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Abstract

:

Hereditary amyloid transthyretin (ATTRv) amyloidosis with polyneuropathy is a progressive disease that is transmitted as an autosomal dominant trait and characterized by multiple organ failure, including axonal sensory-motor neuropathy, cardiac involvement, and autonomic dysfunction. Liver transplantation (LT) and combined heart–liver transplantation, introduced in the 1990s, have been the only therapies for almost two decades. In 2011, tafamidis meglumine became the first specific drug approved by regulatory agencies, since then the attention toward this disease has progressively increased and several drugs with different mechanisms of action are now available. This review describes the drugs already on the market, those that have shown interesting results although not yet approved, and those currently being tested.
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1. Introduction


Hereditary amyloid transthyretin (ATTRv) amyloidosis is a multisystemic disease of adult onset, affecting the sensorimotor nerves, heart, and autonomic function along with other organs such as gastrointestinal tract, eyes, and kidney [1]. The disease is transmitted with an autosomal dominant pattern, once thought to be restricted to an area of northern Portugal and a few other endemic areas, now documented to be a worldwide disease, with a global prevalence estimated up to 38,000 persons [2,3,4]. Early onset, defined as ≤50 years of age at symptom onset, is common in Portugal and Japan, while late-onset cases are predominant in other countries [5,6,7,8].



ATTRv amyloidosis is due to missense mutations that make the transthyretin (TTR) tetramer unstable, and then, a misfolded variant of TTR protein aggregates, generating amyloid fibrils, which are found as protein deposits in tissues [9,10]. Generally, different missense mutations may present with different phenotype (e.g., mainly neuropathic or cardiac), and sometimes even the same mutation may cause different phenotypes [6,11,12]. In peripheral nerves, amyloid fibrils cause Schwann cell damage, resulting in the predominant loss of small-fiber axons characteristic of early-onset cases, while vasculopathy may also determine the pathogenesis of the neuropathy in late-onset cases [13,14].



Once polyneuropathy (ATTR-PN) has started, its progression is rapid and evolves into three progressive stages [10,15]:




	
In the first one, patients have mild sensory and/or motor symptoms leading to difficulty in walking, but without need of assistance;



	
In the second stage, there is sensorimotor polyneuropathy and assistance for walking is required;



	
In the last stage, the patients are wheelchair-bound or bedridden. Death occurs on average 12 years after the onset of the disease.








This classical progression of the disease is deeply influenced by the presence of amyloidotic cardiac disease; therefore, survival in the variants with prevalent cardiological involvement is generally much shorter. For example, in ATTRI68L amyloidosis, the most frequent cardiac variant in Italy, survival is estimated to be 37% at 5 years from onset [16,17].



Liver transplantation (LT) and combined heart–liver transplantation (in case of severe cardiomyopathy, ATTR-CM) were introduced in the 1990s as the first treatment for ATTRv amyloidosis and remained for two decades as the only therapies available with clear clinical evidence. However, in many patients with non-V30M mutations, the benefits of LT have never been convincing. Although more slowly, the disease seems to progress even after LT, partly due to the toxic effect exerted by the already deposited amyloid and partly because the wild-type amyloid produced by the transplanted liver can continue to increase the accumulations of amyloid already present [18,19].



In the last decade, various disease-modifying therapies have been developed, and moreover, the awareness of being in front of a multisystem pathology that requires a multidisciplinary approach has also improved the treatment of symptoms [10,20]. In parallel, the increased knowledge and attention to the disease have also reduced the diagnostic delay, favoring an earlier start of therapies [4].



In this report, we provide an overview of available and emerging drugs for ATTRv amyloidosis, which have made the LT procedure now obsolete. Different targeted therapies, which aim to delay the deposition of misfolded TTR at various stages of the amyloidogenic process, have already obtained market access and some others are on the horizon [9,21,22].



The actual scenario of current pharmaceutical approaches for ATTRv amyloidosis includes five main groups:




	
TTR stabilizers



	
TTR mRNA silencers



	
TTR fibril disruptors



	
Inhibitor of TTR fibril seeding



	
Gene therapy









2. TTR Stabilizers


2.1. Tafamidis


Tafamidis (Vyndaqel, Pfizer, New York, NY, USA) is a small molecule that is able to stabilize both variant TTR and wild-type TTR (ATTRwt), thus preventing tetramer dissociation [23]. It was the first specific drug approved for stage 1 ATTR-PN based on an 18-month, double-blind, placebo-controlled study, followed by an open label extension [24,25]. In the 18-month study, tafamidis treatment induced a significant reduction in worsening of most neurological variables in patients with early-stage V30M [24]. The extension study showed that long-term tafamidis was well-tolerated, with the reduced rate of neurological deterioration maintained over 30 months. Notably, initiation of therapy in the early stages of the disease induces a greater benefit [25].



Afterward, several clinical trials supported these findings, showing TTR stabilization in 89–100% of patients treated, confirming remarkable results in V30M patients and early disease stages. On the other hand, tafamidis does not seem able to stop disease progression in all the ATTR variants, especially in patients with advanced disease, rather slows worsening in V30M and non-V30M [26,27]. A longitudinal multicenter study in a non-endemic area reported that tafamidis is generally well-tolerated, even for long periods, but neuropathy and cardiomyopathy progress in a significant proportion of patients despite treatment [28].



Early treatment with tafamidis for up to 5.5 years further provided evidence of long-term benefits for patients with V30M, with no relevant safety issues [29]. In a population of ATTRv patients with a variety of pathogenetic V30M and non-V30M and a wide range of age and severity of neuropathy, tafamidis was well-tolerated, but did not prevent the steady progression in the long term in all the patients [30]. Similar results were reported in non-V30M patients treated with tafamidis up to 6 years. Neuropathy progression was observed across all efficacy measures evaluated [31]. A single center retrospective study of 210 tafamidis-treated patients showed that 34% of the patients had an arrest of disease progression and 36% had a partial response, whereas 30% appeared to have no benefit from the treatment. Disease severity, sex, and TTR concentration at the beginning of therapy were the most relevant predictors of response [32]. However, mortality data emerged in a recent study showed that approximately 85% of V30M patients and 75% of non-V30M patients were alive after 9 and 8 years of treatment with tafamidis, respectively (11 and 14 years after disease onset, respectively) [33]. This outcome is very encouraging, considering that life expectancy in untreated patients is about 10 years [34].



In conclusion, ATTR-PN in advanced stage at baseline is associated with poor response to tafamidis. The treatment is more effective in V30M than in non-V30M variants, especially regarding the progression of the polyneuropathy, but in terms of survival, both groups may benefit from tafamidis.



With regard to ATTR-CM, tafamidis is one of the most studied drugs and appears to be able to slow the progression of cardiac disease. In a randomized, double-blind, placebo-controlled, phase 3 study including patients with biopsy-proven ATTR-CM due to ATTRv or ATTRwt, 33-month tafamidis treatment was associated with reduction of all-cause mortality and cardiovascular-related hospitalizations. An analysis of survival curve showed a better trajectory of treated group, starting after 18 months of treatment [35].



To date, many regulatory agencies have approved the use of tafamidis in ATTR-PN in Europe, USA, Asia, and Latin America. In 2019, the U.S. Food and Drug Administration (FDA) approved tafamidis for ATTR-CM based on data from the abovementioned trial.




2.2. Diflunisal


In a cohort of patients with ATTRv amyloidosis, the use of diflunisal, a non-steroidal anti-inflammatory drug, compared with placebo for 2 years, reduced the progression of neuropathy and preserved quality of life irrespective of severity of disease at baseline and mutation [36]. Following studies have extended the benefits of diflunisal in maintaining cardiac and autonomic function and have confirmed its safety in long-term use [37,38]. However, diflunisal is not approved for ATTRv amyloidosis and can be used only “off-label”; consequently, it can only represent an alternative option in the event that approved therapies are ineffective or unavailable. A very interesting aspect of diflunisal is its very low cost compared to the currently approved drugs for ATTRv amyloidosis. Unfortunately, some typical adverse events of non-steroidal anti-inflammatory drugs, such as erosive gastritis and gastrointestinal bleeding, have been reported [39].




2.3. Epigallocatechin-3-Gallate (EGCG)


Among TTR stabilizers, EGCG, the major catechin found in green tea, showed promising results in different studies. Similarly to tafamidis, EGCG stabilizes ATTRwt and ATTRv, binding to a distinct site. EGCG appears to be able to prevent TTR aggregation and fibril formation in vitro [40], and to disrupt pre-formed amyloid fibrils in vitro and in animal models for ATTRv [41]. Two single-center observational studies reported a positive result of green tea consumption in patients affected by ATTRv and ATTRwt amyloidosis with cardiomyopathy [42,43]. In particular, in a cohort of 14 patients with ATTRwt and ATTRv cardiomyopathy, who presented various degrees of thickening of the ventricular walls, after 12 months no increase in left ventricular wall thickness and left ventricular myocardial mass was observed by echocardiography [42].




2.4. Tolcapone


Tolcapone is a selective, potent, and reversible nitrocatechol-type inhibitor of the enzyme catechol-O-methyltransferase approved for Parkinson disease [44]. Oral intake of tolcapone showed good efficacy in stabilizing the TTR tetramer in 82% of subjects taking 200 mg in a single dose and in 93% of those taking three 100 mg doses with 4-hour intervals. The drug was well-tolerated and clinical efficacy data are not yet available [45]. In addition, since tolcapone binds and stabilizes three unstable leptomeningeal TTR variants such as A25T, V30G and Y144C and because it crosses the blood–brain barrier, it may be the first specific drug for leptomeningeal amyloidosis [46].




2.5. AG10


AG10 is a potent, highly selective, kinetic stabilizer of TTR that shows interesting pharmaceutical properties, including good oral bioavailability [47]. A randomized, double-blind, placebo-controlled study in ATTR-CM patients with chronic heart failure showed that AG10 administration was well-tolerated and induced a significant stabilization of TTR [48]. Oral intake of AG10 appeared to be safe and well-tolerated in healthy adult volunteers and completely stabilize TTR across the dosing interval, and was effective for either ATTRv and ATTRwt [49]. The clinical efficacy of AG10 is not yet known; however, two clinical trials are ongoing, including a phase 3, randomized, double-blind, placebo-controlled study of the efficacy and safety of AG10 in subjects with symptomatic transthyretin amyloid cardiomyopathy (ATTRIBUTE-CM) that is still recruiting (ClinicalTrials.gov identifier: NCT03860935).



Moreover, a phase 3, randomized, double-blind, placebo-controlled study with AG10 is going to start to evaluate the efficacy and safety in subjects with ATTRv polyneuropathy (ATTRibute-PN; ClinicalTrials.gov identifier: NCT04418024).




2.6. Benzbromarone (BBM)


BBM is a uricosuric agent that acts as a non-competitive inhibitor of xanthine oxidase [50]. It represents a good alternative to allopurinol in the treatment of gout, thanks to its good tolerability [51]. BBM acts similarly to diflunisal, making TTR more resistant to urea denaturation. It binds TTR with a similar affinity to tolcapone, tafamidis, and diflunisal, forming a BBM-TTR intermonomer that stabilizes the TTR tetramer. The ability of this molecule to inhibit fibrillogenesis, compared to that of the other already-described stabilizers of TTR, suggests that it can be considered as a promising drug. However, the effectiveness of BBM has not been clinically tested; therefore, further studies are needed [52].





3. TTR mRNA Silencers


TTR gene silencing therapy with an antisense oligonucleotide (ASO) (inotersen) or a small interfering RNA (siRNA) (patisiran) is a recent, more promising therapeutic strategy for ATTRv amyloidosis. TTR silencers provide a real therapeutic revolution, showing evidence that disease progression can be slowed and perhaps reversed [53,54].



3.1. Inotersen


Inotersen is a second generation 2′-O-(2-methoxyethyl)-modified ASO, which is complimentary to a region in the 3′-untranslated region of the human wild-type and all known amyloidogenic variant TTR mRNA. It binds to mRNA mimicking the DNA/RNA complex, leading to RNase H1-mediated degradation of TTR mRNA, thus preventing hepatic TTR production [55]. Inotersen, administered subcutaneously every week, is able to inhibit the hepatic production of both ATTRv and ATTRwt. European Medical Agency (EMA) and FDA have recently approved it for the treatment of stage 1 and 2 polyneuropathies in patients with ATTRv (Tegsedi, Ackea Therapeutics, Boston, MA, USA). An international, randomized, double-blind, placebo-controlled, phase 3 trial (NEURO-TTR) assessed the safety and efficacy of this drug in ATTRv amyloidosis. The study reported a mean reduction of 74% in serum TTR. There have been some cases of renal dysfunction and thrombocytopenia; therefore, close monitoring of complete blood count and renal function is recommended [53]. A very recent, open, uncontrolled study reported that long-term treatment with inotersen is safe, effective, and potentially able to reverse amyloid burden in transthyretin amyloid cardiomyopathy [56]. TTR gene silencing therapy with inotersen could also be a treatment option in ATTRv patients who experienced disease progression after LT [57].




3.2. ION-682884


Very recently, another ASO seems to be even more promising than inotersen. ION-682884 is a second-generation drug targeted to TTR that has been covalently bound to tri-antennary N-acetyl galactosamine (GalNac), a high affinity ligand for a specific asialoglycoprotein receptor at the hepatic level. This GalNac approach results in increased ASO delivery to hepatocytes and raised ASO potency at least 10-fold in mice. ION-682884 was found to be more effective than unconjugated ASO inotersen in inhibiting TTR mRMN expression in TTR transgenic mice [58]. These results strongly support GalNac conjugation as a novel strategy to increase ASO potency, thus providing also the potential for improving safety and compliance, since subcutaneous administration is every four weeks. A phase 1/2 study to evaluate the safety and tolerability, as well as the pharmacokinetic (PK) and pharmacodynamic (PD) profiles, of ION-682884 in healthy volunteers and ATTRv patients has been initiated (ClinicalTrials.gov identifier: NCT03728634), and a phase 3 study is also ongoing and currently recruiting patients.




3.3. Patisiran


Patisiran is a small, double-stranded interfering RNA encapsulated in a lipid nanoparticle. It is delivered to the intracellular compartment of hepatocytes, where it selectively targets TTR mRNA, reducing both ATTRv and ATTRwt production [59]. The largest phase 3 trial for ATTRv polyneuropathy (APOLLO) showed the efficacy and safety profile of patisiran, infused intravenously every three weeks, over 18 months of treatment, with disease progression halted or regressed in some outcome measures. The study reported a mean reduction of 81% in serum TTR level [54]. As in the case of inotersen treatment, reduction in serum TTR correlated with depletion in retinol-binding protein and vitamin A; therefore, supplementation of vitamin A is required. While not a primary objective of the APOLLO study, an analysis of several cardiac parameters in a pre-specified cardiac subpopulation suggested a beneficial effect on cardiomyopathy [60].



Patisiran has gained both EMA and FDA approval for the treatment of adult patients with ATTR-PN (Onpattro, Alnylam, Cambridge, MA, USA).



More recently, a 24-month, phase 2, open-label extension study, conducted on 27 patients, confirmed the good tolerability and showed an improvement in the modified Neuropathy Impairment Score plus 7 (mNIS+7) of nearly 7 points in 24 months. Motor and autonomic function, as well as quality of life, remained stable, whereas an improvement in nerve-fiber density was documented by skin biopsies [61].



A comparative study between patisiran and inotersen, based on data from previously published studies, recently emphasized the greater efficacy of patisiran. In particular, better results were highlighted in mNIS+7 used in the IONIS trial [53] and Norfolk quality of life questionnaire-diabetic neuropathyas well as in the number of patients with improvement or no change from baseline on polyneuropathy disability score [62].




3.4. Vutrisiran


The siRNA pipeline of Alnylam also includes a phase 3 study to evaluate the efficacy and safety of vutrisiran, an RNA interference drug administered subcutaneously once every 3 months (CinicalTrials.gov identifier: NCT03759379). In a phase 1 randomized, single-blind, placebo-controlled study, vutrisiran treatment achieved potent and sustained TTR reduction in a dose-dependent manner for ≥90 days post-dose. Vutrisiran also had a good safety profile [63].





4. Fibril Disruptors


4.1. Doxycycline


Doxycycline, a tetracycline antibiotic, was studied in an ATTRv mouse model where it disrupted amyloid deposits [64]. Although there are no clinical trials confirming its efficacy in ATTRv amyloidosis, the safety of doxycycline along with bortezomib-based chemotherapy was confirmed in a recent phase 2 trial in patients with amyloid light-chain amyloidosis [65].




4.2. Tauroursodeoxycholic Acid (TUDCA)


TUDCA, a biliary acid, significantly reduced fibril aggregation in transgenic mice [66].



Combined doxycycline and TUDCA administration to mice with amyloid deposition resulted in a synergistic effect in lowering TTR deposition and associated biomarkers [67]. A combination of oral doxycycline and TUDCA stabilized the disease for at least 1 year in ATTRv and ATTRwt amyloidosis [68]. The use of the two drugs in combination has also been reported in ATTR cardiac amyloidosis. The treatment was overall well-tolerated, although six out of fifty-three patients had to discontinue therapy due to gastrointestinal and dermatological side effects. Furthermore, treated patients showed no significant change in New York Heart Association functional class, cardiac biomarkers, or echocardiographic parameters during a median follow-up of 22 months [69].



A randomized, phase 3 study of doxycycline/TUDCA plus standard supportive therapy versus standard supportive therapy alone in cardiac amyloidosis is ongoing (ClinicalTrials.gov identifier: NCT03481972).




4.3. Monoclonal Antibodies


Monoclonal antibodies represent one of the latest therapeutic options for ATTRv amyloidosis. During TTR fibrillation, new epitopes (cryptic epitopes) are exposed on the molecular surface with a conformational change of TTR [70]. Anti-TTR antibodies may attach to amyloid fibrils and pre-fibrillar TTR [71]. Targeting ATTR amyloid fibrils via antibody induces complement activation and phagocytosis of fibrils present in the deposits. Several monoclonal antibodies against TTR epitopes have been tested in vitro as potential new drugs [72,73,74].



Dezamizumab is a fully humanized monoclonal IgG1 anti- serum amyloid P component antibody that triggers immunotherapeutic clearance of amyloid. Amyloid load reduction was reported in the liver, spleen, and kidney following its administration in AL and ATTR systemic amyloidosis [75].



Finally, a phase 1 clinical trial with the intravenous infusion of PRX004 (an investigational monoclonal antibody targeting a novel epitope on ATTR fibrils) is ongoing (ClinicalTrials.gov identifier: NCT03336580).





5. Inhibitor of TTR Fibril Seeding


One of the mechanisms that appears to be the cause of failure of liver transplantation as well as TTR stabilizers in advanced stages of the disease is the ability of amyloid seeding to promote fibrillogenesis. If mutant amyloid seeds remain in the tissues, they are able to convert TTR, perpetuating the disease. This mechanism could be particularly relevant in patients with cardiac amyloid deposits. Therefore, an additional strategy to halt protein aggregation may be the use of peptides designed to complement structures of TTR fibrils, thereby inhibiting TTR fibril seeding. Among these new potential drugs, TabFH2 blockers are the most promising [76,77]. In two Drosophila models of neuropathic ATTR, the peptide inhibitor TabFH2 was found to be more effective compared with diflunisal, resulting in motor improvement and reduction of TTR deposition [78].




6. Gene Therapy


The “new frontier” in therapeutics is now Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 genome editing system to cut and repair a specific target sequence of DNA in a genome. An investigational new drug called NTLA-2001 is the first CRISPR/Cas9 therapy for the treatment of ATTRv amyloidosis. Recently, Intellia Therapeutics completed a 12-month durability study of its lead lipid nanoparticle formulation, obtaining an average reduction of >95% of serum TTR in non-human primates. A phase 1, open-label study to evaluate the safety, tolerability, PK, and PD of this novel agent is nearly underway.




7. Concluding Remarks


The progressive nature of a devastating disease such as ATTRv amyloidosis emphasizes the need for timely diagnosis and intervention. Several approved treatments and emerging options capable of reducing ATTRv and ATTRwt production as well as neutralizing fibril formation are now available. The type of TTR mutation and disease stage, as well as the age and the general clinical condition of the patient should be carefully considered in order to select the best treatment option.



The accessibility of many effective treatments also raises issues regarding genetic screening and the management of asymptomatic carriers. Protein TTR misfolding and tissue deposition of amyloid start before the appearance of symptoms in ATTRv amyloidosis. Future studies are needed to determine if an earlier initiation of treatment would be able to improve the clinical course of the disease. For this aim, new biomarkers can help in monitoring the shift from asymptomatic stage to stage 1 [79].
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