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Abstract

Transthyretin-related cardiac amyloidosis is a disease that is poorly understood and challenging to manage; however,
pharmacotherapeutic developments in recent years has raised awareness and promoted earlier diagnosis. Transthyretin protein
is a thyroid hormone-binding protein which transports thyroxine from the bloodstream to the brain, and cardiac involvement is
either acquired or hereditary. This protein can misfold and lead to abnormal fibril formation, causing the extracellular deposition
of ATTR into the heart. Further fibril deposition leads to irreversible organ dysfunction. Disease-modifying pharmacological
therapies can be divided into three categories: ATTR stabilizers (diflunisal, tafamidis, and AG10), ATTR silencers (patisiran and
inotersen), and ATTR disruptors (doxycycline and ursodeoxycholic acid and polyphenol (-)-epigallocatechin gallate). This

manuscript reviews these emerging pharmacological treatments available and under study for ATTR cardiac amyloidosis.
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Introduction

The amyloidoses are classified as a group of diseases related
to protein misfolding wherein uncontrolled fibrillogenesis re-
sult in amyloid deposits. Over thirty proteins have been iden-
tified as being amyloidogenic. These proteins deposit into
tissues and organs locally or systemically, including the liver,
central nervous system, skin, and heart. These misfolded pro-
teins disrupt the normal function of the organs, thus inducing a
range of symptoms dependent upon the pattern of protein
trafficking and deposition (Fig. 1) [1, 2].

Immunoglobulin light chain, also known as AL or pri-
mary amyloidosis, and transthyretin amyloidosis, also
known as ATTR, are the two most commonly diagnosed
types of cardiac amyloidosis [3]. Transthyretin (TTR) is a
homotetramer protein primarily produced in the liver as
well as in the choroid plexus. Its function is to transport
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thyroxine and retinol protein [4, 5]. A genetic mutation or
age-related factors may destabilize the tetramer causing the
quaternary structure to form unstable monomers, leading to
monomer misfolding and amyloid fibril formation. These
fibrils then deposit into the heart or the nervous system,
thus, initiating organ dysfunction [6].

ATTR is further broken down into two subtypes: mutant
transthyretin (ATTRm) and wild type transthyretin
(ATTRwt). ATTRwt is a genetically unaltered protein that is
amyloidogenic and is considered to be sporadic in nature with
symptom manifestation later in life. ATTRm arises from a
single point genetic mutation leading to TTR misfolding.
Over 100 different TTR mutations have been identified.
These mutations can give rise to a variety of symptoms pre-
dominantly from neurologic and cardiac involvement [1].

Prior to the development of novel therapies, the treat-
ment of amyloidosis was focused on symptom manage-
ment depending upon which organ was affected.
Conventional heart failure medications including calcium
channel blockers, beta blockers, and angiotensin-
converting enzyme inhibitors are poorly tolerated due to
hypotension and negative chronotropy/inotropy [7, 8].
With recent research, newer disease-modifying therapies
have shown promising results (Table 1). This review will
offer an overview of current therapies for transthyretin-
related cardiac amyloidosis.
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Fig. 1 The TTR amyloid cascade—transthyretin (TTR) is produced in the liver and first dissociates into a monomer which undergoes conformational
changes to become misfolded monomeric intermediate. These intermediates can self-assemble into a fibril which can deposit in tissues

Stabilizers

The TTR protein is in equilibrium between the stable tetramer
and thermodynamically unstable monomers. Dissociation of
the tetramer allows the monomers to misfold and form amy-
loid fibrils. Therefore therapies that promote stabilization of
the tetramer conformation were developed to prevent amyloid
formation.

Diflunisal

Diflunisal has long been recognized as a bioavailable nonste-
roidal anti-inflammatory drug (NSAID) with TTR stabilizing
properties [13—15]. When administered at a dose of 250 mg
twice daily, it was found to stabilize TTR in patients with
confirmed familial amyloid polyneuropathy (FAP) [16]. A
multi-center, randomized-controlled study examined the ef-
fect of diflunisal on disease progression in 130 patients with
FAP over the course of 24 months. The treatment arm expe-
rienced significant symptom improvement as measured by the
Neuropathy Impairment Score plus 7 nerve test (NIS+7) and
the quality of life (QOL) questionnaire. There was an average
score reduction of 60% and overall improved score in the
QOL questionnaire. The drug was well tolerated, and overall
adverse events were not significantly different between the
two groups [17]. A long-term open-label study demonstrated
that the clinical effects of diflunisal were sustained even after
2 years, with slower progression of symptoms over time [18].
Limited data is available for the treatment of diflunisal for
ATTR cardiomyopathy. One single-center, observational
study demonstrated the tolerability of diflunisal in patients
with cardiomyopathy, including both ATTRwt and ATTRm.
Over the course of 10 to 11 months, ventricular thickness,
function, and biomarkers were unchanged [19]. However,
treating heart failure patients with NSAIDs such as diflunisal
may lead to fluid retention and worsen renal function.
Therefore, adaption of this therapy has been limited.
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Tafamidis

Tafamidis meglumine is a highly bioavailable, non-NSAID
benzoxazole derivative which selectively binds TTR [20,
21]. Tafamidis was first studied in patients with early FAP
and demonstrated modest efficacy. Patients on treatment
maintained a higher concentration of the transthyretin tetramer
in the stabilized conformation. However, there were no chang-
es in neuropathy or QOL assessments. Secondary findings
suggested treatment delayed disease progression and im-
proved nutritional status [22, 23]. In 2011, based on these
lukewarm results, tafamidis was approved for the treatment
of stage 1 FAP only in Europe.

In an open-label phase II trial, patients with ATTRwt or
ATTRm cardiomyopathy received 20 mg of tafamidis dai-
ly. The majority of patients enrolled (96.7%) were classi-
fied as NYHA I or II. Tafamidis stabilized the TTR tetra-
mer in both ATTRwt and ATTRm without significant
changes in biochemical, electrocardiogram, or echocardio-
gram parameters [24].

The Transthyretin Amyloidosis Cardiomyopathy Clinical
Trial (ATTR-ACT) was a global, phase III study in which
patients with ATTRm or ATTRwt were randomized in a
2:1:2 ratio to receive 80 mg tafamidis, 20 mg tafamidis, or
placebo. The tafamidis arm demonstrated a significant reduc-
tion in all-cause mortality and cardiovascular-related hospital-
izations when compared with the placebo arm at the end of the
30-month period. Survival analysis suggested mortality bene-
fits started near 18 months after initiating treatment. In the
treatment arm, functional 6-min walk tests and QOL metrics
demonstrated a decline in disease progression beginning as
carly as 6 months [25].

In a subgroup analysis, the benefit was muted in patients
with more severe heart failure symptoms at the time of
randomization. The authors speculated that the limited re-
sponse was due to the severe progression of disease. In
patients with less severe heart failure symptoms (NYHA
class I or II) at baseline, there was a significant reduction in
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rates of cardiovascular-related hospitalizations as well as
all-cause mortality [25].

In 2019, the U.S. Food and Drug Administration (FDA)
approved tafamidis for the treatment of ATTR cardiomy-
opathy. The cost of a year’s supply of the drug currently
exceeds $200,000 annually and is a barrier for treatment
for many patients.

AG10

AG10 is a highly potent and selective TTR stabilizer that was
first identified using a high-throughput chemical library
screen of molecules that have high binding affinity and spec-
ificity for TTR [9, 26]. The tolerability and efficacy of AG10
in symptomatic heart failure patients with ATTR cardiomyop-
athy has been studied in a phase II trial. A total of 49 patients
were enrolled (29% ATTRm, 70% NYHA II) and the drug
was well-tolerated. At the conclusion of the trial, no serious
adverse events could be directly attributed to AG10 [27]. The
Efficacy and Safety of AG10 in Subjects with Transthyretin
Amyloid Cardiomyopathy (ATTRIBUTE-CM) in a random-
ized, multicenter, placebo-controlled phase III trial that is on-
going (NCT03860935).

Silencers

In recent years, novel therapies have sought to target the pro-
tein synthesis of transthyretin in the liver.

Inotersen

Anti-sense oligonucleotides (ASOs) are short, modified oligo-
nucleotides that are specifically designed to bind ribonucleic
acid (RNA) and alter protein expression. Inotersen is an ASO
that binds TTR messenger RNA and triggers degradation via
nuclear ribonuclease H1 (RNaseH1). It was initially studied in
cynomolgus monkeys during which investigators found a
dose-dependent reduction of TTR serum concentrations
[28]. In healthy volunteers, an 80% dose-dependent reduction
of TTR serum concentrations was observed by day 29 of
treatment [29].

These promising data led to a phase III trial that was con-
ducted over 15 months in a FAP cohort. A larger proportion of
the patients enrolled (50%) had the Val30Met mutation and
most (65%) had evidence of cardiac involvement. Compared
with placebo, inotersen delayed progression of neuropathy
and improved QOL in FAP patients. The reduction of TTR
serum concentrations was maintained through weeks 13-65 of
treatment.

Five patients randomized to the inotersen arm died dur-
ing trial participation. Four of those deaths were consistent
with disease progression while one death was associated
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with intracranial hemorrhage. This death occurred prior to
the implementation of weekly lab monitoring.
Thrombocytopenia and glomerulonephritis have been as-
sociated with inotersen treatment. Over the course of the
study, two additional patients developed severe thrombo-
cytopenia with a platelet count of less than 25,000 per mL.
These patients returned to baseline after initiating gluco-
corticoid treatment and discontinuation of the medication.
In those randomized to inotersen, three patients developed
glomerulonephritis. Renal function in two of those patients
returned to baseline after initiation of glucocorticoid treat-
ment while one patient required hemodialysis. As a result
of these findings, patients who take inotersen must under-
go weekly renal and platelet monitoring [30].

Currently, an open-label extension is ongoing and includes
a 5-year follow-up for long-term safety and efficacy for FAP.
No studies have focused on patients with primarily cardiac
disease (ATTRwt or the Vall22Ile mutation); however, a
single-center trial is being conducted to assess the tolerability
and efficacy of inotersen in patients with transthyretin amy-
loid cardiomyopathy (NCT03702829).

AKCEA-TTR-LRx (ION-682884) is a newer ASO that
requires less frequent drug administration compared with its
parent compound, inotersen, in achieving similar reductions in
serum TTR concentrations [31]. Early studies suggest fewer
complications compared with inotersen and a phase III clinical
trial is underway (NCT04136171).

Small Interfering RNA

Small interfering RNA (siRNA) are double-stranded RNA
non-coding RNA molecules that silence gene expression by
activating an RNA-inducing silencing complex. This complex
binds and induces cleavage of a target complementary mes-
senger RNA (mRNA), thereby preventing translation and syn-
thesis of a protein.

Patisiran

Patisiran, a first-generation siRNA, breaks down mRNA in
both mutant and wild type TTR, which in turn diminishes
TTR protein production. This reduction in manufacturing also
translates to a reduction in protein deposition, thus curtailing
the progression of symptoms.

A multicenter study, single-blind, phase I study established
that patisiran was well-tolerated in healthy volunteers as well
as in patients with ATTR. The drug suppressed TTR produc-
tion at a dose of 0.3 mg per kilogram. By day 28, there was a
knockdown of serum TTR concentrations by 86.6% [32].

In a multicenter, open-label, multiple-dose escalation
study, the safety and effectiveness of patisiran was studied in
29 patients with FAP. Of note, the majority of these patients
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were already taking tafamidis (48%) and diflunisal (28%) for
this condition. The patients who had received 0.3 mg per
kilogram every 3 weeks were able to achieve a 96% knock-
down of TTR. This study also reported that 10.3% of study
patients experienced mild-to-moderate infusion-related reac-
tions (IRRs). These IRRs included tachycardia, decreased ox-
ygen saturation, dizziness, abdominal pain, bronchospasm,
dyspnea, erythema, chills, pallor, pyrexia, and tachypnea [10].

This study was followed by a phase III clinical trial wherein
225 patients with FAP were randomized to patisiran or place-
bo at a dose of 0.3 mg per kilogram once every 3 weeks.
Compared with placebo, the patisiran-treated patients exhibit-
ed an 81% reduction in serum concentration of TTR and sig-
nificant improvements in the mNIS+7 neuropathy assessment
and QOL scores. More IRRs were reported in the patisiran
cohort (19%) compared with the placebo cohort (9%); how-
ever, these reactions were reported to be mild. In subgroup
analyses, the incidences of congestive heart failure and ar-
rhythmia were similar in both groups. In the cardiomyopathy
subgroup, the treatment arm had a decrease in NT-proBNP
concentrations and improvement in cardiac left ventricular
(LV) wall thickness (P =0.02) [33].

Although a study with patisiran in ATTR cardiomyopathy
has not yet been completed, a phase III clinical trial with
revusiran, another siRNA agent, was halted in 2016 due to
increased mortality (18:2, revusiran:placebo) in ATTRm car-
diomyopathy patients [34]. Though patisiran is a success story
for siRNAs, the safety and efficacy of this therapy in patients
with cardiac amyloidosis requires further research. Currently
the study to Evaluate Patisiran in Participants with
Transthyretin Amyloidosis with Cardiomyopathy
(APOLLO-B) is in progress in an effort to establish the safety
and efficacy of patisiran in patients with ATTRm and
ATTRwt cardiomyopathy (NCT03997383).

Vutrisiran is another siRNA that is administered subcuta-
neously and is currently being evaluated in trials for those with
ATTRm. A Study of Vutrisiran (ALN-TTRSC02) in Patients
with Hereditary Transthyretin Amyloidosis (HELIOS-A) and
A Study to Evaluate Vutrisiran in Patients with Transthyretin
Amyloidosis with Cardiomyopathy (HELIOS-B) trials will
compare vutrisiran to patisiran in patients with FAP and
ATTR cardiomyopathy, respectively (NCT03759379 and
NCT04153149).

Fibril Disruptors

Doxycycdline and Ursodeoxycholic Acid

In vitro studies have identified the commonly used antibiotic,
doxycycline, as a disruptor of amyloid fibrils [35].

Doxycycline has been studied often in combination with
tauro-ursodeoxycholic acid (TUDCA) or ursodeoxycholic

acid (UDCA), bile acids that have demonstrated an anti-
apoptotic and anti-oxidative stress properties [36, 37].

The safety and tolerability of doxycycline and TUDCA
was evaluated in a 12-month open-label study. Patients toler-
ated the medication well without any notable adverse events.
Out of 20 patients, only 6 completed the planned 12-month
course with 10 completing a 6-month treatment. The re-
searchers reported nonprogression of the NIS-LL score and
NYHA class however the study lacked a control group [38].

In a single-center study, 53 patients with cardiac amyloid-
osis (89% ATTRwt and 11% ATTRm) were given the com-
bination of doxycycline and ursodeoxycholic acid (UDCA).
Interestingly, the researchers discovered that cardiac function
measured by the global longitudinal strain improved in this
cohort [12]. However, 11% of study participants were unable
to tolerate the treatment due to photosensitivity or gastrointes-
tinal complaints.

An ongoing phase III trial is investigating the use of doxy-
cycline and TUDCA when compared with standard therapy in
those with ATTRm or ATTRwt (NCT03481972).

Polyphenol (-)-epigallocatechin Gallate

Polyphenol (-)-epigallocatechin gallate (EGCG) is the
most abundant catechin found in green tea. It has been
shown to change the amyloidogenic polypeptides into
oligomers [39]. The EGCG compound inhibits TTR ag-
gregation in cell cultures [40]. EGCG not only halts
further fibril formation, it also converts existing fibrils
into non-fibril conformers in vitro [41].

A single-center observational study evaluated the use
of EGCG in patients with ATTR cardiomyopathy.
Nineteen patients were followed for 12 months. No in-
crease in LV wall thickness or mass was observed by
echocardiography and cardiac magnetic resonance imag-
ing (MRI) [11]. This study lacked a control group and
could not draw a definitive connection, but this data is
suggestive of EGCG or green tea inhibiting the progres-
sion of ATTR cardiomyopathy.

The aforementioned trial was followed by a second ob-
servational study in which green tea extract was provided
to patients with ATTRwt. In this trial, 25 patients with
ATTRwt cardiomyopathy were provided with 1200-mg
capsules of green tea extract which contained 600 mg of
EGCG. In patients who received a cardiac MRI, re-
searchers observed a 5.9% reduction of LV mass over the
12-month period when compared with the patients’ base-
lines [42]. Though health benefits and excellent tolerance
have been associated with the use of green tea for many
years, larger comparative research is needed to further bol-
ster the belief that it can impact patients with cardiac am-
yloidosis in a substantial way.
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