintenance of increased plasma levels of pro-inflammatory cytokines critical to vascular inflammation and atherosclerosis progression (Boring et al., 1998; Boisvert et al., 2000; Tacke et al., 2007), notably the monocyte chemoattractant MCP-1, observed even at Day 28 (Figure 1C), in spite of its return to normal levels in the peritoneal cavity. A similar trend was also observed for the neutrophil chemoattractant KC in plasma (not statistically significant) and peritoneum (Figure 1C). In addition to their increased proportions, innate leukocytes displayed increased expression of CD11b (Figure 1D), an activation marker and adhesion molecule critical to leukocyte adhesion to the activated endothelium during recruitment to the inflamed intima, and these changes were maintained at Day 28. Vascular/endothelial-specific inflammatory markers indicative of endothelial cell activation (Gearing and Newman, 1993; Newman et al., 1993; Eikemo et al., 2004; Videm and Albrigtsen, 2008) were also found elevated after peritonitis (Figure 1E), either in short (VEGF), or longer term (soluble VCAM-1; soluble E-selectin). Together with changes in the blood, aortas from mice infected 28 days earlier displayed upregulated expression of a number of genes associated with inflammation and atherosclerosis development. Out of 84 genes tested, 15 were upregulated (fold change ≥ 2, p ≤ 0.05, genes indicated in red) following S. epidermidis administration (Figure 1F; Supplementary Table 1), including a majority of genes involved in inflammation (Il4, Lif, Tgfb2, Tnc), endothelial activation (Fn1, Itga5), lipid metabolism and handling (Apoa1, Apob, Hbegf), arterial remodelling (Ccn2, Eln) and platelet activation (Fga, Fgb, Serpine1, Vwf). Of note, 4 genes were downregulated (fold change ≤ 0.5, p ≤ 0.05, genes indicated in green) following S. epidermidis peritonitis, coding notably for anti-atherosclerotic mediators, such as PPARG, a receptor whose activation leads to potent anti-atherosclerotic responses (Li and Glass, 2004; Li et al., 2004), IL-5, which slows down atherosclerosis progression (Binder et al., 2004), and ApoE, which mediates lipid clearance from plasma (Bouchareychas and Raffai, 2018).




Figure 1 | Bacterial peritonitis induces inflammatory and pro-atherosclerotic vascular responses that are long-lasting past infection clearance. C57BL/6J mice (n=5 per group) were injected intraperitoneally with live S. epidermidis or PBS (Control) and peritoneal lavages, blood, and aortas were obtained at the indicated time points. Bacterial numbers in blood and lavages were determined by colony counting after growth (A). Innate leukocyte proportions (B) and CD11b expression (D) were determined by flow cytometry and plasma levels of cytokines (C) and endothelial activation markers (E) were quantified by ELISA. *p <0.05; **p <0.01; ***p <0.005, indicated time point vs PBS control, Mann-Whitney U test. Volcano plots (F) show the effect of S. epidermidis peritonitis on aortic atherosclerosis-associated gene expression at Day 28. Red (upregulated, fold change ≥ 2) and green (downregulated, fold change ≤ 0.5) circles represent single genes significantly affected (p <0.05, indicated by the horizontal line) compared to PBS control.



Taken together, the in vivo findings demonstrated that a single peritoneal infection episode induces inflammatory systemic and vascular changes that are long-lasting, despite rapid infection clearance, and are expected to worsen atherosclerosis and CV risk.





The long-term systemic and vascular consequences of peritonitis are maintained in chronic nephropathic mice and exacerbated in animals routinely exposed to PD solutions

PD patients display altered immune responses as a result of CKD and the PD process (Cohen et al., 2001; Anding et al., 2003; Hauser et al., 2008). Therefore, the short and long term consequences of a peritonitis episode were re-evaluated in nephropathic mice (aristolochic-acid induced nephropathy, AAN Supplementary Figure 1A, Lu et al., 2021; Mazzarino et al, 2023) and mice undergoing daily PD fluid (PDF) exposure following peritoneal catheter insertion (Supplementary Figure 2A) (Raby et al., 2018b).

As previously described, repeated administration of AA results in nephropathy, manifested by tubular injury leading to inflammation followed by tissue remodeling and fibrosis, as well as increased creatinine plasma levels (Lu et al., 2021; Mazzarino et al, 2023 and Supplementary Figures 1B, C). Of note, these effects were present at the time of peritonitis and remained significant at Day 28, confirming the maintenance of kidney pathology throughout the experiment. S. epidermidis-infected AAN mice displayed overall innate immune leukocyte proportions similar to those observed in infected normal mice, although higher neutrophil proportions were observed at Day 28 when compared to S. epidermidis-infected normal mice (Figure 2A). Notably, CD11b was further increased in AAN infected, compared to normal infected, mice shortly after infection on total and Ly6Chigh monocytes, when compared to S. epidermidis-infected normal mice (Day 1, Figure 3B), but this effect was lost at Day 28 (Day 28, Figure 2B). In contrast to the early elevation of CD11b, plasma levels of MCP-1 in AAN mice were significantly lower at Day 1 post-infection when compared to infected normal mice, and KC followed a similar trend (Day 1, Figure 2C). These findings are in line with the overall impaired immune cell function reported in CKD (Binder et al., 2004). While monocyte and neutrophil numbers may be higher in CKD patients, with higher levels of activation markers (e.g., CD11b), their ability to respond to pathogenic challenges, notably in terms of cytokine production, is reduced (Lim et al., 2007). Accordingly, basal levels of MCP-1 and KC were higher in AAN mice at Day 28, but the increase in response to infection was low (Day 28, Figure 2C). As a result, there was no difference in cytokine plasma levels between normal and AAN mice 28 days following infection. Similarly, plasma levels of solubleVCAM-1 and soluble E-selectin were not significantly different between control-infected and AAN-infected mice (Figure 2D), although there was an increase in sVCAM1 release in AAN mice at Day 1. Therefore, despite ongoing kidney inflammation, the inflammatory burden post-infection was not increased in AAN mice, probably in part due to a degree of immunosuppression in these animals.




Figure 2 | The lasting vascular responses to bacterial peritonitis are maintained in AAN mice. C57BL/6J mice (n=5/group) were i.p. injected 4 times at 3 days intervals with AA (2.5 mg/kg) or PBS. 28 days later, mice from each group were i.p. injected with S. epidermidis or PBS at Day 0 and culled at Day 1 or Day 28. Blood proportions of innate immune leukocytes (A) and adhesion molecule expression (B) were determined by flow cytometry and plasma levels of cytokines (C) and endothelial activation markers (D) were quantified by ELISA (C). p <0.05; **p <0.01; ***p <0.005, ordinary one-way ANOVA (normal distribution) or Kruskal-Wallis test (non-normal distribution).



Daily exposure to PDF did not affect the early (Day 1) changes in blood leukocyte proportions following peritonitis (Figure 3A), as leukocyte levels were similar to those observed in S. epidermidis-infected control mice, but it led to a long-term (Day 28) overall further increase in the proportions of all innate blood leukocytes tested, which was statistically significant for neutrophils (Figure 3A). Of note, CD11b expresssion levels and plasma MCP-1 and KC were unaffected by PDF exposure (Supplementary Figures 2B, C). However, while levels of both peritoneal MCP-1 and KC were similar in PDF and control mice shortly after infection (Figure 3B, Day 1), they remained elevated in PDF-exposed mice at Day 28, while they had returned to normal levels in PBS-exposed infected controls (Figure 3B, Day 28). Consistent with these findings, significantly higher proportions of peritoneal neutrophils and monocytes (>95% recruited monocytes were Ly6Chigh) were observed long-term (28 days) following infection, concomitant with an apparent reduction in peritoneal macrophages (Figure 3C). Taken together, these observations suggest that chronic PDF exposure impairs inflammation resolution following peritonitis, manifested by prolonged leukocyte recruitment to the peritoneal cavity and, consequently, to increased blood inflammatory leukocyte proportions. Interestingly, plasma sVCAM-1, but not sE-selectin, was also increased at Day 28 following peritonits in PDF-exposed, compared to control, mice. This suggests that PDF exposure also worsens long-term endothelial inflammation following peritonitis. In line with this, the combination of PDF exposure together with S. epidermidis peritonitis also led to an increase in the extent of inflammatory and atherosclerosis promoting genes expression in aortas at Day 28 post-infection, compared to peritonitis or PDF exposure alone (Figure 3D, Supplementary Table 2).




Figure 3 | The long-term vascular responses to bacterial peritonitis are exacerbated in animals routinely exposed to PD solutions. C57BL/6 mice (n=6/group) were fitted with a peritoneal catheter, given a 7-day recovery period and instilled once daily with 2ml PBS or PDF for 14 day. Mice were then i.p. injected with S. epidermidis or PBS (Day 0) and culled at Day 1 or further exposed daily to PBS or PDF, prior to culling at Day 28. Peritoneal lavages, blood and aortas (Day 28 only) were collected and proportions of innate immune leukocytes in blood (A) and lavages (C) were determined by flow cytometry and plasma and peritoneal levels of cytokines (B) and endothelial activation markers (plasma only, D) were quantified by ELISA *p <0.05; **p <0.01; ***p <0.005, ordinary one-way ANOVA (normal distribution) or Kruskal-Wallis test (non-normal distribution). Volcano plots (E) compare the effect of S. epidermidis, PDF exposure + S. epidermidis and PDF exposure to PBS control on atherosclerosis-associated gene expression in aortas at Day 28. Red (upregulated, fold change ≥ 2) and green (downregulated, fold change ≤ 0.5) circles represent single genes significantly affected (p <0.05, represented by the horizontal line) compared to PBS control.



Thus, the lasting inflammatory vascular alterations induced by a peritonitis episode in mice were maintained during chronic nephropathy and exacerbated by chronic exposure to PDF, which can be expected to further aggravate vascular pathology following peritonitis.





Plasma Calprotectin increases upon peritonitis in both mice and PD patients and remains elevated long after infection resolution

To investigate a potential role for DAMPs in inducing and maintaining peritonitis-induced vascular inflammatory responses in the long term, plasma levels of DAMPs were investigated first in mice before, during, and after S. epidermidis-induced peritonitis. Five DAMPs known to be ligands of Toll-like receptors (TLR) were selected to encompass well-described DAMP-families involved in inflammatory pathologies (Roh and Sohn, 2018). Plasma Calprotectin and Hyaluronic acid (HA) levels were significantly increased at Day 1 following infection and decreased over time but remained mostly over the normal background levels at Day 28 (Figure 4A). By contrast, levels of HMGB-1 were elevated at Day 1 but returned to normal by Day 3, while Hsp70 and Histone H3 were mainly unaffected (Figure 4A).




Figure 4 | Peritonitis affects specific peripheral DAMP levels in mice and PD patients. (A). C57BL/6J mice (n=5 per group) were injected intraperitoneally with live S. epidermidis or PBS (Control) and blood was obtained at the indicated time points. (B, C) C57BL/6 mice (n=6/group) were fitted with a peritoneal catheter, given a 7-day recovery period and instilled once daily with 2ml PBS or PDF for 14 days. Mice were then i.p. injected with S. epidermidis or PBS (Day 0) and culled at Day 1 or further exposed daily to PBS or PDF, prior to culling at Day 28. Peritoneal lavages and blood were obtained at Day 1 and Day 28. Plasma and peritoneal levels of DAMPs were determined by ELISA. p <0.05; **p <0.01; ***p <0.005, ordinary one-way ANOVA (normal distribution) or Kruskal-Wallis test (non-normal distribution). (D) Levels of the indicated DAMPs were determined by ELISA in plasma from the same patients (n=8) non-infected (n.i.) or at Day 1 of hospital admission due to peritonitis. Horizontal lines in indicate the median value for the group, symbols indicate individual data points. *p <0.05; **p <0.01 (Peritonitis vs. non-infected, n.i.), Wilcoxon signed-rank test for paired samples.



Of particular relevance to peritonitis in PD, routine exposure to PDF led to the maintenance of higher peritoneal levels of Calprotectin and HA at Day 28 post-infection (Figure 4B), compared to control mice, and a slight increase of Calprotectin, but not HA, in plasma (Figure 4C). This is in line with the overall increase in blood and peritoneal leukocyte proportions seen at Day 28 in PDF infected mice, and suggests that increased DAMP release may be involved in the worsening effect of PDF exposure on long-term vascular inflammation post-peritonitis described above.

Blood transcriptomic analysis of S. epidermidis-infected mice revealed that expression of the two genes coding for Calprotectin subunits, S100a8 and S100a9, was strongly upregulated shortly after peritonitis and remained so, although to a lesser extent, at Day28 (Table 2). This suggests that the observed increase in plasma Calprotectin following peritonitis is driven by a lasting increase in the expression of its genes by blood leukocytes. Expression of the genes coding for HA synthases (Has1-3) and hyaluronidases (Hyal1, 3) was not significantly affected by peritonitis. There was some increase in hyaluronidase 1 expression at Day 28 (Table 2), which may suggest increased breakdown of large HA into the smaller pro-inflammatory DAMP forms.


Table 2 | Effect of S. epidermidis peritonitis in mice on blood gene expression of Calprotectin, Hsp70 and HA synthases and hyaluronases*.



To verify the clinical relevance of the findings made in mice, DAMP levels were determined in PD patients’ plasma before and during a peritoneal infection. Despite significant patient heterogeneity in DAMP levels, Calprotectin was found significantly elevated during peritonitis, (Figure 4D). Plasma levels of most other DAMPs tested were not consistently affected by peritonitis, while Hsp70 showed a decrease (Figure 4D).

Therefore, the relevance of Calprotectin to the maintenance of systemic and vascular inflammation following infection was investigated further in vitro and in vivo.





Calprotectin is an important contributor to increased monocyte chemotaxis and foam cell formation upon-infection

Our recent findings demonstrated the ability of purified Calprotectin to promote in vitro a number of key cellular functions critical to vascular inflammation, endothelial dysfunction and atherosclerosis development including decreased trans-endothelial resistance, increased monocyte chemotaxis and increased foam cell formation (Mazzarino M et al., 2023).

To verify the contribution of Calprotectin to these key processes when it is part of a mix of mediators released by cells following pathogen encounter, DAMP-containing post-infection supernatants were generated by monocyte exposure to Heat-killed S. epidermidis (Supplementary Figure 3A). These supernatants contained Calprotectin as well as other DAMPs released following bacterial encounter, notably Hsp70 but not HA (Supplementary Figure 3B). The contribution of Calprotectin to the supernatant-induced responses was assessed by testing the effect of the pharmacological inhibitor of Calprotectin, Paquinimod, which interacts specifically with the S100A9 subunit and blocks its recognition by TLR4 (Bjork et al., 2009; Bengtsson et al., 2012). Cytokine release by macrophages stimulated with post-infection supernatants was not inhibited by addition of Paquinimod (Figure 5A), suggesting that other factors (other DAMPs, remaining bacterial components, inflammatory cytokines) in the post-infection supernatants are bigger contributors to the release of these pro-inflammatory cytokines. Interestingly, the supernatants’ ability to promote monocyte migration towards MCP-1 (Figure 5B) as well as macrophage-to-foam cell transition (Figure 5C), two critical mechanisms driving the atherosclerosis process (Ilhan and Kalkanli, 2015; Boring et al., 1998; Tacke et al., 2007), were significantly inhibited by Calprotectin blockade.




Figure 5 | Culture supernatants from infected cells promote monocyte chemotaxis and macrophage foam cell formation in a Calprotectin-dependent manner. (A, B) Triplicate cultures of monocyte-derived macrophages (A) or Mono-Mac 6 monocytes (B) were stimulated (18h, 37°C), or not (NS), with LPS (10 ng/ml), Heat-killed S. epidermis post-infection supernatants (50% of final volume) or purified Calprotectin (1µg/ml), in the presence or absence of Paquinimod (5 µg/ml). Cytokine levels were determined by ELISA in macrophage culture supernatants (A) and Mono-Mac 6 migration towards MCP-1 was evaluated following starving in serum-free medium (1h) prior to seeding (200,000 cells, in triplicates) in the top chamber of 8 µm pores trans-wells (B). (C) Monocyte-derived macrophages were exposed (24h) to low-density lipoprotein (LDL) (25 µg/ml), alone or together with LPS (200 ng/ml), HKSE post-infection supernatants (50% of final volume) or purified Calprotectin (1µg/ml), in the presence or absence of Paquinimod (5 µg/ml) prior to staining with Oil Red-O for lipid visualisation by light microscopy (representative images shown). Plots show the percentage of foam cells in each condition. Results are shown as mean (+/- SD) of 3 experiments. *p <0.05; ***p <0.005 (A, vs NS control, B-C, as indicated), ordinary one-way ANOVA.



Thus, blockade of infection-induced Calprotectin indicated that it differentially promotes cellular responses that are critical to initiating and maintaining vascular inflammation and atherosclerosis, and pointed at this DAMP as an important CV pathology-inducing factor released by cells following pathogen encounter.





Calprotectin blockade inhibits the short and long-term systemic and vascular consequences of bacterial-induced peritoneal inflammation in mice

To determine the extent of Calprotectin’s contribution in vivo to the initiation and maintenance of peripheral and vascular inflammation following peritonitis, the pharmacological inhibitor of Calprotectin, Paquinimod, which interacts specifically with the S100A9 subunit and blocks its recognition by PRR (Bengtsson et al., 2012), was administered to mice at the time of peritonitis induction and repeated weekly thereafter. S. epidermidis-peritonitis resulted in a significant rise in the proportion of total blood monocytes at both Day 3 and Day 28, and Ly6Chigh monocytes at Day 3, whereas neutrophils were increased at Day 28. Calprotectin blockade inhibited these effects (Figure 6A). Similarly, Paquinimod also prevented the increase in plasma MCP-1 (Figure 6B) and reversed the peritonitis-induced increase in CD11b expression (Figure 6C) and sVCAM-1 plasma levels, but not that of sE-selectin (Figure 6D).




Figure 6 | Calprotectin blocking inhibits peritonitis-induced systemic inflammatory and pro-atherosclerotic responses in vivo. C57BL/6J mice (n=5 per group) were injected intraperitoneally with live S. epidermidis or PBS (Control), in the presence or absence of Paquinimod (1mg/kg), and Paquinimod administration was repeated weekly thereafter. Peritoneal lavages, blood, and aortas were obtained at the indicated time points. Blood innate leukocyte proportions (A) and CD11b expression levels (B) were determined by flow cytometry at Day 3 and Day 28 and plasma levels of cytokines (C) and endothelial activation markers (D) were quantified by ELISA. Bacterial counts in plasma and lavages were determined by growth on agar plates 1h, 4h and 24h post-infection (G). *p <0.05; **p <0.01; ***p <0.005, ordinary one-way ANOVA (normal distribution) or Kruskal-Wallis test (non-normal distribution). Volcano plots (E) compare the effect of S. epidermidis and S. epidermidis + Paquinimod on atherosclerosis-associated gene expression in aortas at Day 21. Focused volcano plot (right) shows the effect of Paquinimod on the S. epidermidis upregulated genes. Red (upregulated, fold change ≥ 2) and green (downregulated, fold change ≤ 0.5) circles represent single genes significantly affected (p <0.05, represented by the horizontal line) compared to PBS control. Heatmap in (F) displays experimental group hierarchical clustering, as determined according to the aortic expression levels of the 84 genes tested. Each column represents a sample; each row represents a gene; the relative gene expression scale is depicted on the right.



In addition to its systemic anti-inflammatory effect, Calprotectin blockade had a profound protective effect against peritonitis-induced aortic overexpression of pro-atherosclerotic genes. Paquinimod downregulated the aortic expression of all pro-inflammatory and pro-atherosclerotic genes overexpressed at Day 28 following peritonitis (Figure 6D; Supplementary Table 3) Specifically, the expression of 13 out of the 15 genes found up-regulated at this time point was reduced back to normal levels by Calprotectin blockade, while 2 (Apo1a, Fga) were reduced but remained elevated compared to control mice. Blocking of Calprotectin also reversed changes in expression of 4 downregulated genes, bringing 3 back to normal levels and halving the peritonitis-induced inhibition of Il5 expression. Clustering analysis (Figure 6E) revealed that the aortic inflammatory and atherosclerosis-associated gene expression profile of Day 28 peritonitis mice administered with Paquinimod was significantly closer to that of control than to peritonitis animals.

Thus, Calprotectin blockade effectively reduced peritonitis-induced key mediators of chronic vascular inflammation and pathology in the short and long-term following infection, demonstrating the substantial contribution of this DAMP to these processes. Critically, Paquinimod’s anti-inflammatory effect did not compromise the ability of mice to clear the peritonitis infection, both from the infection site (peritoneal lavage) and the blood (Figure 6F).






Discussion

Bacterial infections have been associated with increased long term CV risk (Chen et al., 2012; Bergh et al., 2017) and both serious and less severe local infections were also found to increase this risk (Jafarzadeh et al., 2016; Sanz et al., 2020; Zardawi et al., 2020), notably via the promotion of atherosclerosis (Beukers et al., 2017). In CKD patients on PD, the risk of CV death is up to 10 times higher than in the general population and further increases following each episode of infectious peritonitis (Ye et al., 2017; Pecoits-Filho et al., 2018).

Increasing evidence suggests that infection-induced inflammation, rather than the pathogen itself, promotes CV pathologies (Bergh et al., 2017; Pecoits-Filho et al., 2018). However, the mechanism(s) by which infection-induced inflammation is maintained systemically and in the vessels in the long-term after infection resolution are not well understood, therefore effective and safe anti-inflammatory strategies to reduce it remain to be developed.

This study revealed that a single peritoneal infection episode, cleared within 24h, led to systemic and vascular inflammatory responses that are expected to worsen CV risk and were maintained for at least 28 days in mice. These included increased blood proportions of total and Ly6Chigh inflammatory monocytes and neutrophils, which displayed higher levels of the adhesion molecule CD11b, higher plasma levels of cytokines as wells of markers indicative of endothelial activation, together with increased pro-inflammatory and atherosclerotic gene expression in aortas. Of particular relevance to PD patients, these effects were also observed in nephropathic mice and were further increased in mice exposed to PD solutions daily. Critically, the DAMP Calprotectin was found substantially involved in these processes.

The therapeutic potential of targeting DAMPs to reduce chronic vascular inflammation following an infection was first highlighted by the increased plasma levels of Calprotectin and HA, maintained over 28 days, after a peritonitis episode in mice. Plasma levels of Calprotectin, but not HA or the other DAMPs tested, were also found elevated in PD patients with ongoing peritonitis, in line with findings in other non-PD associated bacterial infection scenarios (Havelka et al., 2020; Lamot et al., 2022). In steady state, Calprotectin is an intracellular Ca2+-binding protein, but is released in large amounts upon cell activation, notably by phagocytes (Hessian et al., 1993). This study has not investigated the cellular source(s) of Calprotectin, but it can be speculated that elevated Calprotectin plasma levels come from neutrophils and monocytes to a large extent, as they are the main source in blood (Hessian et al., 1993). Extracellular Calprotectin acts as a DAMP by engaging both TLR4 and RAGE (Schiopu and Cotoi, 2013) and also contribute to the response to infection via direct anti-microbial properties, notably, but not exclusively, due to its ability to withhold transition metals from pathogens (Sohnle et al., 2000; Besold et al., 2018).

Increased Calprotectin levels in the blood and at the atherosclerotic plaque site have been shown to correlate with increased risk of CV events, in the normal population (Kunutsor et al., 2018; Roh and Sohn, 2018) and in CKD and PD patients (Amaya-Garrido et al., 2023; Mazzarino M et al., 2023). While Calprotectin was recently shown to promote vascular inflammation and calcification in animals with CKD, the extent of its contribution to promoting vascular disease following an infection has remained untested. The experiments using supernatants from infected monocytes combined with the Calprotectin inhibitor Paquinimod presented here demonstrated that, among the mix of mediators released by the cells following pathogen encounter, including bacterial components that may remain after infection clearance, Calprotectin is a major contributor to the observed increase in monocyte chemotaxis and foam cell formation, two key processes in vascular inflammation and atherosclerosis progression. Of note the post-infection culture supernatants were prepared from monocytes and not a mix of leukocyte populations, however, this model provides the proof of concept of the importance of post-infection Calprotectin release, as these cells are average producers of Calprotectin, releasing less than neutrophils but more than lymphocytes (Hessian et al., 1993).

The potential of Calprotectin as a therapeutic target to reduce CV risk following an infection was further demonstrated by the ability of Paquinimod to prevent the lasting dysregulated systemic and vascular inflammatory responses and pro-atherosclerotic gene expression that followed peritonitis in mice. The effect of Calprotectin blockade was robust and reduced both early and late systemic and vascular responses. Although Paquinimod treatment was not carried out in PDF-exposed mice, it is reasonable to expect that this strategy will also be efficient in this condition, as the increased long-term vascular responses to peritonitis in PDF-exposed mice were associated with further increased peritoneal and plasma Calprotectin levels, suggesting that it remains a valid therapeutic target in this model. A different optimal dose of Paquinimod may be necessary in this case to achieve similar levels of inhibition.

Mouse models of hyperlipidemia-induced full-blown atherosclerosis (e.g., ApoE-/- or LDLR-/- mice on a high-fat diet) were not used here, since, as opposed to the general population, atherosclerosis is often found without hyperlipidemia in late CKD patients (Massy and de Zeeuw, 2013; Ridker et al., 2017), in line with the lack of statin protection in this population. Thus, while peritonitis induced a range of long-term inflammatory and atherosclerosis-promoting responses in blood and aortas, full-scale atherosclerosis was not evaluated. However, it is reasonable, to expect that plaque burden would be worsened by maintained increased vascular inflammation and arterial atherosclerosis-associated gene expression following an infection, and that it would be ameliorated following inhibition of these responses by Paquinimod.

Because TLR involvement in CVD progression, in particular atherosclerosis, is well established (Ionita et al., 2010; Roshan et al., 2016; Bezhaeva et al., 2022), we have limited our analysis to DAMPs that are described as agonists of at least one TLR, e.g., Calprotectin, a TLR4 ligand. Direct Calprotectin inhibition was however selected over a TLR4 blocking strategy, as diminished TLR4 activity has long been associated with impaired bacterial and viral infection clearance (O’Brien et al., 1980; Woods et al., 1988; Fukusaki et al., 2007; Khanolkar et al., 2009; Mansur et al., 2014). By contrast, the administration of Paquinimod during and after S. epidermidis peritonitis was demonstrated here to not compromise bacterial clearance, in line with observations made in other bacterial and fungal infections models (Masouris et al., 2017; Shankar et al., 2021) This is particularly relevant when considering the long-term management of an ongoing infection, and in PD patients, who are known to be susceptible to recurrent infections. In addition, it is possible that Calprotectin’s effect is in part mediated by its other PRR, RAGE (Bjork et al., 2009; Yan et al., 2013), pointing at direct Calprotectin targeting as a potentially better strategy than PRR blockade.

In addition to CVD, bacterial infections also have a long term worsening effect on a number of other inflammatory pathologies such as Alzheimer’s disease (Seaks and Wilcock, 2020) and rheumatoid arthritis (Li et al., 2013). While the role of DAMPs in general, and Calprotectin in particular, in mediating these effects has not been elucidated, the findings presented here suggest that reducing long-term peripheral inflammation following an infection by targeting Calprotectin may also be a promising approach to reduce the worsening effects of bacterial infections on these pathologies.
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Characteristic PD patients

Number 8

Age, yr: Median (interquartile range) 64 (33-76)
Female sex: n (%) 4 (50)
Months on PD: Median (interquartile range) 16 (1.9-25.3)
Weeks before peritonitis episode: Median (interquartile 11 (1-52)

range)






