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Cardiac amyloidosis is a progressive disorder caused by the deposition of
amyloid, abnormal proteins that aggregate to form insoluble plaques in the
myocardium resulting in restrictive cardiomyopathy. The two most common
subtypes of cardiac amyloidosis are immunoglobulin light chain (AL) and
transthyretin  (TTR) amyloid cardiomyopathy (ATTR-CM). ATTR-CM can
further be subdivided into two main categories, wild-type or hereditary TTR.
TTR is a homotetrameric protein complex that is synthesized in the liver and is
secreted into the circulation for retinol and vitamin A transfer. Genetic
mutations in the TTR gene can disrupt the thermodynamic stability of the
homotetrameric complex causing dissociation into monomers that, when
taken up by the myocardium, will aggregate to form insoluble fibers.
Though the mechanism of wild-type TTR is not fully elucidated, it is thought
to be an age-related process. Myocardial uptake and aggregation of TTR
monomeric subunits result in cytotoxicity, impaired cardiac function, and
eventually heart failure. Historically, ATTR-CM had a poor prognosis, with no
therapeutics available to specifically target ATTR-CM and treatment focused on
managing symptoms and disease-related complications. In 2019, the FDA
approved the first-in-class TTR stabilizer for ATTR-CM, which has led to
improved outcomes. In recent years, several promising novel therapies have
emerged which aim to target various points of the ATTR-CM amyloidogenic
cascade. In this review, we discuss the mechanistic underpinnings of ATTR-CM,
review current FDA-approved strategies for treatment, and highlight ongoing
research efforts as potential therapeutic options in the future.
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Introduction

Amyloidosis can occur from the deposition of multiple proteins within a variety of
organs including the heart, kidneys, gastrointestinal tract, and peripheral nervous system
among others (Hazenberg, 2013; Wechalekar et al., 2016; Dogan, 2017; Picken, 2020). In
the context of cardiac amyloidosis (CA), myocardial infiltration of amyloid proteins leads
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Overview of the development of hereditary transthyretin cardiac amyloidosis. The liver synthesizes and excretes transthyretin (TTR) into the
circulation to function as a transport complex. Mutations in TTR (e.g., Vall22lso, V122I) increases the propensity of the TTR tetrameric complex to
dissociate into monomers. TTR monomers can by taken up by the myocardium, aggregated, and form amyloid fibrils. The deposition of amyloid

fibrils in the heart may lead to restrictive cardiomyopathy.

to restrictive cardiomyopathy (Bhogal et al., 2018; Martinez-
naharro et al., 2018; Ternacle et al., 2019). CA is subdivided based
on the types of proteins being deposited within the myocardium.
Though over 30 proteins have been identified to cause
amyloidosis,  the most common subtypes are
immunoglobulin light chain (AL) (Falk et al, 2016; Joshi
et al., 2020; Palladini et al., 2020; Nasrullah et al., 2021) and
transthyretin (TTR) (Lane et al., 2019; Hanna et al, 2020;
Kittleson et al., 2020). Here, we focus on the latter, detailing

two

the underlying pathogenesis of the disease, current therapeutic
regimens, novel research efforts, and potential new strategies for
the management of amyloid transthyretin cardiomyopathy
(ATTR-CM).

TTR is synthesized by the liver and secreted into circulation
to function as a homotetrameric protein complex to transport
small molecules, such as retinol and tetraiodothyroxine (T4),
vital for proper bodily function (Monaco, 2000; Zanotti and
Berni, 2004; Alemi et al., 2021). The dissociation of the tetrameric
TTR complex into individual monomers underlies the
development and progression of ATTR-CM. ATTR-CM is
further subdivided based on the presence or absence of a
hereditary mutation, known as heredity ATTR-CM (hATTR-
CM) or wild-type ATTR-CM (WtATTR-CM), respectively
(Rader et al., 2019; Chacko et al., 2020; He et al., 2020; Law
etal., 2020; Law et al,, 2022). The mechanisms causing wtATTR-
CM remain incompletely understood (Bulawa et al, 2012;
Sekijima, 2014; Sekijima, 2015; Bezerra et al., 2020). Studies
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have attributed this disruption to increased temperature, less
than optimal pH, or oxidative stress (Khurana et al., 2001;
Eisenberg and Jucker, 2012). Genetic mutations in TTR
reduce the thermodynamic stability of the TTR tetracomplex
further influencing dissociation in addition to increased
temperature, pH changes, or oxidative stress (Sekijima et al.,
2005). For both forms of ATTR-CM, dissociated TTR in
circulation can be taken up by various organs, including the
heart. the
hydrophobic mainly via

Following organ infiltration, now-exposed

the
hydrophobic effect in tandem with other factors such as

residues may polymerize
external force, local extracellular matrix (ECM), or metals that
may modulate fibril formation (Hipp et al., 2019; Van Gils et al.,
2020; Griffin et al., 2021). Continual dissociation, deposition, and
of TITIR
accumulation of a specific protein or proteins in excess with
altered that
pathogenesis (Figure 1). This proteotoxic stress increases
cytotoxicity that in
conjunction with TTR deposition and fibrosis, results in

polymerization creates a proteinopathy—an

conformations facilitate aggregation and

cellular damage and eventually
reduced cardiac function and ultimately cardiac failure.

In recent years, the field has experienced an exciting increase
in our understanding of ATTR-CM pathogenesis, novel
treatment options, and promising targets of interest for future
therapies. Here, we review the clinical presentation and
management of ATTR-CM, our current mechanistic insight

into the disease, and new therapies on the horizon.
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Background of transthyretin cardiac
amyloidosis

TTR was first identified in 1942 from human plasma (Seibert and
Nelson, 1942) and cerebral spinal fluid (Kabat et al,, 1942) during
electrophoresis where TTR was observed to precede albumin, thus
earning the name prealbumin. Further characterization of this novel
protein determined the role of TTR as a transport protein for thyroid
hormone and retinol and was aptly renamed transthyretin (PRE-
ALBUMIN: A THYROXINE-BINDING PROTEIN OF HUMAN
PLASMA, 1958; Raz and Goodman, 1969; Nomenclature committee
of the International Union of Biochemistry (NC-IUB), 1981). TTR
found in human plasma was produced by the liver and excreted into
the circulation where the TTR complex functions to carry
approximately 15% of the secreted thyroid hormone T4 or also
bind with retinol-binding proteins for retinol transport (Goodman,
1984; Bartalena, 1990; Noy and Xu, 1990). In human cerebral spinal
fluid, TTR is produced by the choroid plexus and accounts for 80% of
T4 transport (Chanoine and Braverman, 1992).

There are over 120 identified single-nucleotide mutations in
TTR worldwide, ~80 of which lead to pathogenesis (Benson and
Kincaid, 2007; Vieira and Saraiva, 2014). The first report of
ATTR-CM came from Soyka in 1876 and was deemed to be
resultant of increasing age (Ruberg and Berk, 2012). Over the
next century, similar case reports followed this initial finding and
were eventually linked to the deposition of TTR within the
1965; 1983;
Tanskanen et al, 2008). The most common variant that
affects the the
122 substitution, a mutation that is found in ~4% of African

myocardium (Pomerance, Cornwell et al,

myocardium s valine to isoleucine
Americans (Gorevic et al., 1989; Jacobson et al., 1997; Connors
et al., 20032003). In contrast, the valine to methionine
substitution at position 30 most commonly affects the nervous
system and leads to familial amyloidotic polyneuropathy
(ANDRADE, 1952; Dyck and Lambert, 1969; Sousa and
Saraiva, 2003; Coelho et al, 2012a). Despite these two
commonly referred to and distinct mutations, many give rise
to multiple comorbidities and varying cardiomyopathy and
peripheral neuropathy phenotypes (Kalkunte et al, 2013;
Sekijima, 2021).

Transthyretin cardiac amyloidosis
clinical presentation, prevalence, and
management

Patients with ATTR-CM often present with symptoms
characteristic of heart failure, including dyspnea, fatigue, and
lower extremity edema. Thus, the backbone of management for
patients with ATTR-CM, and for all patients with cardiac
amyloidosis, is loop diuretics to relieve volume overload
(Maurer et al, 2019; Stern and Kittleson, 2021). Notably,
given their restrictive cardiac physiology, these patients often
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sit in a tenuous space between hyper- and hypovolemia. Close
monitoring of blood pressure, symptoms of congestion, and renal
function are crucial. Patients with ATTR-CM who also have
heart failure with a reduced ejection fraction (EF < 40%) do not
benefit from guideline-directed medical therapy (Longhi et al.,
2016; Maurer et al., 2019). Beta-blockers and vasodilators could
potentially exacerbate hypotension by reducing cardiac output in
light of a fixed stroke volume, thereby worsening the existing
condition.

ATTR-CM is associated with a significant burden of both
tachy- and brady-arrhythmias. This phenomenon is due to
structural cardiac disease, such as bi-atrial enlargement and
left ventricular hypertrophy, as well as infiltrative conduction
disease. Atrial fibrillation is common in these patients. However,
there is scant evidence regarding control strategies (rate vs.
rhythm control)—there are no data to suggest one strategy is
superior to the other (Maurer et al., 2019). Amiodarone is often
employed for rate and rhythm control; digoxin is also used, albeit
sparingly due to the increased risk of digoxin toxicity in this
population. Ablation and cardioversion are considered on a case-
by-case basis. Ventricular arrhythmias are less common, but
given their significant mortality risk, implantable cardiac
defibrillators (ICDs) can be used for primary prevention of
sudden cardiac death. Importantly, the actual mortality benefit
of ICD implantation is unclear (Maurer et al., 2019). Patients
with ATTR-CM should still have ICDs implanted for secondary
prevention if anticipated survival is more than 1 year.

Valvular disease is common as both a sign and sequela of
ATTR-CM. It has been previously suggested that some
complications seen in aortic valve replacement could be
attributed to concomitant cardiac amyloidosis (Castano et al.,
2017). Small prospective studies and case series have diagnosed
ATTR-CM in 12%-33% of patients with aortic stenosis (AS)
undergoing valve replacement (Castano et al, 2017). These
patients tend to be more symptomatic and have severe AS.
Additionally, ATTR-CM was associated specifically with low-
flow, low-gradient AS (Nietlispach et al., 2012).

There are a variety of imaging features to aid in the diagnosis
and monitoring of ATTR-CM. Low QRS complex voltages on
electrocardiogram (ECG) are classically associated with ATTR-
CM, but this finding has low sensitivity (Quarta et al., 2014;
Towbin et al,, 2019; Cimiotti et al, 2021). Other potential
findings include a pseudo-infarct pattern and conduction
disease (Cyrille et al., 2014). Echocardiography typically shows
increased LV wall thickness, and LV hypertrophy in a patient
over 65 years with symptoms of heart failure should prompt
consideration of cardiac amyloidosis. Discordance between ECG
and echocardiogram (that is, low voltages on ECG with evidence
of hypertrophy) should also increase suspicion of ATTR-CM
(Gillmore et al., 2016; Longhi et al., 2016).

There are several important non-cardiac manifestations of
the disease. Peripheral polyneuropathy is common in patients
with  hATTR-CM—patients of

with a family history
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polyneuropathy, particularly with heart failure, should receive
genetic screening (Castano et al., 2017). Carpal tunnel syndrome
is present in 60% of patients with wtATTR-CM, and a history of
bilateral carpal tunnel release may be a key clue in diagnosis
(Connors et al., 2016; Sperry et al., 2018; aus dem Siepen et al.,
2019). Similarly, 33% of patients with wtATTR-CM experience
biceps tendon rupture, and 23% report prior hip and/or knee
arthroplasty (Westermark et al., 2014; Geller et al., 2017; Rubin
et al., 2017). Orthostatic hypotension, erectile dysfunction,
gastrointestinal motility issues, and urinary retention are other
conditions associated with hATTR-CM (Kim et al., 2020).

Diagnosis of ATTR-CM requires detailed interpretation of
several laboratories and imaging modalities. When cardiac
amyloidosis is suspected, the first step in diagnosis is to rule
out plasma cell dyscrasia that may be consistent with AL
amyloidosis by laboratory screening. If screening blood work
is normal, then cardiac scintigraphy (i.e., 9mTc-PYP scan) is the
preferred diagnostic test for ATTR-CM. Cardiac MRI may be
used if there is concern for infiltrative cardiomyopathy and will
show late gadolinium enhancement in patients with ATTR-CM.
However, this is not specific to amyloid infiltration, and thus
99mTc-PYP scan is the preferred imaging test 13. If the 99mTc-
PYP scan is abnormal, TTR gene sequencing should be
performed to further determine whether the patient suffers
hATTR-CM or wtATTR-CM (Ruberg et al, 2012; Pinney
et al., 2013; Longhi et al., 2015; Donnellan et al., 2019). If a
99mTc-PYP scan is not available, or testing is inconclusive,
endomyocardial biopsy with immunostaining and mass
spectrometry is the final step in this diagnostic algorithm for
ATTR-CM. A false-negative 9mTc-PYP scan is possible in early
ATTR-CM with relatively low cardiac infiltration, or with
specific genetic mutations. Thus, endomyocardial biopsy
remains the gold standard for the diagnosis of cardiac
amyloidosis.

Therapeutic options
Transthyretin silencers

Reducing or eliminating TTR expression with so-called
TTR silencers is one approach to slow down the progression of
ATTR-CM. While effectively reducing TTR levels, this
approach also removes the ability of TTR to serve as a
transport protein. Due to TTR’s vital role, mainly in retinol
transport, vitamin A supplementation is required when
utilizing silencers (Maestro et al, 2021). There are two
main classes of therapies: antisense oligonucleotides (ASOs)
and small interfering RNA (siRNA). Both strategies bind TTR
mRNA and induce subsequent degradation, albeit by distinct
intracellular mechanisms (Aimo et al., 2022).

ASOs are single-stranded DNA molecules that can enter
cells (e.g., hepatocytes) via clathrin or caveolin-mediated
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uptake and are transported to the nucleus where the ASOs
can bind to processed mRNA and induce degradation through
the RNase H2 endonuclease degradation pathway (Crooke
et al., 2017; Lai et al., 2020). ASOs can bind surface proteins
and subsequently be taken up and distributed throughout the
body. A first-generation ASO for TTR amyloidosis, inotersen,
was designed as an ASO to target processed TTR mRNA.
Inotersen also contains a 2’-O-methoxyethyl modification
providing resistance to endogenous degradation making it
longer lasting. The NEURO-TTR trial enrolled 172 patients
with familial amyloid polyneuropathy £ ATTR-CM to evaluate
inotersen. Patients receiving inotersen had a mean reduction of
74% of TTR serum levels which reached a steady state by week
13; however, adverse side effects included glomerulonephritis
and thrombocytopenia halted its development in phase II
clinical trials (Benson et al, 2018). A second-generation
ASO, AKCEA-TTR-LRx, shares the same base sequence as
but is
conjugated to N-acetyl galactosamine to improve
specificity to hepatocytes (Prakash et al., 2014). In the ION-
682884-CS1 study, AKCEA-TTR-LRx was reported to have a
51-fold greater potency than inotersen with a greater than 85%

inotersen, conserving its mechanism of action,

its

reduction in TTR serum levels in ATTR-CM patients without
the adverse side effects reported in the NEURO-TTR trial
(Viney et al., 2021). Due to the success of AKCEA-TTR-LRx,
a phase IIT clinical trial will take place and plan to enroll
approximately 700 patients with ATTR-CM (Falk et al., 2019).

Another approach to reducing TTR expression is with
siRNAs; double-stranded RNA containing both the sense and
antisense strand of the target mRNA. Once the double-stranded
siRNA enters a cell, it becomes incorporated into an RNA-
This
interacts with Ago2, an RNA endonuclease, in which the

induced silencing complex (RISC). complex then
sense strand is degraded, thus exposing the antisense strand-
Ago2 complex so that it may bind the target mRNA and facilitate
degradation. However, siRNAs have characteristic low cellular
uptake and organ specificity, so they often require carriers for
target therapy (Crooke et al., 2018; Deshayes et al., 2020; Alshaer
et al, 2021; Zhang et al, 2021). A first-generation siRNA,
patisiran, utilizes lipid nanoparticle delivery to overcome poor
cellular uptake and target hepatocyte uptake. In a phase-II
clinical trial in 2015, it was reported that following the second
dose of patisiran, mean TTR serum levels were reduced by
approximately 80% when doses were given at 3-week intervals
(Suhr etal., 2015). In the phase IIT study APOLLO, patients given
patisiran had reductions in LV wall thickness (~1 mm) and NT-
proBNP levels (~55%), showing promise with this approach for
cardiovascular disease (Richards and Troughton, 2004; Perry and
Selvanayagam, 2019; Gertz et al., 2020). A second-generation
siRNA therapeutic for ATTR-CM, vutrisiran, aimed to further
improve its specificity and potency by conjugating N-acetyl
galactosamine to the lipid nanoparticle carrier. The high
specificity and potency of the drug allow patients to receive a
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markedly smaller dose (~6-fold less) and be administered once
every 3 months. In a phase I study, it was reported that a single
dose of vutrisiran reduced serum TTR levels by 83% at 6 weeks
and was sustained for an additional 90 days before climbing back
to baseline (Adams and Verena, 2019).

A new silencing approach that has shown early promise
for ATTR-CM utilizes CRISPR/Cas9 gene editing technology
to reduce TTR levels (Gupta et al., 2019). Lipid nanoparticle
carriers containing guide RNA and Cas9 mRNA (LNP-
INTO1) are used to deliver and initiate the reaction. In
mice, it was demonstrated that a single dose of LNP-
INTO1 was able to reduce serum levels of TTR by greater
than 97%, which was sustained for 12 months post-
administration (Finn et al., 2018). In a clinical trial, a
CRISPR/Cas9 lipid nanoparticle (NTLA-2001)
designed for use in ATTR-CM. Two different doses were
tested in patients, namely, 0.1 and 0.3 mg/kg, yielding a
reduction of serum TTR on day 28 by 52% and 87%,
respectively. Such a marked reduction in serum TTR

was

levels gives promise that this may be an efficacious and
safe method for managing ATTR-CM (Gillmore et al., 2021).

Transthyretin stabilizers

Dissociation of the TTR homotetrameric complex and
subsequent uptake by an organ is the driving force of
amyloidogenesis. To this end, there have been efforts to
stabilize the
complex (termed TTR stabilizers), thereby attenuating disease

develop strategies to TTR homotetrameric

progression by blocking the rate-limiting step of the
amyloidogenesis cascade.

Tolcapone is a catechol-O-methyltransferase inhibitor that
was developed as a treatment for Parkinson’s disease acting
against inhibition of dopamine degradation; however, it was
shown that tolcapone may work as a TTR stabilizer. Catechol-
O-methyltransferase has markedly high activity in the liver which
may partially explain tolcapone’s serendipitous association with
TTR and ATTR-CM (Miiller, 2015). Tolcapone has a particularly
high affinity for the thyroxine (T4)-binding sites on TTR, which
stabilizes the complex (Sant’Anna et al., 2016). The long-term use
of tolcapone may not be efficacious in the treatment for ATTR-
CM due to its short half-life and association with acute and
potentially fatal liver failure.

Diflunisal is a nonsteroidal, anti-inflammatory drug
(NSAID), a drug generally used for chronic inflammatory
diseases, and was found to bind to the T4-binding sites on
TTR and aid in stabilizing the homotetrameric complex
preventing fibril polymerization (Sekijima et al., 2006; Adam
et al, 2012). In a small single-arm trial, it was shown that a dose
of 250 mg twice daily over a 12-month course slows disease
progression as evidenced by better maintained cardiac function

and structure (Berk et al., 2013). Diflunisal is associated with
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renal dysfunction and fluid retention which may worsen heart
failure in patients with ATTR-CM, thus limiting its use.
Tafamidis (Vyndamax) is a small-molecule analog of
diflunisal that does not carry the same NSAID properties,
making it safer for patients with ATTR-CM. Similar to
diflunisal, tafamidis binds to the T4-binding site of TTR,
stabilizing the protein and preventing the dissociation of both
wt-TTR and h-TTR, albeit with a higher binding affinity than
diflunisal (Spoladore et al, 2021). These attributes make
tafamidis more efficacious for a diverse population with
multiple genetic variants. In a landmark phase II clinical trial,
that
amyloidogenesis and improves quality of life in patients with

it was observed tafamidis  significantly ~ delays
associated polyneuropathy (Coelho et al,, 2012a). In a seminal
clinical trial, ATTR-ACT, 441 patients were enrolled and
randomized to receive either 80 mg, 20 mg, or a placebo once
per day over the course of 30 months. It was reported that
patients receiving tafamidis had an associated 13.9% reduction
in all-cause mortality when compared to control and a 32%
reduction in cardiovascular-related hospitalization (Maurer
et al, 2018). However, it should be noted that patients with
NYHA class III symptoms had higher rates of cardiovascular
hospitalization and did not have any benefit from therapeutic
intervention with tafamidis (Maurer et al., 2018). In 2019,
tafamidis became the first FDA-approved therapeutic for the
treatment of ATTR-CM.

AGI0 is a novel, potent, and selective TTR stabilizer that has
been shown to outperform tafamidis in regard to TTR stabilization
(Penchala et al.,, 2013). In a phase IT study, AG10-201 was reported
to achieve ~90% stabilization of TTR in patient serum. Following
28 days of 800 mg twice daily administration of AGI0, it was
observed that stable tetrameric TTR levels had risen to 51% (Judge
etal, 2019). A phase-III trial enlisting approximately 510 patients
who will be dosed with 800 mg AG10 or placebo twice daily is
currently underway (NCT03860935).

Transthyretin degraders
Slowing the progression or completely halting the
progression of ATTR-CM has proven to be a significant
challenge in itself as both TTR silencers and stabilizers 1) do
not address the damage that has already been created to the
myocardium nor 2) enhance the removal of newly dissociating
TTR which still occurs with both treatments albeit at a slower
pace. Therapeutic options that may degrade amyloid plaques
already deposited in the myocardium or newly dissociated TTR
infiltrating the myocardium are an intriguing approach.

The combination of doxycycline and tauroursodeoxycholic
acid (TUDCA) has been explored as a TTR degrader approach.
Doxycycline has been associated with disruption of preformed
fibrils prior to deposition, and tauroursodeoxycholic acid has
been shown to disrupt prefibrillar deposits (Macedo et al., 2008).
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In a familial amyloidotic polyneuropathy mouse model, the
combination therapy yielded promising results with increased
clearance of TTR. However, in a small open-label phase Il human
study, it was reported that over the course of 12 months the
combination therapy was only able to slow the progression or
halt ATTR-CM, but there was no observed clearance of TTR
(Obici et al.,, 2012).

Epigallocatechin-3-gallate (EGCG) is a naturally occurring
polyphenol extract of green tea that has been hypothesized to
disrupt fibril formation and increase the clearance of misfolded
or polymerized fibrils. EGCG has previously been shown to
disrupt amyloid fibril formation in vitro (Ferreira et al., 2012)
and in vivo (mice) (aus dem Siepen et al., 2015a). Small open-
label studies have reported both marginal decreases and increases
in myocardial mass in specific patient populations. In addition,
NT-proBNP levels and LV measurements have variable changes
from patient to patient (Kristen et al., 2012; aus dem Siepen et al.,
2015a; 2015b).

Conclusion

The awareness and subsequent testing for ATTR-CM have
increased in the last decade, which has highlighted various issues:
the prevalence of the disease is much greater than previously
thought, early-stage diagnosis is critical, and improved treatment
options are sorely needed. This review focused on the current
therapeutic approaches and ongoing efforts in research and
development for ATTR-CM. Many strategies for ATTR-CM
tested that distinct of
amyloidogenesis, with varying degrees of efficacy and side
To date,
therapeutic for ATTR-CM; however, more approaches are on

are being interrogate stages

effects. tafamidis is the only FDA-approved
the horizon. Seminal basic science studies and clinical trials have
provided the field with exciting and promising data going
forward. The field is rapidly evolving, and it is possible that
ATTR-CM, a disease that once was associated with a poor
prognosis and mortality rate, will continue to be more

manageable and potentially even curable.
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