

[image: image1]
Preventing Peritoneal Dialysis-Associated Fibrosis by Therapeutic Blunting of Peritoneal Toll-Like Receptor Activity









	 
	MINI REVIEW
published: 27 November 2018
doi: 10.3389/fphys.2018.01692





[image: image]

Preventing Peritoneal Dialysis-Associated Fibrosis by Therapeutic Blunting of Peritoneal Toll-Like Receptor Activity

Anne-Catherine Raby and Mario O. Labéta*

The Wales Kidney Research Unit, Division of Infection and Immunity, School of Medicine, Cardiff University, Cardiff, United Kingdom

Edited by:
Janusz Witowski, Poznan University of Medical Sciences, Poland

Reviewed by:
Christoph Aufricht, Medizinische Universität Wien, Austria
Bruno Vogt, University of Bern, Switzerland

*Correspondence: Mario O. Labéta, Labeta@cardiff.ac.uk

Specialty section: This article was submitted to Integrative Physiology, a section of the journal Frontiers in Physiology

Received: 10 August 2018
Accepted: 09 November 2018
Published: 27 November 2018

Citation: Raby A-C and Labéta MO (2018) Preventing Peritoneal Dialysis-Associated Fibrosis by Therapeutic Blunting of Peritoneal Toll-Like Receptor Activity. Front. Physiol. 9:1692. doi: 10.3389/fphys.2018.01692

Peritoneal dialysis (PD) is an essential daily life-saving treatment for end-stage renal failure. PD therapy is limited by peritoneal inflammation, which leads to peritoneal membrane failure as a result of progressive fibrosis. Peritoneal infections, with the concomitant acute inflammatory response and membrane fibrosis development, worsen PD patient outcomes. Patients who remain infection-free, however, also show evidence of inflammation-induced membrane damage and fibrosis, leading to PD cessation. In this case, uraemia, prolonged exposure to bio-incompatible PD solutions and surgical catheter insertion have been reported to induce sterile peritoneal inflammation and fibrosis as a result of cellular stress or tissue injury. Attempts to reduce inflammation (either infection-induced or sterile) and, thus, minimize fibrosis development in PD have been hampered because the immunological mechanisms underlying this PD-associated pathology remain to be fully defined. Toll-like receptors (TLRs) are central to mediating inflammatory responses by recognizing a wide variety of microorganisms and endogenous components released following cellular stress or generated as a consequence of extracellular matrix degradation during tissue injury. Given the close link between inflammation and fibrosis, recent investigations have evaluated the role that TLRs play in infection-induced and sterile peritoneal fibrosis development during PD. Here, we review the findings and discuss the potential of reducing peritoneal TLR activity by using a TLR inhibitor, soluble TLR2, as a therapeutic strategy to prevent PD-associated peritoneal fibrosis.
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INTRODUCTION

Peritoneal dialysis (PD), an essential therapy for end-stage kidney disease, depends on the integrity of the peritoneal membrane. Despite advantages over other dialysis techniques, PD failure due to peritoneal membrane damage remains the major limiting factor (Davies et al., 1999; Williams et al., 2003; Cho et al., 2014). Damage is driven by local peritoneal inflammation, which results in structural alterations of the peritoneal membrane, typically fibrosis – thickening of the sub-mesothelial compact zone – and vascular damage. This leads to altered solute transport through the membrane and dialysis failure (Lambie et al., 2013; Fielding et al., 2014).

Peritoneal infections and the concomitant inflammation resulting from the activity of pathogen-associated molecular patterns (PAMPS) derived from microbial components, are believed to be responsible for 20–40% of PD failure (Cho et al., 2014; Pajek et al., 2014). However, peritoneal inflammation and fibrosis are also observed in PD patients without defined infectious episodes (Tomino, 2012; Cho et al., 2014). In this case, uraemia, prolonged exposure to bio-incompatible PD fluids and surgical catheter insertion have all been reported to induce sterile peritoneal inflammation, fibrosis and membrane failure by promoting tissue damage and cellular stress. This leads to the release and/or generation of endogenous cellular components and matrix degradation products, acting as damage-associated molecular patterns (DAMPs). The DAMPs trigger pro-inflammatory and pro-fibrotic responses (Anders and Schaefer, 2014) that result in local angiogenesis, vasculopathy, epithelial-to-mesenchymal transition in mesothelial cells and collagen deposition in the sub-mesothelial compact zone (Flessner et al., 2007; Johnson et al., 2012; Tomino, 2012; Cho et al., 2014; Strippoli et al., 2016).

The immune mechanisms linking infection-induced or sterile inflammation with the onset, development and regulation of PD-associated peritoneal fibrosis are poorly defined and thus the focus of intense investigation (Fielding et al., 2014; Liappas et al., 2015, 2016; Raby et al., 2018). Consequently, effective therapies to prevent PD-associated fibrosis remain to be developed.

Critical to triggering pro-inflammatory responses is the activity of the Toll-like family of innate immune receptors (TLRs) (Kawai and Akira, 2010; Kawasaki and Kawai, 2014). TLRs are expressed in a variety of cell types, including peritoneal leukocytes and mesothelial cells (Colmont et al., 2011; Raby et al., 2017). They recognize a wide range of microorganisms and their PAMPs (e.g., lipopolysaccharide/endotoxin/LPS; lipopeptides) as well as DAMPs released as a consequence of cellular stress [e.g., High Mobility Group Box-1 (HMGB-1); heat shock proteins (Hsp)], or generated following extracellullar matrix degradation during tissue damage (e.g., hyaluronan, fibronectin) (Chen and Nuñez, 2010; Anders and Schaefer, 2014). TLR triggering results in the production of potent pro-inflammatory and fibrotic mediators, e.g., IL-6, TGF-β, TNF-α, IL-8, IFN-γ, and IL-1β (Fielding et al., 2014; Kawasaki and Kawai, 2014).

Inappropriate TLR activation may result in serious inflammatory conditions, therefore, they are being considered as therapeutic targets for the prevention and/or treatment of a number of inflammatory pathologies (Riedemann et al., 2003; Kanzler et al., 2007; Mollnes et al., 2008; Dunne et al., 2011; Raby et al., 2013). Given the close link between inflammation and fibrosis, and the recognized involvement of TLRs in tissue fibrosis (Anders and Schaefer, 2014), we recently assessed the role that TLRs play in peritoneal fibrosis development during PD (Raby et al., 2017, 2018). Here, we review the findings and discuss the potential of reducing peritoneal TLR activity by using the soluble form of TLR2, a TLR modulator, as a therapeutic strategy to prevent PD-associated peritoneal fibrosis.

CRITICAL CONTRIBUTIONS OF TLR2 AND TLR4 TO PD-ASSOCIATED PERITONEAL MACROPHAGE AND MESOTHELIAL CELL PRO-INFLAMMATORY AND FIBROTIC RESPONSES

TLR2- and TLR4-Mediated Peritoneal Macrophage and Mesothelial Cell Responses to Infection

Recent studies have focused on TLR2 and TLR4, as these TLRs recognize the widest range of microbial components involved in PD-associated infections and are also the main TLRs involved in sterile inflammatory responses (Anders and Schaefer, 2014; Kawasaki and Kawai, 2014).

Consistent with their expression detected in PD effluent (PDE)-isolated uremic leukocytes, TLR2 and TLR4 were found to mediate pro-inflammatory (IL-6, IL-8, and TNF-α) and fibrotic (TGF-β, IL-6, IL-13, MMP1, MMP3, MMP9, and TIMP-1) responses in PDE leukocytes stimulated with the Gram-positive bacterium Staphylococcus epidermidis, Pam3-Cys-Ser-(Lys)4 (Pam3Cys, a synthetic bacterial lipopeptide) – both TLR2 agonists – the Gram-negative bacterium Escherichia coli and the Gram-negative bacterial cell-wall component LPS – both TLR4 agonists. Macrophages were the main cell type responsible for the observed leukocyte responses, consistent with their high TLR receptor expression compared with lymphocytes (Raby et al., 2017).

Similar to peritoneal leukocytes, human peritoneal mesothelial cells (HPMC, from greater omentum) were found to respond to Pam3Cys, S. epidermidis and E. coli, but not to LPS. HPMC’s lack of response to LPS reflected the documented lack of TLR4 expression in HPMC (Colmont et al., 2011). However, HPMC responded to E. coli, most likely by recognizing bacterial lipopeptides through TLR2 and flagellin – the protein component of the flagellum of Gram-negative bacteria – through TLR5 expressed in these cells (Colmont et al., 2011).

In vivo studies confirmed the critical role that TLR2 and TLR4 play in infection-induced peritoneal inflammation and fibrosis (Raby et al., 2017). A mouse model of peritoneal inflammation and fibrosis induced by repeated intraperitoneal injections of S. epidermidis (TLR2 agonist) or E. coli (TLR4 agonist) was used. This model mimics the typical clinical episodes of recurrent bacterial peritonitis leading to peritoneal fibrosis observed in PD patients (Fielding et al., 2014). Repeated injection of S. epidermidis in wild-type (WT) mice resulted in substantial peritoneal fibrosis, whereas S. epidermidis injection in TLR2-deficient mice did not result in fibrosis development (Figure 1A). By contrast, injection of E. coli in TLR4-deficient mice resulted in a partial reduction in fibrosis when compared with WT mice (Figure 1B). This is consistent with the possibility that E. coli-induced pro-fibrotic responses may involve other receptors (e.g., TLR2, TLR5) in addition to TLR4. Together, these findings indicated a major role for TLR2 and to a lesser extent for TLR4 in bacteria-induced peritoneal fibrosis associated with PD, and pointed at controlling infection-induced TLR-mediated activation as a potential therapeutic against peritoneal fibrosis.
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FIGURE 1. Critical contribution of TLR2 and TLR4 to bacteria-induced peritoneal fibrosis development. (A,B) Wild-type (WT), TLR2 deficient (TLR2-/-) or TLR4-/- mice (n = 5 per group) were inoculated intraperitoneally 4 times at weekly intervals with S. epidermidis (S. epi., 5 × 108 CFU/mouse) or Escherichia coli (E. coli, 2 × 107 CFU/mouse) or left untreated (control). Four weeks after the last injection, histological analysis of the peritoneal membrane was conducted and the thickness of the sub-mesothelial compact zone (SMC, layer between the muscle and membrane surface) was determined. Bar plots show the mean ( ± SEM) of SMC thickness in each experimental group. ∗P < 0.05; ∗∗∗, P < 0.005. Adapted with permission from Raby et al. (2017).



TLR2- and TLR4-Mediated Peritoneal Macrophage and Mesothelial Cell Responses to PD Solutions

The role of TLR2 and TLR4 in sterile inflammatory and fibrotic responses of peritoneal cells resulting from exposure to PD solutions (PDS) was also evaluated (Raby et al., 2018). A number of PDS elicited pro-inflammatory and pro-fibrotic responses (CXCL-8/IL-8, IL-6, TNF-α, TGF-β, and IL-1β) from PDE-isolated uremic peritoneal leukocytes and mesothelial cells (from greater omentum), including those glucose-based (1.36 and 2.27% glucose Dianeal®, Physioneal®, Stay Safe®) or icodextrin-based (Extraneal®), having low pH (Dianeal®, Extraneal®, Stay Safe®) or physiologic pH (Physioneal®).

Interestingly, analysis of the expression of inflammatory and immunity-related genes in uremic peritoneal leukocytes and HPMC exposed from 16 h to low glucose Dianeal® (1.36% glucose), a commonly used PDS, showed substantial modulation of a number of genes. In leukocytes, 15 genes were found significantly up-regulated by Dianeal®, and only 5 were down-modulated. The transcripts up-modulated by PDS included those coding for inflammatory mediators (CXCL8/IL-8, TNF-α, IFN-γ, monocyte chemoattractant CCL2/MCP-1, the chemokine receptor CCR4, IL-1β) as well as for TLR2, TLR1, and TLR6 (TLR2 signaling partners), TLR3 and TLR signal intermediates.

In HPMC, 8 genes were found up-regulated and 6 down-regulated following exposure to Dianeal®. The transcripts for the pro-inflammatory cytokines IL-1α, IL-1β, and CXCL8/IL-8 were strongly up-modulated, whereas that for CXCL10/IL-10 – an anti-inflammatory cytokine – was found down-modulated. Fibrosis-related gene expression analysis in Dianeal®-exposed HPMC – the cell type that contributes to peritoneal fibrosis by acquiring a fibroblastic phenotype following epithelial-to-mesenchymal transdifferentiation (EMT) – showed a 3-fold increase in VGEFA (main isoform of VGEF) expression and a reduction in E-cadherin, both effects indicating EMT (Yung and Chan, 2012; Ruiz-Carpio et al., 2017).

Notably, peritoneal leukocyte TLR2 or TLR4 blocking with specific monoclonal antibodies inhibited the pro-inflammatory cytokine release induced by Dianeal®, and the extent of the inhibition depended on the PD patient tested. Simultaneous blocking of TLR2 and TLR4 resulted in a stronger inhibition of a number of pro-inflammatory and fibrotic cytokines released by the PDS-exposed uremic peritoneal leukocytes. TLR2 blockade in PDS-exposed HPMC also showed a significant reduction in pro-inflammatory mediator release. Together, these findings indicated that peritoneal TLR2 and TLR4 control inflammatory and fibrotic responses to PDS exposure.

Interestingly, it was found that the cellular stress resulting from PDS exposure induces DAMP generation which in turn triggers TLR2 and TLR4 activation, and that the PDS does not contain pre-existing components capable of TLR activation. Of note, Hsp70 and low (∼33 kDa) and medium (∼289 kDa) molecular mass hyaluronan (HA) were identified as the main PDS-induced DAMPs. They elicited inflammatory responses from peritoneal cells through TLR2/TLR4 activation, as Hsp70 and HA are ligands of both TLR2 and TLR4 and their specific inhibition reduced PDS-induced inflammation in peritoneal leukocytes.

It is worth noting that, in addition to eliciting inflammatory responses, heat-shock proteins have shown cytoprotective activity against cytotoxicity resulting from PDS exposure (Kratochwill et al., 2009). It is believed that peritoneal damage due to PD exposure may reflect an imbalance between cellular injury-induced inflammation and cytoprotective processes. The extracellular exposure to otherwise intracellular cytoprotective molecules such as Hsp70, released as a consequence of tissue damage/cell death, may trigger DAMP signals leading to pro-inflammatory responses and exacerbating peritoneal damage (Kratochwill et al., 2011).

These findings suggested that inhibiting DAMP-TLR associations may have therapeutic potential against peritoneal fibrosis induced by PDS exposure.

THERAPEUTIC POTENTIAL OF SOLUBLE TLR2 AGAINST INFECTION-INDUCED AND STERILE PERITONEAL INFLAMMATION AND FIBROSIS ASSOCIATED WITH PD

The therapeutic potential of inhibiting infection- or PDS-induced TLR activation to prevent peritoneal fibrosis development was evaluated by testing the ability of soluble Toll-like receptor 2 (sTLR2), a TLR inhibitor, to regulate peritoneal inflammation. It is well documented that sTLR2 reduces TLR-mediated inflammation by both acting as a decoy receptor, binding to TLR2 ligands, and by interfering with the co-receptor activity of CD14, the main co-receptor for most TLRs (Lebouder et al., 2003; Raby et al., 2009, 2013).

Inhibitory Effect of sTLR2 on PD-Associated Peritoneal Infection-Induced Inflammation and Fibrosis

When administered together with the repeated peritoneal injection of S. epidermidis in mice, sTLR2, was found to prevent fibrosis development (Figure 2A; Raby et al., 2017). This effect was accompanied by a substantial reduction of inflammatory parameters, including the peritoneal levels of a number of pro-inflammatory cytokines and chemokines, neutrophils (PMN) and monocytes at the peak time of their influx to the peritoneum as well as the prototypical pro-fibrotic cytokine TGF-β. Of note, in spite of reducing inflammation and phagocyte recruitment, the capacity of the mice to clear the infection was not found affected by the presence of sTLR2, as no difference in bacterial load (peritoneum and blood) between mice treated and non-treated with sTLR2 was observed.
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FIGURE 2. Therapeutic potential of soluble Toll-like receptor 2 (sTLR2) against bacteria- and PD solution-induced peritoneal fibrosis development. (A,B) mice (n = 5 per group) were inoculated intraperitoneally 4 times at weekly intervals with S. epidermidis (S. epi., 5 × 108 CFU/mouse) or Escherichia coli (E. coli, 2 × 107 CFU/mouse) in the presence or absence of sTLR2 (250 ng/mouse), or left untreated (control). Four weeks after the last injection, histological analysis of the peritoneal membrane was conducted and the thickness of the sub-mesothelial compact zone (SMC) was determined. Bar plots show the mean ( ± SEM) of SMC thickness in each experimental group. ∗ P < 0.05; ∗∗∗, P < 0.005. (C,D) Mice were instilled twice daily with 2 ml of PBS (n = 5) or Fresenius Standard glucose solution (PDS, n = 8) in the presence or absence of sTLR2 for 40 days before sacrifice, tissue sample collection and histological analysis of the peritoneal membrane for SMC thickness determination. Results show the mean ( ± SEM) for each experimental group. ∗P < 0.05; ∗∗P < 0.01. Scatter plots in (D) show the effect of PDS on the expression of fibrosis-related genes in the absence and presence of sTLR2, as assessed by quantitative RT-PCR on RNA extracted from peritoneal membrane samples. Dotted lines indicate the 0.5 and 2 fold change thresholds. Open circles outside the dotted lines correspond to genes modulated in a non-statistically significant manner. Adapted with permission from Raby et al. (2018).



Fibrosis-related gene transcripts were also markedly inhibited by sTLR2 administration. Of the 85 genes tested, 21 were found markedly up-regulated by S. epidermidis, and sTLR2 reduced this effect in 18 of them. The transcripts reduced by sTLR2 included Fasl, central to apoptosis, which impairs bacterial clearance during PD (Hohlbaum et al., 2001; Catalan et al., 2003); STAT-1, a critical signal intermediate for fibrosis development (Fielding et al., 2014), and IL-6 – a major promoter of peritoneal fibrosis (Fielding et al., 2014). Notably, sTLR2 counteracted S. epidermidis’ negative effect on matrix metalloproteinases (MMPs) Mmp-1, Mmp-3 and Mmp-9, and S. epidermidis’ positive effect on Mmp-13 and the MMP inhibitor Timp-1 (Raby et al., 2017).

Of note, peritoneal fibrosis induced by Gram-negative bacteria was also inhibited by sTLR2, as simultaneous peritoneal inoculation of sTLR2 with the repeated injection of E. coli resulted in reduced peritoneal fibrosis (Figure 2B). This reflects the fact that, in spite of not acting as a TLR decoy receptor for most Gram-negative bacterial components, sTLR2 can still reduce TLR-mediated fibrotic signaling induced by Gram-negative bacteria by inhibiting CD14, a co-receptor for most TLRs (Raby et al., 2009), including TLR4. Thus, peritoneal fibrosis resulting from repeated peritoneal bacterial infections like those associated with PD can be inhibited by sTLR2 by acting on a variety of pro-inflammatory and fibrotic mediators, but notably, without affecting infection clearance.

Inhibitory Effect of sTLR2 on PDS-Induced Peritoneal Inflammation and Fibrosis

The therapeutic potential of sTLR2 against inflammation and fibrosis development resulting from prolonged peritoneal exposure to PDS was tested in a murine model of sterile peritoneal fibrosis consisting of daily peritoneal catheter infusions of a standard PDS (Raby et al., 2018). This mouse model mimics the changes in the peritoneal membrane (morphological and functional) observed in non-infected patients on PD (Gonzalez-Mateo et al., 2009; Loureiro et al., 2011). The peritoneal administration of sTLR2 together with the PDS twice weekly prevented the development of peritoneal fibrosis (Figure 2C). In agreement with this finding, sTLR2 was found to suppress the PDS-induced increased expression of inflammatory and fibrotic mediators (TNF-α, IL-1β, KC, IL-6, and IFN-γ). The suppressive effect of sTLR2 on inflammatory mediators correlated with a substantial reduction in the number of peritoneal leukocytes and the percentage of infiltrating neutrophils in particular (Raby et al., 2018). Notably, sTLR2 counteracted the negative effect of PDS on regulatory T cell (Treg) numbers, recovering their numbers to the levels observed following PBS inoculation. Tregs, an anti-inflammatory T cell subset, control T cell expansion, including that of Th17 cells, an inflammatory T cell subset involved in peritoneal damage and fibrosis development (Liappas et al., 2016). sTLR2’s positive effect on Treg cells resulted in an increased in the Treg:Th17 ratio.

Analysis of fibrosis-related gene transcripts in mice peritoneal membranes carried out after the last inoculation of PDS+sTLR2 showed that sTLR2 also counteracted the positive effect of PDS on mRNA coding for several inflammatory mediators and fibrosis markers (Figure 2D). Of the 85 genes tested, 29 were markedly up-regulated by PDS at this time point, and sTLR2 was found to reduce this effect in 27 of them, including in the transcripts for FasL, STAT-1, IFN-γ, MMPs, TIMP1/3, TGF-β, IL-1β, and TNF-α. Thus, the development of peritoneal fibrosis by long exposure to PDS can be prevented by administering sTLR2, which inhibits pro-inflammatory and fibrotic mediator production and controls the expansion of inflammatory cells.

CONCLUSION

The results of recent investigations reviewed here revealed the critical role that peritoneal TLR2 and TLR4, main members of the Toll-like family of innate immune receptors, play in mediating inflammation and fibrosis induced either by recurrent peritoneal infections during PD or prolonged exposure to PD solutions. Furthermore, the investigations showed the potential of a novel therapeutic strategy that targets TLRs to blunt peritoneal inflammation and thus prevent fibrosis development (either infection-induced or sterile) during PD by the use of a decoy receptor, sTLR2. This soluble receptor also inhibits the activity of CD14, the common TLR co-receptor. Thus, sTLR2 can reduce pro-inflammatory and fibrotic responses to different pathogens (e.g., Gram-positive and Gram-negative bacteria) and their PAMPs and to endogenous TLR ligands (DAMPs) activating different TLRs, not only TLR2. These findings pave the way for future clinical trials to test the clinical efficacy of sTLR2 as a therapy for patients in long-term PD.

Notably, the preclinical studies showed that peritoneal inflammation and fibrosis induced by bacteria in mice can be inhibited by sTLR2 without affecting the animal’s capacity to resolve the infection. Given that PD patients are prone to infections, this ability of sTLR2 would be advantageous when comparing with complete TLR blockade-based therapies, e.g., by combination of anti-TLR2 and -TLR4 antibodies (Lima et al., 2015), as these may have a detrimental effect on infection clearance. However, preclinical studies have shown the potential of combining anti-TLR2 and TLR4 antibodies with antibiotics to reduce inflammation whilst controlling infection (Spiller et al., 2008; Lima et al., 2015). Thus, a comparative evaluation of the efficacy of both TLR-targeting therapeutic strategies in PD models of infection/fibrosis will be required. Similarly, the efficacy of sTLR2 as a treatment for established fibrosis and membrane failure remains to be evaluated, since in the reported studies sTLR2 was inoculated together with the infecting bacteria or the PD solution in an initially healthy peritoneal membrane.

The pro-fibrotic cytokine TGF-β has been a main target for therapeutic interventions. Inhibition of its synthesis or activity showed promising effects (Duman et al., 2001; Margetts et al., 2002; Kyuden et al., 2005; Loureiro et al., 2011; Tomino, 2012; Zhang et al., 2014; Nongnuch et al., 2015). However, given TGF-β pleiotropic functions, its blockade is potentially hazardous (Blobe et al., 2000; Yoshimura et al., 2010), and it is just one of several mediators of fibrosis acting down-stream of TLR activation.

Thus, the reported sTLR2-based anti-fibrotic strategy may be a valuable complement to antibiotic therapies during PD infections, to biocompatible PDS or to PDS supplemented with immunomodulatory dipeptides to mitigate the PDS’ adverse effects (Ferrantelli et al., 2016). sTLR2 may also be useful in other inflammatory conditions associated with PD, for example to help reduce the increased risk of cardiovascular diseases.

AUTHOR CONTRIBUTIONS

ML proposed the subject and conceived the general structure of the review. A-CR and ML revised the existing literature and contributed to all the sections.

FUNDING

This work was funded by the Kidney Research UK, Health and Care Research Wales (The Wales Kidney Research Unit) and The National Institute of Social Care and Health Research (NISCHR), Wales.

REFERENCES

Anders, H. J., and Schaefer, L. (2014). Beyond tissue injury-damage-associated molecular patterns, toll-like receptors, and inflammasomes also drive regeneration and fibrosis. J. Am. Soc. Nephrol. 25, 1387–1400. doi: 10.1681/ASN.2014010117

Blobe, G. C., Schiemann, W. P., and Lodish, H. F. (2000). Role of transforming growth factor beta in human disease. N. Engl. J. Med. 342, 1350–1358. doi: 10.1056/NEJM200005043421807

Catalan, M. P., Esteban, J., Subira, D., Egido, J., Ortiz, A., and Grupo De Estudios Peritoneales De Madrid Friat/Irsin (2003). Inhibition of caspases improves bacterial clearance in experimental peritonitis. Perit. Dial. Int. 23, 123–126.

Chen, G. Y., and Nuñez, G. (2010). Sterile inflammation: sensing and reacting to damage. Nat. Rev. Immunol. 10, 826–837. doi: 10.1038/nri2873

Cho, Y., Hawley, C. M., and Johnson, D. W. (2014). Clinical causes of inflammation in peritoneal dialysis patients. Int. J. Nephrol. 2014:909373. doi: 10.1155/2014/909373

Colmont, C. S., Raby, A. C., Dioszeghy, V., Lebouder, E., Foster, T. L., Jones, S. A., et al. (2011). Human peritoneal mesothelial cells respond to bacterial ligands through a specific subset of Toll-like receptors. Nephrol. Dial. Transplant. 26, 4079–4090. doi: 10.1093/ndt/gfr217

Davies, S. J., Phillips, L., Griffiths, A. M., Russell, L. H., Naish, P. F., and Russell, G. I. (1999). Impact of peritoneal membrane function on long-term clinical outcome in peritoneal dialysis patients. Perit. Dial. Int. 19(Suppl. 2), S91–S94.

Duman, S., Gunal, A. I., Sen, S., Asci, G., Ozkahya, M., Terzioglu, E., et al. (2001). Does enalapril prevent peritoneal fibrosis induced by hypertonic (3.86%) peritoneal dialysis solution? Perit. Dial. Int. 21, 219–224.

Dunne, A., Marshall, N. A., and Mills, K. H. (2011). TLR based therapeutics. Curr. Opin. Pharmacol. 11, 404–411. doi: 10.1016/j.coph.2011.03.004

Ferrantelli, E., Liappas, G., Vila Cuenca, M., Keuning, E. D., Foster, T. L., Vervloet, M. G., et al. (2016). The dipeptide alanyl-glutamine ameliorates peritoneal fibrosis and attenuates IL-17 dependent pathways during peritoneal dialysis. Kidney Int. 89, 625–635. doi: 10.1016/j.kint.2015.12.005

Fielding, C. A., Jones, G. W., Mcloughlin, R. M., Mcleod, L., Hammond, V. J., Uceda, J., et al. (2014). Interleukin-6 signaling drives fibrosis in unresolved inflammation. Immunity 40, 40–50. doi: 10.1016/j.immuni.2013.10.022

Flessner, M. F., Credit, K., Henderson, K., Vanpelt, H. M., Potter, R., He, Z., et al. (2007). Peritoneal changes after exposure to sterile solutions by catheter. J. Am. Soc. Nephrol. 18, 2294–2302. doi: 10.1681/ASN.2006121417

Gonzalez-Mateo, G. T., Loureiro, J., Jimenez-Hefferman, J. A., Bajo, M. A., Selgas, R., Lopez-Cabrera, M., et al. (2009). Chronic exposure of mouse peritoneum to peritoneal dialysis fluid: structural and functional alterations of the peritoneal membrane. Perit. Dial. Int. 29, 227–230.

Hohlbaum, A. M., Gregory, M. S., Ju, S. T., and Marshak-Rothstein, A. (2001). Fas ligand engagement of resident peritoneal macrophages in vivo induces apoptosis and the production of neutrophil chemotactic factors. J. Immunol. 167, 6217–6224. doi: 10.4049/jimmunol.167.11.6217

Johnson, D. W., Brown, F. G., Clarke, M., Boudville, N., Elias, T. J., Foo, M. W., et al. (2012). Effects of biocompatible versus standard fluid on peritoneal dialysis outcomes. J. Am. Soc. Nephrol. 23, 1097–1107. doi: 10.1681/ASN.2011121201

Kanzler, H., Barrat, F. J., Hessel, E. M., and Coffman, R. L. (2007). Therapeutic targeting of innate immunity with Toll-like receptor agonists and antagonists. Nat. Med. 13, 552–559. doi: 10.1038/nm1589

Kawai, T., and Akira, S. (2010). The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors. Nat. Immunol. 11, 373–384. doi: 10.1038/ni.1863

Kawasaki, T., and Kawai, T. (2014). Toll-like receptor signaling pathways. Front. Immunol. 5:461. doi: 10.3389/fimmu.2014.00461

Kratochwill, K., Lechner, M., Lichtenauer, A. M., Herzog, R., Lederhuber, H. C., Siehs, C., et al. (2011). Interleukin-1 receptor-mediated inflammation impairs the heat shock response of human mesothelial cells. Am. J. Pathol. 178, 1544–1555. doi: 10.1016/j.ajpath.2010.12.034

Kratochwill, K., Lechner, M., Siehs, C., Lederhuber, H. C., Rehulka, P., Endemann, M., et al. (2009). Stress responses and conditioning effects in mesothelial cells exposed to peritoneal dialysis fluid. J. Proteome Res. 8, 1731–1747. doi: 10.1021/pr800916s

Kyuden, Y., Ito, T., Masaki, T., Yorioka, N., and Kohno, N. (2005). Tgf-beta1 induced by high glucose is controlled by angiotensin-converting enzyme inhibitor and angiotensin II receptor blocker on cultured human peritoneal mesothelial cells. Perit. Dial. Int. 25, 483–491.

Lambie, M., Chess, J., Donovan, K. L., Kim, Y. L., Do, J. Y., Lee, H. B., et al. (2013). Independent effects of systemic and peritoneal inflammation on peritoneal dialysis survival. J. Am. Soc. Nephrol. 24, 2071–2080. doi: 10.1681/ASN.2013030314

Lebouder, E., Rey-Nores, J. E., Rushmere, N. K., Grigorov, M., Lawn, S. D., Affolter, M., et al. (2003). Soluble forms of Toll-like receptor (TLR)2 capable of modulating TLR2 signaling are present in human plasma and breast milk. J. Immunol. 171, 6680–6689. doi: 10.4049/jimmunol.171.12.6680

Liappas, G., Gonzalez-Mateo, G. T., Majano, P., Sanchez-Tomero, J. A., Ruiz-Ortega, M., Rodrigues Diez, R., et al. (2015). T Helper 17/regulatory t cell balance and experimental models of peritoneal dialysis-induced damage. Biomed. Res. Int. 2015:416480. doi: 10.1155/2015/416480

Liappas, G., Gonzalez-Mateo, G. T., Sanchez-Diaz, R., Lazcano, J. J., Lasarte, S., Matesanz-Marin, A., et al. (2016). Immune-Regulatory Molecule CD69 Controls Peritoneal Fibrosis. J. Am. Soc. Nephrol. 27, 3561–3576. doi: 10.1681/ASN.2015080909

Lima, C. X., Souza, D. G., Amaral, F. A., Fagundes, C. T., Rodrigues, I. P., Alves-Filho, J. C., et al. (2015). Therapeutic effects of treatment with anti-tlr2 and anti-tlr4 monoclonal antibodies in polymicrobial sepsis. PLoS One 10:e0132336. doi: 10.1371/journal.pone.0132336

Loureiro, J., Aguilera, A., Selgas, R., Sandoval, P., Albar-Vizcaino, P., Perez-Lozano, M. L., et al. (2011). Blocking TGF-beta1 protects the peritoneal membrane from dialysate-induced damage. J. Am. Soc. Nephrol. 22, 1682–1695. doi: 10.1681/ASN.2010111197

Margetts, P. J., Gyorffy, S., Kolb, M., Yu, L., Hoff, C. M., Holmes, C. J., et al. (2002). Antiangiogenic and antifibrotic gene therapy in a chronic infusion model of peritoneal dialysis in rats. J. Am. Soc. Nephrol. 13, 721–728.

Mollnes, T. E., Christiansen, D., Brekke, O. L., and Espevik, T. (2008). Hypothesis: combined inhibition of complement and CD14 as treatment regimen to attenuate the inflammatory response. Adv. Exp. Med. Biol. 632, 253–263. doi: 10.1007/978-0-387-78952-1_18

Nongnuch, A., Assanatham, M., Panorchan, K., and Davenport, A. (2015). Strategies for preserving residual renal function in peritoneal dialysis patients. Clin. Kidney J. 8, 202–211. doi: 10.1093/ckj/sfu140

Pajek, J., Hutchison, A. J., Bhutani, S., Brenchley, P. E., Hurst, H., Perme, M. P., et al. (2014). Outcomes of peritoneal dialysis patients and switching to hemodialysis: a competing risks analysis. Perit. Dial. Int. 34, 289–298. doi: 10.3747/pdi.2012.00248

Raby, A. C., Colmont, C. S., Kift-Morgan, A., Kohl, J., Eberl, M., Fraser, D., et al. (2017). Toll-like receptors 2 and 4 are potential therapeutic targets in peritoneal dialysis-associated fibrosis. J. Am. Soc. Nephrol. 28, 461–478. doi: 10.1681/ASN.2015080923

Raby, A. C., Gonzalez-Mateo, G. T., Williams, A., Topley, N., Fraser, D., Lopez-Cabrera, M., et al. (2018). Targeting Toll-like receptors with soluble Toll-like receptor 2 prevents peritoneal dialysis solution-induced fibrosis. Kidney Int. 94, 346–362. doi: 10.1016/j.kint.2018.03.014

Raby, A. C., Holst, B., Le Bouder, E., Diaz, C., Ferran, E., Conraux, L., et al. (2013). Targeting the TLR co-receptor CD14 with TLR2-derived peptides modulates immune responses to pathogens. Sci. Transl. Med. 5:185ra164. doi: 10.1126/scitranslmed.3005544

Raby, A. C., Le Bouder, E., Colmont, C., Davies, J., Richards, P., Coles, B., et al. (2009). Soluble TLR2 reduces inflammation without compromising bacterial clearance by disrupting TLR2 triggering. J. Immunol. 183, 506–517. doi: 10.4049/jimmunol.0802909

Riedemann, N. C., Guo, R. F., and Ward, P. A. (2003). Novel strategies for the treatment of sepsis. Nat. Med. 9, 517–524. doi: 10.1038/nm0503-517

Ruiz-Carpio, V., Sandoval, P., Aguilera, A., Albar-Vizcaino, P., Perez-Lozano, M. L., Gonzalez-Mateo, G. T., et al. (2017). Genomic reprograming analysis of the mesothelial to mesenchymal transition identifies biomarkers in peritoneal dialysis patients. Sci. Rep. 7:44941. doi: 10.1038/srep44941

Spiller, S., Elson, G., Ferstl, R., Dreher, S., Mueller, T., Freudenberg, M., et al. (2008). TLR4-induced IFN-gamma production increases TLR2 sensitivity and drives Gram-negative sepsis in mice. J. Exp. Med. 205, 1747–1754. doi: 10.1084/jem.20071990

Strippoli, R., Moreno-Vicente, R., Battistelli, C., Cicchini, C., Noce, V., Amicone, L., et al. (2016). Molecular mechanisms underlying peritoneal EMT and fibrosis. Stem Cells Int. 2016, 3543678. doi: 10.1155/2016/3543678

Tomino, Y. (2012). Mechanisms and interventions in peritoneal fibrosis. Clin. Exp. Nephrol. 16, 109–114. doi: 10.1007/s10157-011-0533-y

Williams, J. D., Craig, K. J., Von Ruhland, C., Topley, N., Williams, G. T., and Biopsy Registry Study Group (2003). The natural course of peritoneal membrane biology during peritoneal dialysis. Kidney Int. 64 (Suppl. 88), S43–S49. doi: 10.1046/j.1523-1755.2003.08805.x

Yoshimura, A., Wakabayashi, Y., and Mori, T. (2010). Cellular and molecular basis for the regulation of inflammation by TGF-beta. J. Biochem. 147, 781–792. doi: 10.1093/jb/mvq043

Yung, S., and Chan, T. M. (2012). Pathophysiological changes to the peritoneal membrane during PD-related peritonitis: the role of mesothelial cells. Mediators Inflamm. 2012:484167. doi: 10.1155/2012/484167

Zhang, L., Zeng, X., Fu, P., and Wu, H. M. (2014). Angiotensin-converting enzyme inhibitors and angiotensin receptor blockers for preserving residual kidney function in peritoneal dialysis patients. Cochrane Database Syst. Rev. 23:CD009120. doi: 10.1002/14651858.CD009120.pub2

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Raby and Labéta. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Physiology

Preventing Peritoneal
Dialysis-Associated Fibrosis by
Therapeutic Blunting of Peritoneal
Toll-Like Receptor Activity









OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-09-01692-g001.jpg
SMC thickness {(pm)

16

14

12

10

Hh

] WT Control
EATLR2 7 Control
Bl WT + 5. epi.
I TLR2 7+ S. epi.

SMC thickness (pum)

-
»
)

e
N
L

-
o
M

[++]
M

Wy

[J wT Control
TLR47 Control
B WT +E. coli

I TLR4 7+ E. coli






OPS/images/fphys-09-01692-g002.jpg
o SMC Thickness (um)

SMC Thickness (um)

o

Logl0 (normalised expression PDS group)

.« [ Control
sTLR2
M S. epi.
[ S. epi.+ sTLR2

35
30
25
20
15
10

0.5

0.0
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
-3.5
-4.0
-4.5
-5.0
-5.5

* ¥

PBS

[ ] pBs+sTIR2

Bl ros

[] Pos+sTir2

Logl0 (normalised expression PBS group)

-5.5-5.0-4.5-4.0-3.5-3.0-2.5-2.0-1.5-1.0-0.50.0 0.5

o}
=

SMC Thickness (um)

0.5

0.0
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
-3.5
-4.0
-4.5
-5.0
-5.5

Log10 (normalised expression PDS + sTLR2 group)

i
N

=
o

[] Control

4 sTLR2

M E. coli

E. coli + sTLR2

1

1

1

'4’/1"‘«'

PDS + sTLR2 vs PBS

O Genes not affected
@® Genes up-modulated

#® Genes down-modulated

T T T T T T T T T T T 1

-5.5-5.0-4.5-4.0-3.5-3.0-2.5-2.0-1.5-1.0-0.5 0.0 0.5

Logl0 (normalised expression PBS group)





