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Alport syndrome (AS) is a hereditary kidney disease associated with proteinuria, hematuria and progressive kidney failure. It is characterized by a defective glomerular basement membrane caused by mutations in type IV collagen genes COL4A3/A4/A5 which result in defective type IV collagen α3, α4, or α5 chains, respectively. Alport syndrome has three different patterns of inheritance: X-linked, autosomal and digenic. In a study of CKD of unknown etiology type IV collagen gene mutations accounted for the majority of the cases of hereditary glomerulopathies which suggests that AS is often underrecognized. The natural history and prognosis in patients with AS is variable and is determined by genetics and environmental factors. At present, no preventive or curative therapies exist for AS. Current treatment includes the use of renin-angiotensin-aldosterone system inhibitors which slow progression of kidney disease and prolong life expectancy. Ramipril was found in retrospective studies to delay the onset of ESKD and was recently demonstrated to be safe and effective in children and adolescents, supporting that early initiation of Renin Angiotensin Aldosterone System (RAAS) blockade is very important. Mineralocorticoid receptor blockers might be favorable for patients who develop “aldosterone breakthrough.” While the DAPA-CKD trial suggests a beneficial effect of SGLT2 inhibitors in CKD of non-metabolic origin, only a handful of patients had Alport in this cohort, and therefore conclusions can't be extrapolated for the treatment of AS with SGLT2 inhibitors. Advances in our understanding on the pathogenesis of Alport syndrome has culminated in the development of innovative therapeutic approaches that are currently under investigation. We will provide a brief overview of novel therapeutic targets to prevent progression of kidney disease in AS. Our review will include bardoxolone methyl, an oral NRf2 activator; lademirsen, an anti-miRNA-21 molecule; sparsentan, dual endothelin type A receptor (ETAR) and angiotensin 1 receptor inhibitor; atrasentan, oral selective ETAR inhibitor; lipid-modifying agents, including cholesterol efflux transporter ATP-binding cassette A1 (ABCA1) inducers, discoidin domain receptor 1 (DDR1) inhibitors and osteopontin blocking agents; the antimalarial drug hydroxychloroquine; the antiglycemic drug metformin and the active vitamin D analog paricalcitol. Future genomic therapeutic strategies such as chaperone therapy, genome editing and stem cell therapy will also be discussed.
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INTRODUCTION

Alport syndrome (AS), also called hereditary nephritis, is an inheritable progressive glomerular disease that is generally associated with sensorineural hearing loss and ocular abnormalities. It presents with structural anomalies and dysfunction of the glomerular basement membrane (GBM) caused by genetic mutations affecting the type IV collagen α3/α4/α5 chains (1). Type IV collagen is essential for GBM stability and constitutes the majority of total GBM protein mass. The α1 to α6 type IV collagen chains are genetically different and they assemble to form 3 distinct heterotrimers: α1α1α2, α3α4α5 and α5α5α6 (2). In AS, pathogenic variants in the genes COL4A3 and COL4A4 (which are located on chromosome 2) and COL4A5 (which is located on the X chromosome) produce defective type IV collagen α3, α4 or α5 chains respectively, which hampers the appropriate assembly of the GBM (3, 4).



CLASSIFICATION

The new classification scheme categorizes AS into 3 different types based on the affected type IV collagen genes involved and mode of inheritance: X-linked AS, autosomal or digenic (Table 1).


Table 1. New classification system of Alport syndrome.
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According to this classification system it is not necessary to have a positive family history, extrarenal manifestations or evidence of progressive kidney disease to make a diagnosis of AS. Females with heterozygous COL4A5 variants are classified as having AS instead of being labeled as “carriers” of the disease. Patients with isolated microscopic hematuria and heterozygous variants in COL4A3 or COL4A4 are considered to have autosomal dominant Alport syndrome (ADAS), which therefore eliminates the diagnosis of thin basement membrane nephropathy (TBMN) (3). It must be recognized that this latter point is controversial among experts on this condition and this is not a universal agreement (5).

Genetic testing in AS is proposed for patients who have persistent dysmorphic hematuria for longer than 6 months; persistent proteinuria >0.5 g/g, family history of hematuria or kidney disease; sensorineural hearing loss with hematuria; lenticonus, fleck retinopathy or temporal retinal thinning; biopsy-proven focal segmental glomerulosclerosis (FSGS) or steroid-resistant nephrotic syndrome; GBM lamellation; chronic kidney disease of unknown etiology with hematuria and familial IgA glomerulonephritis. Genetic testing is also recommended in first-degree relatives of people with known pathogenic variants in COL4A3-COL4A5 genes (6).



PREVALENCE

The prevalence of Alport syndrome varies greatly in different reports with estimates ranging from one in 5,000 to one in 53,000 patients with kidney disease. X-linked Alport syndrome (XLAS) is caused by COL4A5 gene mutations and accounts for 70–80% of patients with AS. Autosomal recessive Alport syndrome (ARAS) is caused by homozygous or compound heterozygous mutations in COL4A3 and COL4A4 genes and accounts for ~5% of patients with AS. A recent study estimated the prevalence of predicted pathogenic COL4A3-COL4A5 variants in populations without kidney disease. Predicted pathogenic COL4A5 variants were found in one in 2,320 persons. Predicted pathogenic heterozygous COL4A3 and COL4A4 variants affected one in 106 individuals, consistent with the finding of TBMN in kidney biopsies in donors without known kidney disease. Predicted pathogenic compound heterozygous variants appeared in one in 88,866 persons and digenic variants in at least one in 44,793 persons. However, these population frequencies of predicted COL4A3-COL4A5 pathogenic variants must be modified according to the disease penetrance of individual variants (7).

The true prevalence of AS is likely underestimated. A recent study from Columbia University using genetic testing to evaluate cases of chronic kidney disease of unknown etiology showed that Mendelian nephropathies accounted for 21% of the cases. Monogenic glomerulopathies were the most frequent and this was mainly driven by mutations in collagen IV genes which accounted for nearly one third of all hereditary kidney diseases (8).



NATURAL HISTORY AND PROGNOSIS

AS encompasses a diverse phenotypic spectrum with a broad range of clinical manifestations. The typical kidney histological lesion in a patient with established AS is described on electron microscopy as irregular thinning and thickening GBM with lamellated appearance which has a characteristic “basket-weave” pattern (9). When a kidney biopsy performed in a patient with isolated hematuria shows exclusively a thin GBM it has been proposed to use the terms “benign familial hematuria” or “thin basement membrane nephropathy.” However, this is an erroneous assumption since there is growing evidence that some of these patients are at risk of developing progressive kidney disease. In patients with AS, a thin GBM can also be identified and therefore this histologic finding should not be considered a separate disorder. A thin GBM by itself is not sufficient to estimate prognosis in the absence of additional clinical, pathologic, pedigree and genetic data.

The likelihood of kidney disease progression in patients affected with AS is variable and is mainly determined by the type of gene mutation. Large deletions, nonsense mutations and small mutations affecting reading frames that cause a decreased or absent functional protein represent a high risk of progression to end stage kidney disease (ESKD) by age 30. The risk is minor with missense or splice site mutations (10). Also, environmental factors may contribute to kidney disease progression.

Men with XLAS and all patients with ARAS typically develop “classic” AS features which include progressive kidney disease with hematuria and proteinuria, sensorineural deafness and ocular abnormalities (eg, lenticonus or maculopathy). While less recognized as a typical syndromic feature, aortic aneurisms are often recognized in males with XLAS (11).

In cases of XLAS, sex is an important prognostic factor regarding CKD progression. Among untreated men with XLAS, around 50 and 90% progress to ESKD by ages 25 and 40, respectively. Women with XLAS exhibit a variable phenotype due to the process of X chromosome inactivation. Among women with XLAS, about 12% reach ESKD before age 40 and this proportion increases to about 30% by age 60 and 40% by age 80 (10). Patients with ARAS frequently progress to ESKD by age 40 regardless of sex (12).

Patients with ADAS exhibit a wide variety of manifestations which range from asymptomatic to kidney-limited disease with microscopic hematuria or proteinuria and in some cases progression to ESKD. The phenotype associated with a heterozygous mutation in COL4A3 or COL4A4 can vary significantly even within members of the same family, and this variability of expression is likely multifactorial. This incomplete penetrance may be related to the presence of modifier genes that ameliorate or exacerbate the effects of type IV collagen gene mutations and other factors such as high blood pressure, high sodium diet, obesity and smoking which may independently contribute to kidney disease (3, 13).

In patients with ADAS, the estimated risk for ESKD is ≥20% for those with risk factors for progression (proteinuria, FSGS, GBM thickening and lamellation, sensorineural hearing loss, genetic modifiers) and <1% in the absence of these risk factors (3).

The estimated risk for progression to ESKD in patients with digenic AS is variable and depends on the affected genes: for COL4A3 and COL4A4 mutations in trans simulating autosomal recessive inheritance the risk is up to 100%; for COL4A3 and COL4A4 mutations in cis simulating autosomal dominant inheritance the risk is up to 20% and for affected men with mutations in COL4A5 and either COL4A3 and COL4A4 the risk is up to 100% (3).

Type IV collagen gene mutations have also been associated with FSGS and genetic testing should be considered particularly in those patients with positive family history of FSGS and younger age at presentation. Type IV collagen gene mutations were discovered in 38% of patients with familial FSGS and 3% with sporadic FSGS with more than half of the mutations appearing in COL4A5. The presence of hematuria, hearing loss and GBM abnormalities might indicate the possibility of an underlying COL4 mutation (14). In a cohort of 193 individuals of the Toronto GN registry with predominantly sporadic FSGS who underwent whole-exome sequencing, the genetic diagnostic rate was 11% and from these patients 55% had definitely pathogenic variants in COL4 (A3/A4/A5) genes (15). Individuals with biopsy-proven FSGS who have pathogenic variants in the type IV collagen genes should be classified as Alport syndrome patients. It is important to avoid the use of immunosuppressive therapy on these patients because this would be ineffective and potentially harmful. Consistent with these observations, genetic testing should be obtained in all patients with biopsy-proven FSGS or steroid resistant nephrotic syndrome (6).



KIDNEY TRANSPLANTATION

Patient with Alport syndrome who progress to ESKD are generally excellent candidates for kidney transplantation. Preemptive kidney transplantation should be pursued when possible. In patients with AS, graft survival rates are equal or better compared to those seen in patients with other causes of ESKD. It is recommended that family members who are COL4A3 and COL4A4 heterozygotes not be considered for kidney donation (6). There is evidence from individuals with hematuria or heterozygous pathogenic COL4A3 or COL4A4 variants who acted as kidney donors who developed worsening kidney function or proteinuria over time (16–18). While the development of anti-GBM antibodies without clinical manifestation is quite common, posttransplant anti-GBM nephritis is an unusual but possibly catastrophic complication of kidney transplantation in AS patients (19).



TREATMENT

At present, there is no curative treatment for Alport syndrome. The use of renin-angiotensin-aldosterone system (RAAS) inhibition (RAASi) is the current standard of care to slow progression of kidney disease.


RAAS Inhibition

Gross and colleagues published in 2012 that use of angiotensin converting enzyme inhibitors (ACEi) in a cohort of 174 patients with AS (predominantly males with XLAS) was associated with a later onset of renal replacement therapy and longer life expectancy compared to a cohort of 109 untreated AS relatives over a mean follow up of more than two decades. This benefit was greater in those patients who started therapy at an earlier stage, especially in those patients who had isolated hematuria or microalbuminuria at the time of treatment initiation (20). Data from the European Alport Registry showed that the use of RAAS blockade in heterozygous Alport carriers is associated with a slower kidney disease progression. Mean age at onset of therapy was 28 years and average time on therapy was 5.8 years on this analysis. Onset of renal replacement therapy (RRT) occurred less frequently and significantly later in patients who were treated with RAAS blockade (21). Yamamura and colleagues examined a group of Japanese male patients with XLAS with proven COL4A5 variants and showed that the renal protective effect of RAAS blockade was present regardless of the type of COL4A5 gene variant (truncating vs. non-truncating) (22).

Most ACE Inhibitors are currently authorized by the Food and Drug Administration (FDA) for treatment of hypertension in adults or children ≥6 years old (23). However, the EARLY PROTECT trial showed that use of ramipril in children with AS aged ≥2 years when there is either isolated microscopic hematuria or microalbuminuria (defined as 30–300 mg albumin/g creatinine) is safe and effective at slowing kidney disease progression compared to placebo. Ramipril was initiated at a mean age of 8.8 ± 4.2 years. In this study, ramipril therapy reduced the risk of disease progression by almost 50%. Disease progression was defined as progression to the next disease stage according to the extent of renal damage and loss of function. These stages were defined as (0) microhematuria without microalbuminuria, (I) microalbuminuria [30–300 mg albumin/g creatinine], (II) proteinuria [>300 mg albumin/g creatinine], (III) >25% decline of normal kidney function (CrCl), (IV) end stage kidney disease. A hazard ratio of 0.51 translates to 5.4 children who need to be treated with ramipril for 3 years to prevent one progression of the disease in one child (24).

New clinical practice recommendations support earlier initiation of ACEi in patients affected with AS. Therapy should be started at the time of diagnosis in men with XLAS and in all patients with ARAS, if age ≥24 months. In females with XLAS and in males and females with ADAS, therapy can be started at the onset of microalbuminuria (25).



Mineralocorticoid Receptor Blockers

Serum aldosterone levels remain elevated in some patients treated with ACEi and/or ARBs, a phenomenon known as “aldosterone breakthrough” which has been correlated with left ventricular hypertrophy and higher rates of albuminuria (26). Rubel and colleagues evaluated if the concomitant use of spironolactone on top of ramipril in COL4α3−/− mice offered any additional benefit compared to ramipril monotherapy. Dual therapy resulted in a slower kidney disease progression and decreased proteinuria and fibrosis. However, survival did not change. This was possibly due to premature death from side effects of dual therapy such as hyperkalemia (27). Spironolactone effects in human subjects are being evaluated in an observational clinical trial [NCT02378805] (28). The observed favorable outcomes of the non-steroidal mineralocorticoid receptor blocker finerenone on delaying CKD progression in patients with diabetic kidney disease (DKD) (29, 30) suggest the need to test its efficacy in non-diabetic CKD.




SODIUM-GLUCOSE COTRANSPORTER-2 INHIBITORS (SGLT2I)

SGLT2i block renal glucose absorption in the proximal convoluted tubule which promotes glucosuria and lowers blood glucose. These drugs have nephroprotective properties which are independent of glycemic control and are thought to be mediated by glucose-induced osmotic diuresis and concomitant natriuresis leading to afferent arteriole vasoconstriction and a reduction in intraglomerular pressure and reduction in albuminuria (31). There is extensive evidence about the benefit of these drugs to slow the progression of CKD of diabetic and non-diabetic origin (32, 33). In a cohort of 5 pediatric patients with Alport syndrome (mean age 10.4 years) with an eGFR >60 ml/min/1.73 m2 the use of dapaglifozin was well tolerated and resulted in a 22% reduction in proteinuria by 12 weeks (34).

In diabetic rats, SGLT2i also reduced cardiac accumulation of toxic lipids and free fatty acid uptake (35). In patients with non-alcoholic fatty liver disease and type 2 diabetes mellitus (T2DM) the use of SGLT2i reduced liver fat and improved ALT levels (36). Therefore, it is conceivable that the nephroprotective effect of SGLT2i is also mediated by reducing renal lipotoxicity, which we have found to be pathogenetic in experimental AS (37). While the DAPA-CKD trial suggests a beneficial effect of SGLT2 inhibitors in CKD of non-metabolic origin, the number of patients with Alport syndrome included on this cohort was low and therefore conclusions cannot be extrapolated for this population at this time. However, the efficacy of SGTL2 inhibitors in the treatment of AS should be explored (38).



NEW THERAPIES FOR ALPORT SYNDROME

AS has become a very appealing disease for drug companies to target for multiple reasons: (i) AS is a great example of progressive CKD with proteinuria and fibrosis that can be a model of other more common causes of kidney disease, (ii) there are no curative therapies for AS, (iii) patients with AS are young and often have no other comorbidities which makes them excellent candidates for clinical trials, (iv) there is a large population affected which would benefit from treatment and (v) any new medication approved for this condition will receive orphan drug designation with might have associated benefits, such as shortened time to approval, monetary benefits and a period of market exclusivity (39). Therefore, the search for a curative treatment for Alport syndrome continues (Table 2).


Table 2. Clinical trials for Alport Syndrome listed on clinicaltrials.gov.
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Bardoxolone

Bardoxolone methyl is a semisynthetic triterpenoid that activates nuclear factor erythroid 2-related factor 2 (Nrf2), a transcription factor that modulates the expression of multiple genes involved in inflammation, oxidative stress, and cellular energy metabolism (40, 41). By activating the Keap1-Nrf2 pathway, bardoxolone methyl also reduces nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB), the primary transcription factor producing proteins causative of inflammation and the generation of reactive oxygen species (42, 43). Bardoxolone increased GFR in patients with T2DM and CKD stage 3 over a 52-week period (44) which led to the creation of the BEACON trial, a randomized clinical trial (RCT) that evaluated the efficacy and safety of bardoxolone in patients with T2DM and CKD stage 4. Unfortunately, there was a high number of heart failure hospitalizations in the patients treated with bardoxolone which resulted in early trial discontinuation. There was also an increase in blood pressure and an increase in proteinuria in the bardoxolone group (45).

More recently, the CARDINAL phase 3 study evaluated the use of bardoxolone methyl in a group of patients with AS. 157 patients were randomly assigned to receive once-daily oral bardoxolone (n = 77) or placebo (n = 80). The primary endpoint was the change in eGFR after 100 weeks of treatment compared to baseline. Average age at screening was 39.2 years. The mean baseline eGFR was 62.7 ml/min/1.73 m2 and mean UACR was 141 mg/g (46).

The FDA has analyzed data from CARDINAL and has concluded that there is no evidence that bardoxolone is effective at slowing kidney disease progression in patients with AS. The FDA also raised major efficacy and safety concerns related to bardoxolone use. It has been speculated that bardoxolone leads to an increase in intraglomerular pressure, which over time could have detrimental effects that might lead to an accelerated progression to kidney failure. It has also been suggested that the 4-week washout period was not long enough to resolve the reversible pharmacodynamic effect of bardoxolone and that the time to resolution of such effect is predicted to be at least 60 days (based on an elimination half-life of 15 days of bardoxolone). Major concerns regarding drug safety are worsening albuminuria, hypertension and a decrease in body weight. There is a lack of data using bardoxolone in animal models of Alport syndrome or other adequately controlled clinical trials in AS or CKD to show that bardoxolone is effective at delaying kidney function decline.



Anti-microRNA-21

MicroRNAs (miRNAs) are short non-coding RNAs which can regulate gene expression by inhibiting the translation or increasing the degradation of their target messenger RNAs (47). The ability of a single miRNA to regulate multiple downstream target mRNAs altered in disease conditions makes miRNAs attractive therapeutic targets with the potential to impact a variety of molecular pathways (48). miRNA-21 has been found to be dysregulated in multiple kidney disorders, including AS. It was shown that renal miRNA-21 is upregulated in Col4α3−/− mice and the use of anti-miRNA-21 oligonucleotides significantly slows kidney disease progression and improves survival in Alport mice (49). In patients with AS, the expression of miRNA-21 in kidney samples was found to be significantly higher compared to controls and it was correlated with severity of kidney disease as evidenced by proteinuria, kidney function biomarkers and renal pathology scores (50). A phase 2 RCT of lademirsen (previously known as RG-012) which is a subcutaneous injection of an anti-miRNA-21 molecule is underway (HERA clinical trial [NCT02855268]). This trial, sponsored by Sanofi, will enroll a total of 45 patients with AS and results are anticipated to be accesible by 2023 (51).



Endothelin Type A Receptor (ETAR) and Angiotensin II Type 1 Receptor (AT1R) Inhibitors

The activation of ETAR has an important role in renal and inner ear pathologies in patients with AS. Despite being standard of care in patients with AS, the use of RAASi does not mitigate the impact on hearing.

Sparsentan, a dual ETAR/AT1R inhibitor, was able to extend lifespan in AS mice and lead to greater reductions in proteinuria compared to a selective AT1R inhibitor (losartan) or selective ETAR inhibitor (atrasentan) when treatment was initiated at 4 weeks. Preventive use of sparsentan was also able to mitigate the structural and functional auditory changes in AS mice. This auditory benefit was not observed with losartan (52).

The clinical trial EPPIK (NCT05003986) is evaluating use of sparsentan oral suspension in a pediatric population with AS with UPCR ≥1.0 g/g and other proteinuric glomerular diseases (53).

Sparsentan showed greater reduction in proteinuria compared to irbesartan after 8 weeks of treatment in patients with FSGS in a phase 2 RCT. In the patients treated with sparsentan, 16.4% of patients developed hypotension and 12.3% reported edema, but none of these adverse events were serious and there were no patients who dropped out from the study (54). The phase 3 DUPLEX study is ongoing and this will evaluate extended antiproteinuric efficacy and kidney protective potential of dual ETAR and AT1R blockade in patients with FSGS (55).

Atrasentan is an oral selective ETAR inhibitor that reduced albuminuria and risk of renal events in patients with diabetes and CKD. Edema and anemia were more frequent in the atrasentan group compared to placebo (56, 57).

AFFINITY (NCT04573920) is a phase 2 open-label trial of atrasentan which is currently recruiting patients and it will include a cohort of 80 patients with AS as well as other proteinuric kidney diseases (58).



Lipid-Modifying Drugs

The frequency of cardiovascular disease (CVD) is much higher in patients with CKD compared to those without CKD. The majority of deaths in patients with CKD are attributed to CVD, mainly atherosclerotic heart disease, cardiac arrhythmias and cardiac arrest. Individuals with familial hypercholesterolemia are at increased risk of developing CKD (59). Irrespectively of systemic hyperlipidemia accompanying CKD, research from us and others has shown that renal lipotoxicity rather than systemic dyslipidemia is the main contributor to the pathogenesis and progression of proteinuric kidney diseases (60–67). The accumulation of excessive lipids in non-adipose tissue is described as lipotoxicity and this is associated with cell dysfunction and apoptosis (68). We have recently described an important accumulation of triglycerides (69) and esterified cholesterol (37, 70, 71) in the kidney cortex of experimental AS. In fact, lipid droplets, foamy podocytes and foamy interstitial cells are frequently seen in kidney biopsies of patients with AS, but their origin remains unknown.

An evolving research field is identifying key enzymes or transporters in intrarenal lipid homeostasis as potential therapeutic targets to treat proteinuric kidney diseases.

When there is cholesterol deficit, cholesterol can be synthesized de novo via 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) or cholesterol attached to low-density lipoprotein (LDL) can be released into the cells through the LDL receptor (LDLR). Conversely, excessive cholesterol can be extracted from the cell through ATP-binding cassette A1 (ABCA1) and ATP-binding cassette subfamily G member 1 (ABCG1). Accumulation of cellular cholesterol stimulates the cholesterol-esterifying enzyme sterol O-acyltransferase (SOAT1), which transforms free cholesterol to cholesterol esters that are deposited in lipid droplets. In podocytes, the uptake of free fatty acids for triglyceride synthesis occurs through cluster of differentiation 36 (CD36) (65).

Excessive aggregation of free cholesterol results in cellular toxicity. Maintenance of adequate levels of free cholesterol is expedited by cholesterol esterification and reverse cholesterol transport (RCT) pathways which induce the efflux of cholesterol to HDL. Impaired RCT can promote glomerulosclerosis and tubulointerstitial damage (72). Glomerular and tubular lipid accumulation has been described in experimental models of kidney disease of metabolic and non-metabolic origin, including DKD (61, 63, 73), FSGS and AS (69–71, 74) and this is attributable to abnormalities in lipid metabolism. Among different lipid species, esterified cholesterol accumulation in kidney cortex correlates best with kidney outcomes compared to accumulation of other lipids (75).



Statins and Ezetimibe

The use of statins in CKD patients is essential to reduce cardiovascular risk. KDIGO 2013 guidelines recommend use of a statin in adults aged ≥50 years with eGFR <60 ml/min/1.73m2. This does not apply for end stage kidney disease patients (1A) (76). It has been speculated that statin treatment may be associated with slower kidney disease progression (77). However, there is no convincing evidence for such statement. The beneficial effects of statins observed in Col4a3−/− mice (78) have not been confirmed in patients with AS. The use of ezetimibe was found to partially protect from albuminuria and from CKD progression in Col4a3-/- mice in association with reduced triglyceride content. In these studies, ezetimibe was found to reduce CD36 dependent fatty acid uptake (69). Whether this effect may be observed in patients affected with AS remains to be established.



Inducers of Cholesterol Efflux

The expression of cholesterol efflux transporter ABCA1 is reduced in glomeruli of individuals with T2DKD (61) as well as in experimental models of AS and FSGS (62, 70). There is a causative directional link between TNF expression in glomerular cells and an altered cholesterol efflux via ABCA1 and decreased cholesterol esterification by SOAT1 resulting in cholesterol aggregation and increased risk of proteinuria (71, 75). Studies have shown that either genetic or drug-induced activation of ABCA1 or use of a cholesterol sequestrant is effective in reducing proteinuria in AS, DKD and FSGS.

We previously proved that in the COL4α3 knockout (KO) mice (AS mice) there is glomerular accumulation of cholesterol esters which suggests that CKD in AS may be a disorder of fatty kidney disease. Administration of hydroxypropyl-β-cyclodextrin (HPβCD), a cholesterol-chelating sugar, was found to protect AS mice from developing proteinuria, progressive kidney disease and renal fibrosis and this was associated with a lower concentration of kidney cholesterol esters, lipid droplets and cholesterol crystals, but also with increased serum HDL levels. Moreover, HPβCD treatment resulted in prolonged lifespan (70).

Unfortunately, the cholesterol removal effect of cyclodextrin is not selective, and its parenteral route of administration is impractical. Concerns have been raised about potential ototoxicity of HPβCD due to loss of cochlear outer hair cells which would be of particular concern in patients with AS who are already susceptible to hearing loss (79).

More recently, we developed a series of small molecule oral agents belonging to the class of 5-arylnicotinamide compounds (Cpds). These Cpds increase ABCA1-dependent cholesterol efflux by targeting Oxysterol Binding Protein Like 7 (OSBPL7). OSBPL7 is present in the kidney, including the glomeruli and podocytes. Cpds were able to induce ABCA1 and cholesterol efflux from cholesterol-repleted podocytes in vitro and decreased proteinuria, attenuated kidney function decline and prolonged lifespan in mouse models of AS and FSGS, even when the Cpds were administered in mice with established CKD and proteinuria. Despite reducing the amount of cholesterol esters in the kidney in the COL4α3 KO mice the serum cholesterol levels did not change, which suggests that these Cpds may be protective mainly by reducing the concentration of cholesterol and lipids in target organs (37). These Cpds have a greater antiproteinuric effect compared to the one of ramipril previously reported in a syngeneic model of AS (69). Unlike the Cpds, the administration of RAAS blockade did not prolong lifespan in older COL4α3 mice, despite being the most effective therapy for early intervention in this model (80–82). An oral molecule that increases the functional activity of the ABCA1 transporter is currently under development. However, this information is not publicly available at this time.



Discoidin Domain Receptor 1 (DRR1) Inhibitors

DDR1 is a receptor tyrosine kinase that is stimulated by collagens. It is involved in the development of fibrotic disorders. DDR1 deficient Col4a3-/- mice were reported to be protected from proteinuria and renal failure, suggesting DDR1 as an amenable therapeutic target (82). Pharmacological inhibition of DDR1 in COL4α3−/− mice caused mild reductions in albuminuria and renal fibrosis (83). More recently, we have described a new mechanism linking DDR1 activation to renal lipotoxicity. De novo production of the collagen type 1 has been observed in Col4α3 knockout mice (AS mice). Collagen 1 activates DDR1 and induces CD36-mediated podocyte lipotoxic injury and disruption of podocyte-GBM interaction with subsequent development of proteinuria. CD36 induces oxidative stress and apoptosis in podocytes by increasing intake of free fatty acids and accumulation of intracellular triglycerides. Therefore, the clinical development of DDR1 inhibitors for the treatment of AS remains an interesting opportunity.



Osteopontin Blocking Agents

Osteopontin (OPN) is a protein with an important role as a regulator of inflammation, heart failure and tumor metastases (84, 85). In animal models of albuminuria, kidney OPN mRNA and protein levels were elevated and in children with nephrotic syndrome, urinary OPN levels were elevated (86). Ding and colleagues demonstrated that OPN expression is increased in the renal tubules of the Col4α3−/− AS mouse where it regulates dynamin-3-mediated (DNM3) increased LDL receptor (LDLR) expression, increases LDL-cholesterol influx and leads to defective mitochondrial bioenergetics.

OPN genetic deletion caused a significant reduction in the expression of DNM3 and LDLR in the AS mouse and reduced albuminuria, tubulointerstitial inflammation, apoptosis, hypertension, hearing loss and visual deficits (74). OPN blocking agents such as antibody or RNA aptamer might be a potential therapeutic target in patients with AS.



Hydroxychloroquine

The antimalarial drug hydroxychloroquine (HCQ) is an immunomodulatory drug commonly used to treat rheumatologic diseases such as systemic lupus erythematosus and rheumatoid arthritis. It blocks the immune system by inhibiting Toll-like receptor signaling and suppressing cytokine production and T cells by decreasing the expression of CD154 (87).

A phase 2 RCT of patients with IgA nephropathy (IgAN) who were receiving optimized RAAS inhibitor therapy and had a mean eGFR 54 ml/min/1.73 m2 and median proteinuria of 1.7 g/d showed that the addition of HCQ compared to placebo significantly reduced proteinuria at 6 months (0.9 vs. 1.9 g/d; P 0.002) (88). A case control study compared the safety and efficacy of HCQ and glucocorticoids in individuals with IgAN with proteinuria >1 g/d despite optimization of RAASi treatment. The reduction in proteinuria achieved by HCQ was only slightly lower to glucocorticoids over a period of 6 months. However, HCQ was safer than glucocorticoid treatment (89).

A phase 2 RCT to assess the safety and effectiveness of HCQ in patients with X-linked Alport syndrome (NCT04937907) is under way in China. Enrollment includes AS patients who have been on a stable dose of enalapril for 6 months (90).



Metformin

Metformin is an oral hypoglycemic agent which effectively reduces HbA1c in patients with T2DM with a low risk for hypoglycemia. In a mouse model of AS, use of metformin reduced proteinuria and ameliorated progression of kidney disease. Metformin suppressed renal inflammation, fibrosis and glomerular injury. The dual administration of metformin and losartan prolonged survival of AS mice when compared to losartan monotherapy. Both metformin and losartan modified podocyte-related molecular pathways associated to inflammation and metabolism according to transcriptome analysis. In addition, metformin was found to regulate multiple genes also related to metabolism which were not affected by losartan (91). This study raises the possibility that combination of RAASi and metformin may slow CKD progression and prolong survival also in non-diabetic chronic kidney disease. Considering the low cost and wide availability of metformin this might be explored further in research trials. It is important to mention that metformin is excreted unchanged in the urine since it is not metabolized and the FDA applied a box warning to this drug and recommends to avoid its use in advanced kidney disease (eGFR <30 ml/min/1.73 m2) due to its potential association with lactic acidosis.



Paricalcitol

Paricalcitol is an active vitamin D analog. An elevated parathyroid hormone (PTH) and a low 1,25-dihydroxyvitamin D are associated with lower bone density, heart disease, blunted immune system and higher mortality in patients with ESKD. Recent studies in hemodialysis patients suggest that paricalcitol is associated with a better survival and tolerability compared to calcitriol (92). It is possible that activation of vitamin D receptors has beneficial effects on the cardiovascular system that reduce mortality in CKD and that this is independent of calcium, phosphorus and PTH. Paricalcitol suppresses renin production at higher than conventional doses (93, 94). Downregulation of the RAAS may be the mechanism by which paricalcitol has some nephroprotective and antifibrotic effects.



Chaperones

Protein misfolding in the endoplasmic reticulum (ER) leads to loss of function or toxic effect designated as ER stress in genetic diseases caused by genetic mutations. Inappropriately folded proteins are generally recognized by the cell quality-control mechanisms and are retained or destroyed in the ER. Chaperones are ubiquitous molecules that enable correct protein assembly by attaching to and stabilizing unfolded proteins allowing them to become functional and correctly routed to the location where they will reside.

Use of chaperone therapies as a potential therapeutic approach to protein misfolding diseases has become one of the major targets of clinical research. Migalastat is an oral chaperone which stabilizes mutant α-galactosidase and facilitates adequate enzyme routing to lysosomes and is used to treat patients affected with Fabry's disease (95). Chaperones are useless when there is absence of protein which is the case in diseases caused by truncating mutations (deletions, frameshift and nonsense mutations). However, estimates show that around 40–50% of males with XLAS (96, 97) and around 40% in male and female patients with ARAS (98) exhibit missense mutations as the cause of their AS.

A study in fibroblast cell lines of men with XLAS showed that the use of chaperone sodium 4-phenyl butyric acid (PBA) increased levels of collagen IV α5 mRNA and decreased ER stress and autophagy (99). When oral treatment with the chaperone PBA was administered to COL4α1 mutant mice, either as a preventative treatment or for those with established disease, there were fewer intracranial hemorrhage cases. However, PBA did not prevent from developing eye and kidney defects (100).



Genome Editing Therapy

Genome editing therapy is an experimental technique that aims to correct defective genes in order to cure a disease. It can be executed via different methodologies which include rendering deleterious mutations inactive, adding protective mutations or therapeutic transgenes, or distortion of viral DNA (101, 102). Replacement of a mutant allele by a corrected copy of the gene requires the effective delivery of the latter via a vehicle, for instance a virus or nanoparticle, to an approachable tissue compartment (103). If the normal gene substitutes the abnormal allele there will be proliferation of these new modified cells which may generate the desired protein in sufficient amounts to restore a normal phenotype (104). Here we describe some of the therapeutic concepts currently under investigation.

The Clustered Regularly-Interspaced-Short Palindromic Repeat (CRISPR/Cas9) system has became a promising gene editing therapy for many rare genetic disorders, with successful in vitro results in cases of homozygous β-thalassemia generating functional red blood cells precursors (102), but with less success in the manipulation of podocytes and their regeneration.

The CRISPR/Cas9 system consists of two components: a single-guide RNA (sgRNA) and an endonuclease Cas9. The sgRNA can guide Cas9 to the genomic site of action where a highly precise double strand break (DSB) should occur following a Watson-Crick base pairing recognition. DSBs caused by CRISPR/Cas9 are generally corrected through non-homologous end joining which may generate deletions and insertions. However, the precision of the DSB correction can be augmented by using a “repair template” donor DNA compatible with the genomic region of interest which can be used to synthesize de-novo wild type DNA (105).

A recent study by Daga et al. (106), demonstrated that it is feasible to obtain podocyte-lineage cells derived from urine recreating the physiological conditions seen in these particular cells, allowing to effectively define the COL4 variants correction index after experimental interventions. This novel tool was applied for two different forms of hereditary transmission in AS, X-linked and autosomal dominant variants, using a self-inactivating dual-plasmid approach where a homologous repair is mainly induced by a self-cleaving streptococcus pyogenes Cas9 (SpCas9) coupled with a sgRNA from CMV inducing DNA damage, while the other plasmid carries a double stranded DNA (dsDNA) donor fragment. This approach resulted in very high correction rates which ranged from 44% in the COL4A3 gene to 58% in the COL4A5 gene and it led to a reduced percentage of indels (10.4% for COL4A3 and 8.8% for COL4A5).

The number of podocytes decreases significantly over time in patients with AS as a consequence of structural defects which lead to apoptosis and cell death. CRISPR/Cas9 gene therapy is expected to be more effective in the early phase of the disease since at this time a functional GBM can still be potentially restored (106). Despite these promising results, there is a long way ahead of us until this proof of concept can be transitioned to in vivo experiments due to the difficulty in manipulation of podocytes.

Lin et al. used a COL4A3−/− mouse model of AS and an inducible transgene system and they discovered that the podocyte secretion of α3α4α5(IV) heterotrimers into a defective GBM was effective at restoring the absent collagen IV network which slowed the course of renal disease and prolonged survival (107). Funk et al. increased the expression of COL4α3 transgene in endothelial cells of COL4A3−/− Alport mice through adenovirus-mediated gene transfer. Unfortunately, these AS mice did not exhibit COL4A3/A4 or assembled α3α4α5(IV) heterotrimer staining and subsequent resolution of the disease specific phenotype was not achieved (108).

Reports of succesful delivery of COL4A5 gene into swine kidney with an adenovirus vector resulted in increased deposition of α5 (IV) collagen into the GBM. However, this technique is impractical since it requires to administer the vector directly in the renal artery which may not be possible in human trials (109).

Another concept being explored in AS is the X-chromosome (Xc) reactivation approach. It is known that during the early embryological development of females, an Xc on each cell is randomly inactivated (lyonization), ensuring an even expression of cells of female XX compared to male XY (110). Based on this premise, the idea of reactivating the healthy copy of COL4A5 gene on the inactivated Xc has been contemplated in cases of X-linked AS in women. Unfortunately, this concept continues to be in the early experimental phase, with the major limiting factor being concerns regarding off-target effects.



Stem Cell Therapy

The use of induced pluripotent stem cell (iPSC) lines is a valuable tool to study AS pathologic mechanisms and evaluate the efficacy of experimental therapies. The rationale of the potential use of iPSCs as a therapy in AS is based on the concept that these cells will eventually migrate and engraft into the renal glomeruli, differentiating into functional podocytes and generating a new healthy GBM (111). One study proved the efficacy of stem cell transplantation of wild-type bone marrow into irradiated COL4A3−/− mice which partially restored the expression of the type IV collagen α3 chain, reducing proteinuria and overall improving kidney histology (112). Another study demonstrated that transplanting first trimester human fetal chorionic stem cells into a mouse model of AS delays kidney disease progression (113). Despite the promising results, other studies have failed to demonstrate the same effect in cases of COL4A3 deficient mice (114). Bone marrow transplantation is considered as a last resource measure for life threatening diseases, given its high mortality risk along with the uncertainty of the available studies using this method, hence is not considered as a potential treatment of AS.




DISCUSSION

Alport syndrome is a frequent inherited kidney disease for which currently there is no curative treatment available. Conventional treatment aims to slow progression to kidney failure using RAASi. Drug development in AS is currently under way with drug targets at different stages of the disease. Experimental drugs may target the altered function of the GBM or the interaction between GBM with podocytes and endothelial cells. Other new drugs target tubular cell injury or the inflammation and fibrosis seen in late stages of the disease. Targeting defective collagen chains early in the disease through gene therapy might be the therapeutic approach with the highest potential to reverse this disorder. Research advances on the innovative therapeutic approaches for this condition are exciting and may bring hope to the millions of patients affected.
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