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Focal segmental glomerulosclerosis (FSGS) is a common glomerular disorder that manifests clinically with the nephrotic syndrome and has a propensity to recur following kidney transplantation. The pathophysiology and therapies available to treat FSGS currently remain elusive. Since the podocyte appears to be the target of apparent circulating factor(s) that lead to recurrence of proteinuria following kidney transplantation, this article is focused on the podocyte. In the context of kidney transplantation, the performance of pre- and post-reperfusion biopsies, and the establishment of in vitro podocyte liquid biopsies/assays allow for the development of clinically relevant studies of podocyte biology. This has given insight into new pathways, involving novel targets in innate and adaptive immunity, such as SMPDL3b, cGAS-STING, and B7-1. Elegant experimental studies suggest that the successful clinical use of rituximab and abatacept, two immunomodulating agents, in our case series, may be due to direct effects on the podocyte, in addition to, or perhaps distinct from their immunosuppressive functions. Thus, tissue biomarker-directed therapy may provide a rational approach to validate the mechanism of disease and allow for the development of new therapeutics for FSGS. This report highlights recent progress in the field and emphasizes the importance of kidney transplantation and recurrent FSGS (rFSGS) as a platform for the study of primary FSGS.
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1 Introduction

Legend has it that Blues guitarist extraordinaire Robert Johnson sold his soul to the devil in return for being taught how to play the guitar. The deal was consummated at the crossroads of Highway 49 (known as the Blues Highway) and Route 61 in Clarksdale, Mississippi in 1927. Robert Johnson went on to become the father of American blues music, The King of the Delta Blues, spawning a generation and genre of African-American Blues musicians. It remains to be determined whether the podocyte in being positioned also at the crossroads of innate and adaptive immunity, was by divine intervention, or perhaps a deal made with the devil, similar to that of Robert Johnson. This is of more than passing interest, since it may well relate to podocyte longevity and lifetime/survival. You see, Robert Johnson died at the age of 27, starting a sad legacy of rock musicians who did not make it past their 27th birthday (see Supplemental Appendix). In a similar fashion, the podocyte may live out its functional existence in a normal fashion, or if it is involved in a disease process, for example focal segmental glomerulosclerosis (FSGS), may die young, the equivalent of an unfortunate 27 year-old rock musician. Please indulge this metaphysical conceit (with appreciation to John Donne), placing glomerular podocytes involved in FSGS in a position similar to doomed rock musicians. It is particularly fitting that it was Robert Johnson who wrote the song “Crossroads” (originally “Cross Road Blues”), emphasizing for us the intersection of two key immune pathways. Our mission is to determine how best to protect, preserve, and/or restore the life of our kidney rock star, the podocyte. 

Focal segmental glomerulosclerosis (FSGS) is a common glomerular disorder that manifests clinically with nephrotic syndrome and > 80% foot process effacement on electron microscopy (1). FSGS accounts for about 20% of cases of nephrotic syndrome in children and 40% in adults, and is the most common glomerular disorder leading to end stage kidney disease (ESKD) in the United States with a prevalence of 4% (2). Progression to ESKD occurs in 40-60% of patients within 10-20 years from diagnosis, making this the most common primary glomerular disease leading to dialysis in the United States (3). Despite many clinical trials, no effective treatment has been identified (4). Following transplantation, recurrence of FSGS occurs in 20-50% of adults (2, 3, 5) and up to 80% in high-risk pediatric patients (6). Risk factors for recurrent FSGS include younger age (children less than 6 at onset), non-black race, rapid progression to ESKD (less than 3 years from diagnosis), severe proteinuria immediately prior to transplantation, and the loss of a previous allograft(s) to recurrence (2, 3). Recurrence of FSGS increases the risk of renal dysfunction and early graft loss (7, 8).




2 Pathophysiology of FSGS recurrence



2.1 Circulating factor(s)

Recurrence of FSGS can develop rapidly after transplantation, sometimes within minutes to hours (9), suggesting the presence of a circulating factor(s) that could mediate an early injury to the glomerulus. Further evidence includes the following: 1) plasmapheresis can induce remission of proteinuria (5), and 2) serum from patients with FSGS induces proteinuria in rats, and alters albumin permeability in isolated glomeruli (2, 10). Moreover, in two clinical reports, living donor kidney transplant recipients who experienced severe recurrent FSGS, underwent transplant nephrectomy with re-transplantation of the affected kidney into a non-FSGS recipient (11, 12) resulting in rescue of the donor kidney function with resolution of proteinuria, providing further evidence for a circulating factor(s). Several review articles provide details supporting the existence of circulating factors that are beyond the scope of this article (13, 14).




2.2 Immunology of FSGS

Despite the lack of evidence of immune infiltrates in human FSGS biopsy samples (2, 6), an immune component has been thought to contribute to FSGS (15, 16). For example, the identification of IgM and C3 in glomerular deposits which was associated with both unfavorable response to therapy and worse renal outcomes (17) supports this concept. T-cell involvement has been described in the Buffalo/Mna rat model of FSGS recurrence after renal transplantation (18), and in human recurrent FSGS needle aspirate samples (19). However, neither B cell nor T cell infiltrates are consistently found in FSGS (20). Nonetheless, immunosuppression, which was associated with reduced proteinuria in the Buffalo/Mna rat model (18), has been the main therapy in humans after plasmapheresis or plasma absorption. The most studied immune-directed therapies have included corticosteroids, inhibitors of T lymphocyte calcineurin (cyclosporine A and tacrolimus), alkylating agents (cyclophosphamide and chlorambucil), and mycophenolate mofetil (5, 6). A number of case reports and non-controlled series have reported benefit from rituximab (8, 21, 22) but this has not been universally successful (23). Similarly, it remains unclear if the benefit of these immunosuppressive agents is linked to immunomodulatory functions or to direct podocyte effects.




2.3 At the crossroads of innate and adaptive immunity



2.3.1 Podocyte innate immunity

The glomerular capillary wall consists of three layers: 1) the fenestrated endothelial cell, 2) the glomerular basement membrane (GBM), and 3) the podocyte, the last barrier to prevent loss of protein into Bowman’s space. Thus, the podocyte is anatomically located in a position to be a sentinel for the kidney’s innate immune system. The mammalian innate immune system was originally intended to protect its host from outside pathogens, for example viruses, bacteria and fungi – pathogen associated molecular patterns (PAMP’s) (24) and in the process distinguish self from non-self. The theory of immunity has since evolved to the recognition of danger signals proposed by Polly Matzinger (25) and more recently to the discontinuity theory (26, 27): that immune activation can be induced by changes (any) in the environment or the cell rather than by detection of specific, defined molecules (24). Ultimately, the innate immune response requires a balance between the appropriate degree of aggression in the face of a serious pathogenic threat, but also the ability to limit local tissue damage with a controlled response.

Podocytes have been shown to express Toll-like receptors (TLRs), which recognize PAMPs, and certain endogenous signals, for example cellular breakdown products (Damage-Associated Molecular Patterns– DAMPs), e.g. reactive oxygen species, mitochondrial or, endoplasmic reticulum stress, DNA, RNA, nucleic acid fragments, etc. (28). TLRs which bind to DAMP’s/PAMP’s are part of the cellular (host) innate immune defense system, which, once activated, induce secretion of specific cytokines and chemokines that prompt the recruitment of other components of the innate immune response (29, 30). TLR stimulation activates nuclear factor Kappa B (NF Kappa B) in podocytes, and key components of TLR signaling including MyD88, IRAK, TRAF 6, etc. (Figure 1) (31). It has been proposed that the podocyte’s role in innate immunity may predispose it to injury, depending on chronicity (32).




Figure 1 | Mitochondrial damage-associated molecular patterns (DAMPs) disturb podocyte innate immunity pathways. Mitochondrial DAMPS such as mitochondrial DNA (mtDNA), mitochondrial RNA (mtRNA), cytochrome C (Cyt C), and reactive oxygen species (ROS) contribute to disturbance in podocyte homeostasis via activation of various DNA/RNA-sensing and inflammasome pathways leading to inflammation, immune system activation and different types of cell death including apoptosis, ferroptosis and pyroptosis. Therefore, targeting immune markers such as toll-like receptors (TLRs), tumor necrosis factor alpha (TNFα), NLR family pyrin domain containing 3 (NLRP3), retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated protein 5 (MDA5), mitochondrial antiviral-signaling protein (MAVS), absent in melanoma 2 (AIM2), stimulator of interferon gene (STING), and/or myeloid differentiation primary response 88 (MyD88) may represent future therapeutic approaches to treat FSGS. AIM2 – absent in melanoma 2; APAF1, apoptotic pepdidase activating factor 1; BAK, Bcl2 homologous antagonist/killer; BAX, Bcl2-associated X protein; CASP1, caspase 1; CASP3, caspase 3; CASP9, caspase 9; cGAS, cyclic GMP-AMP synthase; cGAMP, 2’3’-cyclic GMP-AMP; Cyt C, cytochrome c; ETC, electron transport chain; IL-1β, interleukin 1β; IL6, interleukin 6; IL-18, interleukin 18; IKK, IkB kinase; IRF3, interferon regulatory factor 3; MDA5, melanoma differentiation-associated protein 5; NF-kB, activation of nuclear factor κB; NLRP3, NLR family pyrin domain containing 3; RIG-I, retinoic acid-inducible gene I; ROS, reactive oxygen species; STING, stimulator of interferon gene; TBK1, TANK binding kinase 1; TLR9, toll-like receptor 9; TNFα, tumor necrosis factor alpha.



This is supported by the demonstration that TLR stimulation leads to podocyte apoptosis, and that blocking this pathway may prevent the progression of fibrosis and disease (33). In addition to TLRs there are a number of other important Pattern Recognition Receptors (PRRs) that are expressed by podocytes. These include the major components of the inflammasome, Nod-like receptors (NLRP3), ASC and caspase 1 (34, 35). The inflammasome is an intracellular protein complex involved in innate immune function including autophagy, apoptosis, fibrosis and secretion of pro-inflammatory cytokines including IL1-Beta and IL18 (28–30, 32). Podocytes also express retinoic acid-inducible gene 1 (RIG-1) that belongs to the family of RIG-I-like helicases that recognize viral RNA (32). Other family members include MDA5 and upon activation by recognition of viral RNA by cytoplasmic sensors, signal to the mitochondrial adaptor MAVS inducing an Interferon-regulatory factor (IRF)3, and IRF7-mediated type 1 IFN response (Figure 1) (35, 36).

Recently, the cGAS-STING axis has been identified as playing an important role in podocyte innate.

Immunity (37). cGAS, a PRR, is considered to be a key sensor of cytosolic DNA leading to catalyzation of second messenger 2’3’-cGAMP, which binds to the endoplasmic reticulum membrane adaptor STING (encoded by TMEM173) leading to activation of TANK-binding kinase 1 (TBK1), which in turn activates nuclear interferon regulatory factor 3 (IRF3) and leads to the production of type I interferons (Figure 1) (38, 39). The development of the cGAS-STING cytoplasmic defense system provides recognition of foreign nucleic acids, including pathogens/PAMPs (39), and DAMPs, as well as self-mitochondrial DNA leakage (40), cellular stress (24), and senescent break down products (41). This remarkably complex and efficient system based on the spatial coordination of DNA induced-cGAS-STING activity (38) allows for antiviral immunity and balanced innate immune responses toward self-DNA. While the crucial roles of the cGAS-STING pathway in immune cells and the immune defense have been extensively investigated (24, 38, 39), its function in non-immune cells, such as podocytes, remains largely unknown. It is not known if STING contributes to the development and/or progression of glomerular diseases, however, our group has been investigating this, and our work is summarized in this article (37).





2.4 Adaptive immune response

Beyond its role in innate immunity, the podocyte is capable of contributing to the adaptive immune response (16). The podocyte has been shown to possess properties of non-hematopoietic professional antigen-presenting cells (APCs) (42). Expression of both class I MHC antigens and, under certain inflammatory conditions, MHC class II antigens, contributing to the activation of CD8 and CD4 positive T cells, respectively, has been demonstrated on the podocyte. Moreover, podocytes express B7-1 (also known as CD80), a co-stimulatory molecule for T cells which is inducible under conditions of stress and was first reported in the context of the nephrotic syndrome (43). B7-1/CD80 is part of the B cell and APC repertoire and provides the second signal to T cells that allows amplification of the response to peptide antigens presented in the context of the appropriate MHC class I/II background (signal 1). B7-1 binds to CD28 on the T cell membrane, resulting in a positive co-stimulatory signal (signal 2). Interestingly, B7-2 (CD86), a co-stimulatory molecule presents on B cells and APCs that is also capable of binding to CD28 on T cells, is not present on podocytes (43).

The podocyte is in a position to integrate and act upon the range of immune signals, from T/B cell secreted cytokines to DAMPs/PAMPs. When podocytes are activated, through TLR’s, cGAS-STING, or B7-1, etc., the change, mediated through the actin cytoskeleton, can affect the slit diaphragm proteins (44), allowing the passage of protein (proteinuria) or potentially danger signals, e.g. pathogens, into Bowman’s space, and hence into the urine and excreted (29, 30). This potential for the excretion of danger/pathogen imbues the kidney, by virtue of the podocyte, with the capacity for immune defense mediated through a combination of innate and adaptive immune mechanisms (16). Importantly, clearance of danger into the urine avoids the activation of inflammatory mediators/cytokines that could result in unnecessary local tissue damage (45).





3 Treatment strategies: immunomodulation vs. direct podocyte effect of rituximab for recurrent FSGS

Rituximab is a monoclonal antibody directed against CD20 expressed on B lymphocytes and has been used for the treatment of non-Hodgkin’s lymphoma, chronic lymphocytic leukemia and rheumatoid arthritis (46). Rituximab has been used off-label for the treatment of several kidney conditions, including acute allograft rejection and steroid resistant nephrotic syndrome (46). However, the pathogenesis of FSGS has not been demonstrated to be B cell or antibody mediated, suggesting the possibility of a B lymphocyte – independent mechanism of action. To assess the possible role of rituximab in recurrent FSGS, our center began utilizing a single dose of rituximab peri-operatively at the time of kidney transplantation in January 2004. In this study 27 consecutive patients received rituximab and were compared to a historical control group of 14 patients. This group of kidney transplant recipients was comprised predominately of children at high risk for recurrence (47). Nephrotic range proteinuria within the first month post- transplant was reduced from 64% to 26% (p=0.023), and similarly the need for plasmapheresis fell from 71% to 30% (p=0.019).



3.1 Peri-operative use of rituximab: beyond B cell immunity

In an attempt to better understand the mechanism of rituximab in this clinical setting, we pursued two lines of research: one involving pre- and post-reperfusion kidney transplant biopsies, and the other based on the effect of patient serum on podocytes in an in vitro assay. We initially expected to identify CD20 on the podocyte membrane, however, we demonstrated direct binding of rituximab to podocytes in the absence of CD20 (47). Screening of a phage display peptide library revealed possible cross reactivity of rituximab with sphingomyelin phosphodiesterase acid-like 3b (SMPDL3b) protein (48). Exposure of lymphoma cells to rituximab regulates the action of acid sphingomyelinase in lipid raft microdomains (49) essential for the organization of signaling molecules in highly specialized cells like podocytes. Based on these findings, we hypothesized that rituximab might have an impact on the filtration barrier in recurrent FSGS via the stabilization of sphingolipids with downstream effect on actin cytoskeleton remodeling. We postulated that rituximab could act as a direct modulator of podocyte function similar to what has been reported for cyclosporine, that was found to modulate podocyte function by interacting with the podocyte cytoskeleton, independent of its immunosuppressive activity (50).

As part of the protocol for kidney transplantation, a preimplantation biopsy of the allograft was obtained followed by a second biopsy 30 to 60 minutes post-reperfusion, after the completion of the uretero-vesical anastomosis, prior to closure of the incision. We demonstrated membrane and lipid raft specific SMPDL3b expression on podocytes from normal donor kidney biopsies (pre-reperfusion). Interestingly, the number of SMPDL3b-positive podocytes in post-reperfusion biopsies was reduced in patients who later experienced recurrent proteinuria (47). Serum collected in the pretransplant setting from patients who developed recurrent proteinuria resulted in down regulation of SMPDL3b protein expression and acid sphingomyelinase activity in cultured immortalized human podocytes. This was blocked by pretreatment of the podocytes with rituximab. Similarly, pretransplant serum of patients with recurrent disease caused a marked disruption of the actin cytoskeleton which could be prevented by pretreatment with rituximab, or overexpression of SMPDL3b on the podocytes in culture. The protective effect of rituximab was blocked by the addition of siRNA to SMPDL3b (47). Thus, down regulation of SMPDL3b after exposure to patient’s serum rendered podocytes more susceptible to actin remodeling, likely caused by a circulating/permeability factor(s). Rituximab appeared to prevent podocyte actin remodeling through stabilization of SMPDL3b (51). In addition, we reported that SMPDL3b may be an important modulator of podocyte function by influencing suPAR-mediated podocyte injury, changing it from a migratory to an apoptotic phenotype (52).

In summary, we have demonstrated that rituximab treatment of high-risk FSGS kidney transplant recipients is associated with a lower incidence of post-transplant proteinuria and could directly protect podocytes in an SMPDL3b-dependent manner (47). The demonstration of SMPDL3b-mediated protection from proteinuria using rituximab in a kidney transplant xenograft (53) and adriamycin-induced nephropathy model (54) further support this. SMPDL3b has also been shown to interact with TLRs and play an important role in down-regulating innate immunity (55).




3.2 Changes identifiable on post-reperfusion biopsies

In those patients who experienced recurrent proteinuria, we identified podocyte foot process effacement by electron microscopy in the post-reperfusion biopsies. Furthermore, we were able to show that the presence of foot process effacement correlated with the degree of proteinuria (9). However, resolution of foot process effacement in the context of recurrent FSGS was not always associated with resolution of proteinuria (56, 57). This suggests that proteinuria related to disruption of the slit diaphragm proteins may be a more subtle injury than that recognized by foot process effacement (9) on electron microscopy. The changes identifiable in the post-reperfusion biopsy emphasize the likelihood of the existence of circulating factor(s) in the kidney recipients with FSGS (9).




3.3 Abatacept rescue in the context of podocyte B7-1 staining

The use of rituximab peri-operatively in high-risk kidney transplant recipients with FSGS resulted in significant reduction in the development of recurrent proteinuria (47). However, 26% of the patients developed nephrotic-range proteinuria despite receiving a single dose of rituximab. This prompted us to further explore the possibility of other podocyte-directed treatment. Based on the demonstration of B7-1/CD80 expression in podocytes that was initially reported in 2004 (43) in the context of the nephrotic syndrome, we stained our pre- and post-reperfusion biopsies in KT recipients with recurrent proteinuria for B7-1. We subsequently identified B7-1 on the post-, but not the pre-reperfusion biopsies. Abatacept (CTLA-4-Ig) is an inhibitor of the T cell costimulatory molecule B7-1 (CD80) and is used to treat rheumatoid arthritis (58). Importantly, abatacept possesses a greater affinity for B7-1 than B7-2 (59). Since podocytes selectively express B7-1, and not B7-2 (43) as described above, we hypothesized that abatacept might be particularly effective in our unique clinical context.

Furthermore, we performed detailed mechanistic in vitro studies of podocytes, similar to our efforts with rituximab (47). Podocyte migration in vitro is known to correlate with function in vivo. We demonstrated that the addition of LPS to podocytes in culture induced B7-1 protein expression and affected migration. This was blocked by abatacept. In addition, B7-1 gene silencing or expression of the truncated construct also suppressed podocyte migration. B7-1 positive podocytes have a reduced capacity to attach to the surrounding matrix through beta 1 integrin. In cell culture studies, B7-1 positive podocytes changed their morphological characteristics and their function, leading to detachment of podocyte foot processes from the GBM. Abatacept appears to act by blocking the B7-1-mediated loss of podocyte Beta 1 integrin activation. Mechanistically, B7-1 promotes disease-associated podocyte migration through inactivation of beta 1 integrin, and this is reversed by abatacept (60).

Four kidney transplant recipients who were at high risk for recurrence (two patients with retransplants; two pediatric patients with rapid progression to ESKD), received a single dose of rituximab peri-operatively (47), and experienced post-transplant nephrotic range proteinuria. The first patient was treated with abatacept and plasmapheresis during the first week following transplantation, and experienced resolution of nephrotic range proteinuria. Treatment with abatacept (60) 10 mg/kg IV, resulted in the partial or complete remission of proteinuria in the three other kidney transplant recipients subsequently. In the two patients who underwent pre- and post-reperfusion biopsies, B7-1 staining was shown on the post-, not the pre-reperfusion biopsy, and B7-1 was found to colocalize with synaptopodin. Similar resolution of proteinuria after abatacept therapy was demonstrated in a non-transplant patient with native FSGS resistant to therapy who was shown to have B7-1 positive staining on biopsy (60). Of the four kidney transplant recipients, two received a single dose of abatacept, while the other two received two doses. All four recipients received their first dose of abatacept within one week of transplantation. These patients received induction antibody therapy with Thymoglobulin and monoclonal anti-CD25 (IL2R), and maintenance immunosuppression with tacrolimus, mycophenolate mofetil and steroids, as well as plasmapheresis. With follow-up from ten to forty-eight months, the creatinine remained stable, urine protein/creatinine ratio was < 0.1 for two patients, and < 0.5 in the other two patients (60).




3.4 Updated experience with B7-1/abatacept for rFSGS

Since the publication of this experience, a number of articles described difficulty in staining kidney transplant biopsies for B7-1 (61–65) and lack of efficacy of either abatacept or the second-generation anti-costimulatory agent, belatacept (63, 66–69). Over the last decade we have followed 12 patients who experienced recurrent FSGS following KT despite receiving a peri-operative dose of rituximab (70) and found the following:

	1) Nine/ten patients with recurrent proteinuria after KT responded to abatacept with improvement or resolution of proteinuria. Of these, two patients did not undergo a KT biopsy. Eight KT recipients were found to be B7-1 positive, one of whom was receiving belatacept at the time of biopsy. This last patient did not respond to abatacept, possibly due to belatacept interference of B7-1 (70).

	2) Two patients who remained B7-1 negative on three kidney transplant biopsies during the year following kidney transplantation did not respond to abatacept and lost KT function.

	3) None of our patients and no patients from the literature responded favorably to belatacept, regardless of the B7-1 staining (65–69).

	4) The resolution of recurrent proteinuria for the second time in two patients who only received abatacept [cases 7 and 8 (70)] adds further strength to support the role for abatacept, since this occurred without plasmapheresis, and in the context of therapeutic calcineurin inhibitor levels (70).



The long-term goal of our program, to optimize treatment of patients with FSGS at risk for recurrent proteinuria after kidney transplantation, has been focused on stratifying patients based on tissue-demonstrated biomarkers. The finding that rituximab binds to SMPDL3b, which is present on healthy podocytes, but is reduced in the context of proteinuria (47) was the first key element. Our clinical experience with rituximab was encouraging, and, to further emphasize the importance of preventing the recurrence of nephrotic range proteinuria, it has been reported that, while a response to rituximab results in 100% five-year graft survival, a lack of response leads to only 36.5% five-year graft survival (8). This concern contributed to our search for a rescue therapy for those kidney transplant recipients who experienced recurrent proteinuria despite receiving a dose of rituximab. In a similar effort to implement biomarker-specific therapy, abatacept, which binds B7-1/CD80, was used in those kidney transplant recipients whose proteinuria recurred despite receiving a peri-operative dose of rituximab. This was done in association with kidney transplant biopsies (when available) to identify podocyte B7-1/CD80 expression (60). In those instances where a kidney transplant biopsy was performed, B7-1 staining was identified on the post-reperfusion, not the pre-reperfusion KT biopsy and treatment with abatacept resulted in improvement/resolution of the proteinuria. This included one example of abatacept treatment-related resolution of proteinuria where B7-1 was demonstrated on a kidney transplant biopsy (70) in which the native kidney disease was not FSGS (series case #3). This suggests that the presence of B7-1 on biopsy in the context of nephrotic range proteinuria may be sufficient to justify treatment with abatacept, regardless of the original disease. Nonetheless, it will be important to continue to study this patient population to confirm the role of both B7-1 expression on podocytes and clinical response to abatacept in those cases of B7-1 positivity.





4 Back to the crossroads: the intersection of innate and adaptive immunity



4.1 Role of SMPDL3b in podocyte cell membrane function

Our experience treating patients with recurrent proteinuria after receiving a kidney transplant for FSGS has led to further study searching for evidence implicating podocyte involvement in the innate immune response. Human podocytes express TLR 1-6 and 9 mRNA [with minimal expression of TLR 7,8,10 (71, 72)], as well as the membrane sphingolipid SMPDL3b (47, 71). In dendritic cells TLR stimulation, for example TLR 4 with LPS, but also with different ligands including CPG, imiquimod, and the pro-inflammatory cytokine IFN-gamma, results in up-regulation of SMPDL3b mRNA and protein levels (55, 73). SMPDL3b plays a negative role in the regulation of TLR activity in vivo associated with reduction in IL-6, TNF-alpha, and IL-12p40 (55). SMPDL3b depletion results in profound changes in the cellular lipid composition and membrane fluidity in vitro. SMPDL3b-deficient mice show enhanced responsiveness in TLR-dependent peritonitis. Interestingly, the introduction of specific ceramides could restore regulatory control of TLR stimulation in the context of SMPDL3b depletion (54). These features demonstrate the important role of SMPDL3b in cell membrane lipid composition and flexibility linking this with innate immune signaling (55).

There are suggestions that sphingolipids may also be involved in the development of proteinuria, since mutations in sphingosine-1-phosphate (S1P) lyase are associated with the nephrotic syndrome (74). In Fabry disease, the intracellular pathological accumulation of glycosphingolipids led to cellular and tissue damage, ultimately manifesting in proteinuria and progressive nephropathy. This has been reported with increased urinary B7-1 excretion and podocyturia (75), in the context of native kidney biopsy showing podocyte staining for B7-1. Moreover, the addition of lyso-globotriaosylceramide (lyso-Gb3), present in higher levels in patients with Fabry disease, upregulated the expression of B7-1 mRNA in podocytes in vitro (75). The overabundance of sphingolipid was felt to lead in vivo to podocyte injury with NF-kappa-B-related B7-1 expression (75). The stimulation of human podocyte TLR3 by poly-IC in vitro has also been shown to increase B7-1 mRNA and protein expression in an NF-kappa-B-dependent fashion (72). Thus B7-1 expression appeared to increase with increased levels of NF-kappa-B. Poly-IC injection in vivo resulted in proteinuria and increased glomerular expression of B7-1 along with increased urinary B7-1 in mice (76). Podocyte SMPDL3b expression was reduced in biopsies of patients with recurrent FSGS (47). Importantly, SMPDL3b depletion caused a sustained degradation of I-kappa-B-alpha, which led to enhanced NF-kappa-B activity (55). This raised the possibility that the loss of SMPDL3b expression in podocytes in kidneys experiencing recurrence of FSGS (47) may predispose to increased B7-1 expression, possibly NF-kappa-B-mediated. This suggests the intriguing possibility of a connection between sphingolipids and podocyte B7-1 membrane expression in proteinuria. Finally, a recent study using transcriptomic and biological assays in B7-1 transgenic and Adriamycin nephropathy models, found B7-1 mediated podocyte injury through signal transmission to Beta-catenin through a heat shock mediated pathway (Hsp90ab1-LRP-Beta-catenin) (77). This places more biological relevance on the role of B7-1 in podocyte injury. Interestingly, this may also include sphingolipid interaction (76). This area is currently under active study.




4.2 Experimental support for SMPDL3b/B7-1 podocyte biomarker model

Several experimental and clinical studies have recently reported similar biomarkers to those in our work. First, in a series of xenotransplant pig-to-primate kidney transplants, with resultant significant proteinuria, both SMPDL3b and B7-1 were expressed on podocytes (78). Rituximab was used for induction with SMPDL3b-demonstrated specificity (53, 78), and B7-1 was also identified on kidney transplant biopsies (78, 79). In their experiments, belatacept was used to treat their primate recipients. While reducing the degree of proteinuria, belatacept did not result in resolution of proteinuria (78). It would be of interest to test whether abatacept may have been more effective in this setting of B7-1 positive podocyte staining in line with our most recent report (70). Secondly, in a rat model of adriamycin-mediated proteinuric kidney disease, studied separately by two different groups: 1) rituximab was found to significantly reduce proteinuria via SMPDL3b-specific modulation (54), and 2) abatacept significantly reduced proteinuria, although B7-1 was not identified on podocytes, and the mechanism was felt to be related to an effect on peripheral blood Th17 lymphocytes (54). Finally, although the molecular mechanisms resulting in nephrotic syndrome are complex (80), podocyte expression of B7-1 has been suggested as a key therapeutic target for Minimal Change Disease (MCD) (71).

Abatacept treatment of a patient with steroid dependent MCD, resulted in sustained remission of proteinuria (81). However, in this study both endothelial cells and podocytes were found to express B7-1 during relapse of MCD (82), again suggesting B7-1 whether expressed on podocytes or EC, could be a therapeutic target. However, a recent report evaluating circulating factors in vitro in FSGS plasma demonstrated changes including actin-cytoskeleton rearrangement and excessive formation of reactive oxygen species (ROS) only in podocytes, not in human glomerular microvascular EC (83).





5 Approach to rFSGS in B7-1 negative KT recipients



5.1 Experience with cGAS-STING in our experimental studies

Although we have observed a reduced incidence of rFSGS in our KT recipients who were treated with a peri-operative dose of rituximab, and subsequently treated with abatacept for those patients identified to express B7-1, we do not yet have effective therapy for those KT recipients who are B7-1 negative. This has led to our next level of investigation, studying the potential role of cGAS-STING in this patient population.

“The cytosol is a highly unusual environment in that it is perhaps the only germ-free location on the planet. In contrast, all extracellular environments have the possibility of being occupied by one or more microbes (84)”.

The protection provided by the innate immune system contributed conceptually to this statement and led to our pursuit of the cGAS-STING axis for potential insight into the B7-1-negative development of rFSGS. Perhaps the putative circulating factors (danger) are being recognized by the cGAS-STING system in a B7-1-independent fashion, ultimately leading to slit diaphragm protein dysfunction and proteinuria. The passage of danger equivalents into the urine may provide a less damaging manner of removing pathogen while minimizing local damage. This suggests that interference with cGAS-STING may lead to new therapeutic possibilities.

STING is an adaptor protein involved in DNA-dependent activation of innate immunity against viral or bacterial infection as well as in autoinflammatory diseases such as vasculopathy and systemic lupus erythematosus (37–39). However, the importance of STING in the regulation of local inflammation in the kidney remains largely unstudied. So, we used this to study mouse models of CKD. This study (37) identifies for the first-time activation of the cGAS-STING signaling pathway in podocytes as a significant contributor to the pathogenesis of glomerular disease of either metabolic (Diabetic kidney disease- DKD) or non-metabolic (Alport Syndrome-AS) origin, suggesting that STING targeting represents a potential therapeutic option to prevent kidney function loss in these conditions. This is particularly important given that there is no available treatment for either DKD (85) or AS (86). Activation of the cGAS-STING pathway has previously been shown in non-immune cells such as mouse embryonic fibroblasts and adipocytes (37). Here, we first confirmed that human as well as murine podocytes express all components of the cGAS-STING signaling pathway both at mRNA and protein levels. This included an increase in gene expression of STING, TBK1 and IRF3, along with increased phosphorylation after treatment with cyclic dinucleotides (c-diAMP).

Terminally differentiated human and murine podocytes were utilized as a model system in vitro to investigate expression of the cGAS-STING signaling pathway components and its overall activity. For in vivo studies we used db/db type 2 diabetes mice as a model of DKD and Col4a3-/- mice as an experimental Alport syndrome model to determine presence and activity of the cGAS-STING pathway in the kidneys. Activation of STING is associated with proteinuria and podocyte loss in wildtype mice. The cGAS-STING signaling pathway was found to be activated in kidney cortices and glomeruli of db/db mice and mice with AS at baseline and was associated with albuminuria. Pharmacological (with C176) or genetic inhibition ofSTING ameliorated diabetes- or streptozotocin-induced and Alport syndrome-associated glomerular loss of function. Our current findings demonstrate an important role of the cGAS-STING signaling pathway in mediating the detrimental consequences including proteinuria and glomerular dysfunction and point to STING as a potential therapeutic target in glomerular diseases of metabolic and non-metabolic origin (37).

Activation of the cGAS-STING pathway by c-diAMP in podocytes also led to increased expression of type I interferon, a “classic” downstream signal of cGAS-STING. These data confirm the notion that podocytes exhibit features of immune cells and may also be considered as antigen-presenting-like cells. Moreover, increased caspase 3 activity and autophagy markers in c-diAMP treated podocytes suggest that apoptosis and autophagic cell death may be associated with STING activation (37).

While we observed a significant impact of the cGAS-STING pathway on podocyte damage in glomerular diseases of both metabolic (DKD) and non-metabolic (AS and FSGS) origin, the mechanism behind it remains unclear. Some studies indicate that in the kidney, the cGAS-STING pathway may be activated by mitochondrial DNA leakage into the cytosol (40). Thus, it will be important to assess if mitochondrial DNA leakage also occurs in podocytes and contributes to the activation of the cGAS-STING pathway. A recent study suggests that STING is located in the mitochondrial associated membrane, and that this might lead to the specificity of the cellular functions of STING mediated by mitochondrial-ER communication (87). On the other hand, negative regulation of STING signaling is also essential for the prevention of chronic inflammation. Targeting this pathway (cGAS/STING) may represent another therapeutic option to treat or even prevent glomerular disease development and/or progression. We hope that this approach will provide insight into new therapeutic options for those instances of rFSGS that develop despite receiving a peri-operative dose of rituximab, and that are B7-1 negative. Future targets may also include immune markers such as MyD88 (88), CD40 (89), and TNF alpha (90, 91), components of the inflammasome (NLRP1, 3 and 6), RIG-1, MDA5, MAVS, AIM2, RAGE (32, 35), Beta catenin (77) (Figure 1), as well as potential markers of adaptive immunity. It is important to note that antibodies to nephrin (92) and CD40 (89) have also been identified as possible culprits in idiopathic nephrotic syndrome and FSGS after kidney transplantation.





6 Conclusion

Agents known primarily for their immunosuppressive effects clinically, i.e., calcineurin inhibitors, rituximab and abatacept, may be repurposed, and may impact proteinuria through podocyte-specific effects, rather than or in addition to their immunosuppressive actions (93). This paradigm shift may lead to the development of targeted therapies, guided by tissue-biomarker expression, specifically podocyte expression of SMPDL3-b (94), cGAS-STING (37) and/or B7-1 (95). Circulating factor(s) felt to be involved in the pathogenesis of FSGS may be Danger signal (DAMPs/PAMPs) mimetics (96, 97). We have shown these changes in both specific (membrane biomarkers – SMPDL3b, and B7-1) and non-specific (foot process effacement by electron microscopy) fashion in our series of post-reperfusion kidney transplant biopsies (9, 47, 60, 70). Studying the role of the podocyte in FSGS, specifically the innate immune response, with its expression of TLR’s, inflammasome components, sphingolipids (SMPDL3b) and cGAS-STING and the adaptive immune response, including co-stimulatory molecules (B7-1/CD80, but not B7-2/CD86), may provide important insights into novel immune mechanisms. Hopefully, this will then lead to the discovery of new therapies based on biomarker-driven approaches (98).

It should be noted that  the final song (#13, CD3) on Eric Clapton’s live, three-CD set of “Crossroads Revisited” (Eric Clapton and Guests, 2016, Crossroad Concerts LLC, Rhino Entertainment Company) is “Crossroads,” and Robert Johnson is appropriately  credited with having written it.
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