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An increasing awareness of the disease, new diagnostic tools and novel
therapeutic opportunities have dramatically changed the management of
patients with amyloid transthyretin cardiomyopathy (ATTR-CM). Supportive
therapies have shown limited benefits, mostly related to diuretics for the relief
from signs and symptoms of congestion in patients presenting heart failure (HF).
On the other hand, huge advances in specific (disease-modifying) treatments
occurred in the last years. Therapies targeting the amyloidogenic cascade
include several pharmacological agents that inhibit hepatic synthesis of TTR,
stabilize the tetramer, or disrupt fibrils. Tafamidis, a TTR stabilizer that
demonstrated to prolong survival and improve quality of life in the ATTR-ACT
trial, is currently the only approved drug for patients with ATTR-CM. The small
interfering RNA (siRNA) patisiran and the antisense oligonucleotide (ASO)
inotersen have been approved for the treatment of patients with hereditary
ATTR polyneuropathy regardless of the presence of cardiac involvement, with
patisiran also showing preliminary benefits on the cardiac phenotype. Ongoing
phase Il clinical trials are investigating another siRNA, vutrisiran, and a novel
ASO formulation, eplontersen, in patients with ATTR-CM. CRISPR-Cas9
represents a promising strategy of genome editing to obtain a highly effective
blockade of TTR gene expression.
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1. Introduction

Amyloidosis is a rare disease caused by the deposition of misfolded fibrillar proteins
causing morphological and functional changes in the infiltrated tissues (1). More than 40
different precursor proteins can undergo the substantial molecular transformation to form
amyloid fibrils, but most cases of cardiomyopathy (CM) are due to the accumulation of
transthyretin  (ATTR) or immunoglobulin light chains (AL-CM) (2-4). AL-CM is
traditionally considered the most common of these conditions. However, ATTR-CM is
increasingly being diagnosed and is emerging as an under-recognized cause of heart
failure (HF) in older adults (5, 6). It accounts for 12%-13% of HF with preserved ejection
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fraction (HFpEF) cases, 5%-7% of patients with presumed
hypertrophic cardiomyopathy and 8% of those with severe aortic
stenosis (7-10).

Almost all serum TTR is synthesized and secreted in the liver;
the choroid plexus and retinal pigment epithelium are other sites of
production. Cardiac involvement in ATTR-CM manifests typically
as left ventricular thickening and/or HFpEF with increased left
ventricular wall thickness and diastolic dysfunction (11, 12).
Based on the sequence of the TTR gene, ATTR-CM is classified
as wild-type (ATTRwt-CM) (without mutation) or mutated/
variant (ATTRv-CM) (with a mutation) (5) ATTRwt typically
has a late symptom onset (>60 years of age), while symptom
onset in patients with ATTRv may occur at younger ages. More
than 150 mutations and deletions in the TTR gene have been
identified (13). The mutations most commonly associated with
cardiac involvement are Vall22lle, Thr60Ala, LeulllMet and
Ile68Leu (14). Previous studies have shown a prevalence of
ATTR-CM in male sex, particularly in ATTRwt. Historically,
ATTR-CM phenotype was thought to be less severe in women
compared to men, based on non-indexed echocardiographic
parameters. A more recent analysis by Patel et al. showed that
overall structural and functional phenotype was similar between
sexes when indexed to body size, with the only significant
differences pointing towards a mildly worse phenotype in
females (15). The use of non-indexed parameters could have led
not only to underestimate CA severity in female sex, but also to
a later diagnosis (age at diagnosis was 3 years higher in females
compared to males) and this can partially explain the under-
representation of female sex in clinical trials (15, 16).

Recent advances have improved the treatment of ATTR-CM
and several clinical trials are ongoing. The aim of our review is
to summarize recent findings and future perspectives in the
treatment of ATTR-CM.

2. Transplantation in ATTR amyloidosis

Until recent times, orthotopic liver transplantation or
combined heart-liver transplantation were considered the
for vATTR
amyloidosis (17). Importantly, tissue TTR deposition can

only available disease-modifying treatments
progress even after liver transplantation, since TTR amyloid
fibres promote subsequent deposition of circulating TTRwt
(18). Liver transplantation is not an option for patients with
ATTRwt-CM. A few studies conducted on patient with
ATTRwt-CM heart
transplantation in highly selected patients, with 92%-100%

showed excellent outcomes for
survival at 3 years and 90% at 5 years (19-21). Risk of
allograft amyloid recurrence in short and medium terms
appear to be negligible (19).

Due to limited organ availability, exclusion of older patients
and of those with advanced systemic disease, the risks related to
surgery and life-long immunosuppression, organ transplantation
is not suitable for the vast majority of patients with this
condition. With the improvement of target therapies in the
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amyloidogenic cascade, transplantation is not a therapeutic
option anymore in many centres.

3. ATTR disease-modifying therapies

In the last decades research focused on disease-modifying
drugs, that act through different mechanisms: (i) inhibition of
amyloidogenic TTR synthesis, (ii) stabilization of the native TTR
tetramer structure and (iii) removal of misfolded proteins
(Figures 1, 2) (13, 22, 23).

3.1. ATTR silencers

No ATTR-silencer is currently approved for the treatment of
patients with ATTR-CM, whereas two gene silencers are
currently approved for the treatment of patients with ATTRv
polyneuropathy, either with or without cardiac involvement:
patisiran and inotersen.

3.1.1. Small interfering RNAs

Patisiran is a small RNA-interfering (siRNA) molecule that
inhibits hepatic synthesis of TTR by binding RNA silencing
complexes (Figure 1). Phase I and II studies showed that
patisiran is safe and effective in reducing serum TTR levels (24-
26). The APOLLO trial, a randomized, placebo-controlled, phase
3 trial involved 225 patients with ATTRv-polyneuropathy, of
whom 126 had concomitant cardiac involvement (27). Patients
were randomly assigned in a 2:1 ratio to intravenous patisiran
(0.3 mg per kilogram of body weight) or placebo every 3 weeks.
Patisiran slowed polyneuropathy progression, assessed using the
Score+7 (mNIS+7) as
primary endpoint, and other measurements including the
Norfolk Quality of Life-Diabetic Neuropathy (Norfolk QOL-DN)
questionnaire (Table 1) (27). The effects of patisiran on cardiac

modified Neuropathy Impairment

structure and function were assessed in a pre-specified
subpopulation of patients with evidence of cardiac amyloid
involvement at baseline (n=126). The pre-specified cardiac
subpopulation comprised patients with a baseline left ventricular
wall thickness >13 mm and no history of hypertension or aortic
valve disease. Patisiran reduced mean left ventricular wall
thickness (least-squares mean difference + SEM: —0.9 + 0.4 mm,
P=0.017), improved global longitudinal strain (1.4 £0.6%, P=
0.015) and cardiac output (0.38 £0.19 L/min, P=0.044), led to
increased end-diastolic volume (8.3 +3.9 ml, P=0.036) at month
18 and reduced N-terminal pro-B-type natriuretic peptide (NT-
proBNP) levels at 9 and 18 months. Moreover, patients in the
treatment group had a 46% reduction in the rate of
hospitalizations due to cardiovascular (CV) causes and all-cause
death compared with those receiving placebo (28). Fontana et al.
compared 16 patients with ATTRv amyloidosis treated with
patisiran (of whom 12 also received diflunisal) with 16 matched
untreated patients with ATTRv amyloidosis. A total of 82% of
treated patients showed >80% knockdown in circulating TTR.

Patisiran therapy was associated with a reduction in extracellular
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FIGURE 1

Therapies targeting the amyloidogenic cascade including several pharmacological agents that inhibit hepatic synthesis of TTR, stabilize the tetramer, or
disrupt fibrils. Ab, antibodies; ASO, antisense oligonucleotide; siRNA, small interfering RNA; TTR, transthyretin; (TYUDCA, (tauro)ursodeoxycholic acid.
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FIGURE 2

Timeline of clinical trials in ATTR-amyloidosis. *Dotted lines refer to phase llI clinical trials. mAb, monoclonal antibodies; (TYUDCA, (tauro)ursodeoxycholic
acid.

volume (ECV) {adjusted mean difference between groups: —6.2%  than the 3% arbitrary threshold and 3 (19%) showing an increase
[95% confidence interval (CI): —9.5% to —3.0%]; P=0.001} (38). Patisiran was also associated with a decrease in NT-proBNP
although changes in ECV were highly heterogeneous, with only 6  concentrations and an increase in 6-minute walking test
patients (38%) experiencing an absolute ECV reduction greater  (6MWT) distances after 12 months of therapy (39). Recently, the

Frontiers in Cardiovascular Medicine 03 frontiersin.org


https://doi.org/10.3389/fcvm.2023.1154594
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Tomasoni et al.

TABLE 1 Therapies for amyloid transthyretin cardiomyopathy (ATTR-CM):

Study name

Study design

evidence from clinical trials.

Population

10.3389/fcvm.2023.1154594

Outcomes

TTR silencers

(year)

to SC injections of either eplontersen or
placebo once every 4 weeks

SiRNA
Patisiran APOLLO (2018) | Phase III, multicentre, randomized, double- | 225 patients with ATTRv-PN Patisiran significantly improved neuropathy
(28, 29) blind, placebo- controlled trial; 2:1 (patisiran scores, QoL, walking parameters, nutritional
randomization to IV patisiran (0.3 mg/kg) or | n=148; placebo n=77) status and activities of daily living compared to
placebo once every 3 weeks for 18 months 126 (56%) patients with placebo.
concomitant cardiac involvement | Patisiran reduced mean LV wall thickness,
improved GLS and CO, led to increased LVEDV
at month 18 and reduced NtproBNP levels at 9
and 18 months compared to placebo.
Reduction of 46% in the rate of CV
hospitalization and all-cause death.
APOLLO-B Phase III, randomized, double-blind, placebo- | Patients with ATTRv- or ATTRwt- | Patisiran significantly improved 6MWT and QoL,
(2022) (27) controlled multicenter (patisiran vs placebo) | CM and history of HF; NT- assessed by KCCQ, at 12 months.
proBNP ranging from 300 ng/L to
8,500 ng/L; 6MWD >150 m
Revusiran ENDEAVOUR Phase III, multicentre, randomized, double- | 206 patients with ATTRv- CM NA (trial stopped early due to increased
(2020) (30) Blind, placebo-controlled; 2:1 randomization | (revusiran n = 140; placebo n=66) | mortality compared with placebo
to SC revusiran (500 mg) or placebo daily for 5
days, then weekly for 18 months
Vutrisiran HELIOS-A Phase III, multicentre, randomized, open- 164 patients with ATTRv- PN Vutrisiran signficantly improved neuropathy
(2022) (31) label; 3:1 randomization to SC vutrisiran (vutrisiran n = 122; patisiran n = 42) | scores and QoL at 9 months
(25 mg) once every 3 months or IV patisiran
(0.3 mg/kg) once every 3 weeks, for 18 months
HELIOS-B Phase III, multicentre, randomized, double- Patients with ATTRv- CM or Estimated study completion date 2025
blind, placebo- controlled; SC vutrisiran ATTRwt- CM
(25 mg) or placebo once every 3 months
ASO
Inotersen NEURO-TTR Phase III trial, randomized, double-blind, 172 patients with stage 1-2 ATTRv- | Inotersen improved the course of neurologic
(2018) (29) placebo controlled; 2:1 randomization to PN (inotersen n =112; placebo n= | disease and QoL.
weekly subcutaneous injections of inotersen | 60) 108 (63%) patients had ATTRv- | No differences in global longitudinal strain and
(300 mg) or placebo. CM other echocardiographic variables at 15 months
Several adverse events, including severe events
such as glomerulonephritis and
thrombocytopenia, causing durg discontinuation.
Eplontersen CARDIO- Phase III, multicentre, randomized, double- | Patients with ATTR-CM (estimated | Estimated study completion date 2025
TTRansform blind, placebo- controlled trial; randomization | 1400 participants)

Gene editing—CRISPR-Cas9

NTLA-2001

Gillmore et al.
(2021) (32)

Phase I, multicentre, randomized, open- label,
placebo- controlled; single IV dose of NTLA-
2001: 0.1 mg/kg (n=3) or 0.3 mg/kg (n=3)

6 patients with ATTRv-PN

Interim results from the first two single- dose
groups of the trial: administration of NTLA-2001
showed a 52% (47%-56%) in patient receiving
0.1 mg/kg and 87% (80%-96%) in patient
receiving 0.3 mg/kg reduction in serum TTR
protein concentration from baseline

TTR stabilizers

(2018) (35)

controlled trial; 2:1:2 randomization to oral
tafamidis 80 mg daily, tafamidis 20 mg daily,
or placebo for 30 months

Diflunisal Castano et al. Single-arm, open-label study; oral diflunisal 13 patients with ATTRv-CM or Administration was safe, even if not associated
(2012) (33) 250 mg b.i.d. ATTRwt-CM with significant change in cardiac structure,
function or biomarkers
Sekijima et al. Single-centre study; 40 patients with ATTRv Diflunisal was well tolerated and stabilized TTR
(2013) (34) Diflunisal was administered orally at 500 mg/ | amyloidosis tetramer
day
Tafamidis ATTR-ACT Phase III, multicentre, double blind, placebo- | 441 patients with ATTRv-CM or Tafamidis was associated with lower all-cause

ATTRwt-CM (pooled tafamidis: n
=264; placebo: n=177)

mortality than placebo (HR, 0.70; 95% CI, 0.51-
0.96) and a lower rate of cardiovascular related
hospitalizations, with a relative risk ratio of 0.68
(0.48 per year vs. 0.70 per year; 95% CI, 0.56—
0.81).

Differences in overall survival emerged after
approximately 18 months.

Tafamidis showed also benefits on 6MWT and
KCCQ-OS, already relevant at 6 months.
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TABLE 1 (Continued)

dy name

Study design

10.3389/fcvm.2023.1154594

Population Outcomes

(year)
Acoramidis ATTRibute-CM

(AG10)

Phase III, randomized, double-blind, placebo-
controlled study; randomization acoramidis
(AG10) 800 mg administered orally twice a
day vs placebo

TIR disrupter

Doxycicline Obici et al. (2012) | Phase II, open-label study with doxycycline

and TUDCA (36) (100 mg twice/day) and TUDCA (250 mg
three times/day) administered continuously
for 12 months

Doxycicline Wixner et al. Phase II study; Part 1: 12-month doxycycline

and UDCA (2017) (37) 200 mg/day for 4 weeks and UDCA 750 mg/

day with intermittent discontinuation for 2

weeks;

Part 2 (6 months): no treatment.
Monoclonal antibodies (mAb)
PRX004 NCT03336580
NI006 NCT04360434

Phase I study
Phase I study

positive results of the APOLLO B trial have been announced. The
APOLLO-B trial randomized patients with ATTRv- CM or
ATTRwt- CM and a history of HF (but current clinically stable),
NT- proBNP levels ranging from 300 ng/L to 8,500 ng/L and a
6MWD of >150 m to patisiran or placebo. Patisiran met the
primary endpoint with a statistically significant improvement in
6MWT compared to placebo at 12 months (—8 m in Patisiran
arm vs. —25 m in placebo group, with an overall improvement of
14.7 m with Patisiran compared to placebo). It is questionable
whether this improvement might be considered significant in
clinical practice. Patisiran also met the first secondary endpoint
of improvement in quality of life (QoL) as assessed with Kansas
City Cardiomyopathy Questionnaire (KCCQ) (40).

Revusiran is a siRNA that was investigated in the phase III
ENDEAVOUR trial, enrolling patients with ATTRv-CM. The
trial was stopped early due to the high rates of death (13% of
patients receiving revusiran and 3% of those receiving placebo)
recorded during a median follow-up of 7 months. The majority
of patients enrolled in the trial died because of HF. A post hoc
safety investigation of patients treated with revusiran found
that a greater proportion of those who died had >75 years and
more advanced HF, although a role of revusiran could not be
excluded (41).

Vutrisiran is a second-generation siRNA targeting TTR
mRNA64 similar to patisiran, with an enhanced stabilization
chemistry that allows its subcutaneous administration every 3
months. An initial phase I study proved its safety and efficacy
(42). The subsequent HELIOS-A trial included 164 patients with
ATTRv-PN who received a 25 mg dose of vutrisiran every 3
months (n=122) or active comparator patisiran (n=42). At 9
months, vutrisiran met the primary endpoint of improvement in
mNIS +7 score and of all secondary endpoints (31). Vutrisiran is
being studied for the treatment of both ATTRv and ATTRwt-
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Patients with ATTRv-CM or
ATTRwt-CM and history of HF

Acoramidis did not change 6MWD at month 12
compared to placebo. An improvement in
KCCQ-OS and a decline in Nt-proBNP
concentrations as well as in serum TTR
concentrations were observed.

20 patients with TTR-amyloidosis
(both FAP or CM)

Doxycicline and TUDCA stabilized the disease
for at least 1 year.

NIS-LL: stable; LV wall thickness: stable or
reduced; NYHA class: no change; NT-proBNP:
stable or increased; Improvement of SF-36
physical and mental scores

28 patients with ATTR-CM High discontinuation rate due to treatment
failure, side effects and voluntary dropouts.
NT-proBNP: no change at month 6; increase at
month 12

No increase in LV septum thickness at month 12

Subjects with ATTR amyloidosis

Patients with hereditary or wild-
type ATTR-CM

Ongoing
Ongoing

CM in the phase III, randomized, double- blind, placebo-
controlled, multicentre HELIOS-B trial. The primary endpoint is
a composite of all- cause mortality and recurrent CV events (CV
hospitalizations and urgent HF visits) at 30-36 months
(NCT04153149) (Table 1). Full results are expected in early 2024.

3.1.2. Antisense oligonucleotides

Antisense oligonucleotide (ASO) can silence target mRNA
sequences by a variety of mechanisms, mostly involving
degradation mediated by the endogenous ribonuclease RNase H1.
Inotersen is a 2’-O-methoxyethyl-modified ASO, that binds the
3’ untranslated region of human TTR mRNA (both wildtype
and variant) and inhibits the production of liver TTR-protein
(Figure 1). It is administered weekly by subcutaneous injection.
Inotersen was initially tested in a phase I, randomized, placebo-
controlled, double-blind, dose-escalation study with patients
receiving the highest dose regimen showing the greatest
reduction in serum TTR levels up to 76% (43).

The NEURO-TTR was a randomized, double-blind, placebo
controlled, phase 3 trial that randomized 172 patients in a 2:1
ratio to weekly subcutaneous injections of inotersen (300 mg) or
placebo. Inotersen improved the course of neurologic disease and
QoL (Table 1). However, several adverse events occurred in the
treatment group (e.g., injection site reactions, nausea, headache,
fatigue, fever and  thrombocytopenia) causing drug
discontinuation in 14% of the cases. Furthermore, serious adverse
events as glomerulonephritis (3%) and thrombocytopenia (3%,
with one consequent death) were registered. Thus, frequent
platelet count and renal function monitoring is recommended
during treatment (29). This important adverse effects might
result in treatment cessation, and have significant implications on
the use of this drug in both current clinical practice and in the

setting of a clinical trial. In the subgroup of patients with cardiac
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disease (as well as in the whole population) from the NEURO-TTR

trial no significant differences were reported regarding
echocardiographic parameters at the 15-month follow-up (29). A
small single-centre, open-label study including patients affected
by ATTRwt-CM and NYHA I-III showed, at a 2- and 3-years
follow-up, a reduction in left ventricular (LV) mass measured by
magnetic resonance imaging (MRI) and an increase in exercise
tolerance as measured by 6MWT. The main adverse effect was
subcutaneous
“flu-like”

symptoms 24-48 h after the injection, at first or second exposure

inflammation and induration associated with

injection; a few patients developed generalised
and without further episodes. At 3 years, the average platelet
count was decreased by 15% but none of the patients had
bleeding episodes or severe thrombocytopenia (44). A further
study is ongoing (NCT03702829).

Eplontersen is a novel antisense nucleotide that is administered
subcutaneously every 4 weeks and with no serious adverse effects
reported in a phase I study. NEURO-TTRansform is a phase III
trial that randomized 140 patient with stage 1 or 2 hereditary
transthyretin-mediated amyloid polyneuropathy (ATTRv-PN) in a
6:1 ratio to either eplontersen 45 mg once every 4 weeks or
inotersen 300 mg once a week until the pre-specified week 35
interim efficacy analysis. Participants received daily supplemental
of the

A. Participants included in the inotersen reference arm were

doses recommended daily allowance of vitamin
crossed over to eplontersen at Week 37 after completing the Week
35 assessments. The final efficacy analysis at week 66 compared
eplontersen with the historical placebo arm from NEURO-TTR
trial (45). At 66 weeks, patients treated with eplontersen
demonstrated a statistically significant and clinically meaningful
change from baseline vs. placebo group on the co-primary
endpoints of modified Neuropathy Impairment Score +7 (mNIS +
7) and Norfolk Quality of Life Questionnaire-Diabetic Neuropathy
(Norfolk QoL-DN). The trial also met its third co-primary
endpoint demonstrating a statistically significant reduction in
serum TTR concentration in the eplontersen vs. placebo group.
TTR reductions were consistent with those reported in the interim
analysis at week 35. Eplontersen’ efficacy in ATTR-CM is being
studied by CARDIO-TTRansform study that will randomize 1,400
patients with ATTR-CM and NYHA class I-IIl to eplontersen
(subcutaneous injection once every 4 weeks) or placebo. The
primary endpoint is a composite of CV mortality or recurrent CV
clinical events up to week 140. Secondary outcome will evaluate
also functional capacity and QoL. (NCT04136171).

3.2. ATTR stabilizers

Tetramer stabilizers prevent monomer misfolding and
deposition by binding to the T4-binding site on TTR (e.g,
tafamidis and diflunisal) or by mimicking the super-stabilizing

TTR variant T119M (e.g., acoramidis).
3.2.1. Non-selective agents: diflunisal

Diflunisal is a non-steroidal anti-inflammatory (NSAID) drug
that can be classified as a non-selective ATTR stabilizer agent. In
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2006, a phase 1 study showed that diflunisal (250 mg per os
b.id.) complexes to the T4 binding site and stabilizes TTR
tetramers, thus preventing amyloid fibril formation in vitro. In a
single-arm, open-label study (mean follow-up 0.9+0.3 years)
involving 13 patients with confirmed ATTRwt- or v-CM,
diflunisal was safe, but did not improve cardiac structure,
function, or biomarkers (33). In a further study including 40
ATTRv amyloidosis patients, diflunisal stabilized TTR tetramer
structure over a mean follow-up of 38.0+31.2 months. As a
NSAID, the main adverse effects include gastrointestinal bleeding
and renal failure (34).

3.2.2. Selective stabilizers: tafamidis, acoramidis

Tafamidis is a small molecule that stabilizes TTR tetrameric
structure by binding to the protein’s thyroxine binding sites. In
the early 2010s tafamidis (at a dosage of 20 mg) proved effective
and safe for the treatment of patients with early-stage Val30Met
transthyretin familial amyloidotic polyneuropathy (FAP) with a
reduction in the neurological symptoms’ progression (46). The
results were then confirmed in a phase 2 open-label, single-
treatment arm study enrolling patients with non-Val30Met TTR
amyloidosis (47).

Tafamidis was firstly approved by the European Medicines
Agency (EMA) for the treatment of TTR amyloidosis in adult
patients with stage 1 symptomatic polyneuropathy but not by the
US Food and Drug Administration (FDA).

The ATTR-ACT trial, published in September 2018, was a
multicentre, international, double-blind, placebo-controlled, phase
3 trial that randomized 441 patients with ATTR-CM (both
variant and wt) in a 2:1:2 ratio to tafamidis 80 mg, 20 mg or
placebo. The primary outcome was a hierarchical composite of
all-cause mortality, followed by frequency of cardiovascular-
related hospitalizations. Over a 30-month follow-up the rates of
the primary endpoint were lower among patients in the
treatment arm compared to those who received placebo (P <
0.001). Tafamidis was associated with both lower all-cause
mortality [hazard ratio, 0.70; 95% confidence interval (CI), 0.51-
0.96] and a lower rate of CV-related hospitalizations than
placebo, with a relative risk ratio of 0.68 (0.48 per year vs. 0.70
per year; 95% CI, 0.56-0.81) (48). Differences in overall survival
emerged after approximately 18 months. Secondary endpoints
included performance on 6MWT and KCCQ-Overall Summary
(KCCQ-O0S) score. The benefits of tafamidis on these secondary
endpoints were already evident at 6 months (48). Long-term
extension study with all patients subsequently switched to the
highest dose supported tafamidis 80 mg (bioequivalent of
tafamidis free acid 61 mg) as the optimal dose, considering the
lack of adverse events and a significant reduction (30%) in the
relative risk of death on a median follow-up of 51 months (30).
Among patients enrolled in the ATTR-ACT trial, 335 were
affected by ATTRwt-CM and 106 by ATTRv-CM. Patients with
ATTRwt had milder disease and lower rate of disease progression
over the study. However, tafamidis showed similar benefits on
mortality and QoL in both subgroups (49). A post hoc analysis of
ATTR-ACT reported a reduction in patients treated with
tafamidis of both CV hospitalization (—32%) and mean length of
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stay per CV-related hospitalization events. Taken together,
tafamidis reduced by 2.62 days CV-related hospitalizations per
patient per year and in a subgroups analysis of patients with
NYHA functional class I or II, by 3.96 days (50). Earlier
treatment initiation was associated with better outcomes. Indeed,
an interim analysis of the long-term extension to the pivotal
ATTR-ACT showed that patients initially treated with tafamidis
in ATTR-ACT had substantially lower mortality than those first
treated with placebo and then transitioned to tafamidis [79
(44.9%) deaths with continuous tafamidis and 111 (62.7%) with
placebo to tafamidis, hazard ratio, 0.59 (95% CI, 0.44-0.79); P<
0.001] (51). The reduction in mortality was similar in patients
with ATTRwt and patients with ATTRv (240% in each), whereas
there was a greater reduction in patients with NYHA class I or II
(44%) than NYHA class III (35%) in the continuous tafamidis
group compared with the placebo to tafamidis group (51).

Based on the results of the ATTR-ACT trial and of these
subgroup analyses showing greater benefits in patients with
NYHA functional class I and II, the 2021 ESC guidelines for the
diagnosis and treatment of acute and chronic heart failure
recommend tafamidis for the treatment of patients with ATTRv
or ATTRwt cardiomyopathy, and NYHA class I or II to reduce
symptoms, CV hospitalization and mortality (class of
recommendation I, level of evidence B) (3). The 2022 ACC/
AHA/HFSA guidelines recommend tafamidis also in patients
with NYHA class IIT symptoms and add that tafamidis should be
considered in select patients (52).

Acoramidis, also known as AG10, binds with high affinity and
selectivity TTR in human serum. It is designed to mimic the
structure of the protective T119M mutation and forms hydrogen
bonds with the same serine residues at position 117 that stabilize
the T119M variant. It has proven efficacy in stabilizing TTR both
for Vall22Ile mutation and TTRwt amyloidosis
significant adverse effects (53). Acoramidis 800 mg twice a day

without

vs. placebo is currently being investigated in ATTRibute-CM, a
phase 3 randomized controlled trial enrolling patients with
symptomatic ATTR-CM (NCT03860935). ATTRibute-CM did
not meet its primary endpoint at month 12 with a mean
observed 6MWD decline of 9 meters and 7 meters for the
acoramidis and placebo arms, respectively. However, an

in KCCQ-OS and a decline in Nt-proBNP

concentrations as well as in serum TTR concentrations were

improvement

observed (54). Considering that tafamidis showed a significant
reduction in mortality only after 18 months, the investigators
included a co-primary endpoint in a longer timeframe, a
hierarchical combination of all-cause mortality, frequency of
cardiovascular-related hospitalization and change in the total
distance walked in 6 min over a 30 months period.

3.3. TTR disruption/resorption

As both TTR stabilizers and silencers do not influence
advanced ATTR-CMs, drugs defined as ATTR degraders are
supposed to be the only ones that may lead to pathology
regression, targeting already deposited amyloid fibrils.
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Doxycycline proved able to remove TTR amyloid deposits, and
tauroursodeoxycholic acid (TUDCA) reduced non fibrillar-TTR
and other markers associated with pre-fibrillar TTR (Figure 1).
Combined administration of these drugs had synergic effects in
removing amyloid deposits in transgenic TTR mice models, in
disease stages (55). A phase II, open-label study
demonstrated that doxycycline (100 mg twice/day) and TUDCA
(250 mg three times/day) administered continuously for 12
months in patient with TTR-amyloidosis (FAP and/or CM)
stabilized the disease for at least 1 year. Only 2 patients out of 20

early

discontinued the therapy, one due to gastric pain and the other
because of persistent nausea and loss of appetite (36). Another
phase II study conducted on 28 patients with ATTR-CM with a
combination of doxycycline and ursodeoxycholic acid (UDCA),
showed less benefits and a high discontinuation rate due to
treatment failure, side effects and voluntary dropouts. The study
was divided into two parts, the first one with a 12-month period
treatment with doxycycline 200 mg/day for 4 weeks with
intermittent discontinuation for 2 weeks, associated with UDCA
750 mg/day; the second consisted in a withdrawal period in
which disease progression was monitored. The high rate of
treatment failure may indicate that doxycycline discontinuation
may decrease the efficacy of the drugs and that TUDCA may be
more effective than UDCA (37). However, the results remain
difficult to be interpreted (22). ATTR degraders showed better
results in younger patients with less advanced disease (56).
Doxycycline plus TUDCA or UDCA are currently not approved
by EMA or FDA due to the small number of patients included
in the studies and the controversial results (57). Wider RCTs are
needed to assess effectiveness of the treatment.

3.4. Gene editing

Clustered regularly interspaced short palindromic repeats and
associated Cas9 endonuclease (CRISPR-CAS-9), enabling targeted
in vivo genome editing, could be an emerging therapy in ATTR
amyloidosis. A recent report described the partial results of a
phase I, open-label, multicentre trial on an in vivo gene-editing
therapeutic agent, called NTLA-2001, showing promising results.
NTLA-2001 is based on the CRISPR-Cas9 system and comprises
a lipid nanoparticle encapsulating messenger RNA for Cas9
protein and a single guide RNA targeting TTR. This preliminary
analysis was conducted on 6 patients with ATTRv-PN. NTLA-
2001 was administered on a single escalating dose of 0.1 or
0.3 mg per kilogram. To avoid inflammatory reactions patients
were pre- treated with glucocorticoids and antihistamines.
Twenty-eight days after the injection, mean reduction in serum
TTR protein concentration from baseline was 52% with 0.1 mg/
Kg and 87% with 0.3 mg/Kg. Therapy was well tolerated and no
patients experienced serious adverse events (32). Recruiting in
the study is still ongoing with a target of 72 patients
(NCT04601051). This study will evaluate safety, tolerability,
pharmacokinetics and pharmacodynamics of NTLA-2001 in
ATTRv-PN and in both ATTRv-CM and ATTRwt-CM.
Estimated primary completion date is March 2025. NTLA-2001
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has a clear advantage compared to siRNA-based and ASO-based
therapies since the knockdown is expected to be permanent after
a single injection not requiring serial infusions.

3.5. Monoclonal antibodies

In the last years anti-TTR humanized monoclonal antibodies
(mAb) were also investigated (Figure 2) (13). In preclinical
studies on ex vivo and in vivo models these antibodies could
promote clearance of amyloid fibrils by selectively targeting
ATTR
phagocytosis. Importantly, these antibodies did not react with

aggregates and promoting macrophage-mediated
native TTR tetramers but detected misfolded proteins, by
targeting epitopes more exposed in TTR dissociative monomers,
non-native oligomers, and/or aggregates (58, 59).

PRX004 is an investigational mAb designed to prevent fibril
formation by specifically targeting and clearing the misfolded
forms of the TTR protein found in ATTR-CM. Its safety,
tolerability, pharmacokinetics, pharmacodynamics, and maximum
tolerated dose are currently being evaluated in a phase 1 study
(NCT03336580). NI0O06 is another investigational human mAb
that targets TTR amyloid. A phase 1 trial with NI006 evaluating
its safety, pharmacokinetic profile and exploratory outcome
measures of efficacy in patients with hereditary or wild-type
ATTR-CM is ongoing (NCT04360434) (13).

4. ATTR symptomatic treatment
4.1. Heart failure

The main goal of symptomatic therapy in patients with
amyloid CM is to improve QoL and well-being. The supportive
treatment in patients with signs or symptoms of HF is based on
maintenance of euvolaemia and consists in loop diuretics
(usually furosemide) (3, 60). The optimal balance between
diuretic therapy and fluid status may be challenging to achieve
due to the
cardiomyopathies (61).

reduced stroke volume typical of restrictive

The use of neurohormonal modulators, namely beta-blockers,
angiotensin converting enzime inhibitors (ACE-Is), angiotensin
receptor blockers (ARBs) and angiotensin receptor neprilysin
inhibitor (ARNI) is controversial in those patients presenting
with HF and reduced ejection fraction (62). Indeed, on one hand
patients with CA may have a significant neurohormonal
activation similarly to non-amyloidotic HF patients (63). On the
other hand, these drugs may be not tolerated due to the
development of hypotension (62, 64). Beta-blockers may be
poorly tolerated also because of conduction disturbances or
decreasing cardiac output with consequent exercise intolerance
when cardiac output becomes critically dependent on heart rate
(35, 65). In a recent study including 309 consecutive patients
with ATTR-CM, there was no association of neurohormonal
blockade use with survival (64). In the 2021 ESC position paper
on the diagnosis and treatment of cardiac amyloidosis, it is
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recommended to avoid beta-blocker and ACE-i/ARBs as they
exacerbate hypotension, particularly when amyloid autonomic
dysfunction is present (2). Similar indications can be found in
other major documents from scientific societies on cardiac
amyloidosis (60). Nevertheless, about one third of patients in the
ATTR-ACT trial were on beta-blockers or ACEi/ARB (48).
Conversely, use of MRA is not generally contraindicated and it
is recommended (Class I) in Canadian Cardiovascular Society/
Canadian Heart Failure Society (CCS/CHFS) cardiac amyloidosis’
guidelines even in the absence of specific studies (66). MRAs are
already approved for the treatment of HFrEF (Class I) and
HFmrEF (Class IIb) (3) and recent studies focused on the use of
spironolactone in HFpEF. Treatment of Preserved Cardiac
Failure With
(TOPCAT) is a phase III, multicenter, international, randomized,
double-blind, placebo controlled trial conducted on 3,445
patients that showed that adding spironolactone to existing
therapy in patient with HF and LVEF >45% did not significantly
reduce the incidence of the primary outcome of death from CV

Function Heart an Aldosterone Antagonist

causes, aborted cardiac arrest or hospitalization for HF. However,

HF hospitalizations were significantly reduced in the
spironolactone group. An analysis from TOPCAT trial showed
that the subset of patients with structural and functional
echocardiographic features typical of cardiac amyloidosis, despite
having a worse prognosis, experienced similar benefits from
spironolactone therapy to other patients (67).

The diagnosis of CA was an exclusion criterion in major
clinical sodium-glucose-cotransporter-2  (SGLT2)
inhibitors. A series of 15 consecutive patients with ATTR-CA
and diabetes treated with SGLT2 inhibitors by the diabetologists
has been reported without significant adverse effects (68). Due to
their cardiorenal benefits, the robust safety and tolerability, with

clinical trial data reporting minimal effects on blood pressure,

trials on

glycaemia-related adverse events, and no excess in acute kidney
injury (69, 70), it appears reasonable that SGLT2 inhibitors may
be well tolerated and might be helpful, at least due to their add-
on diuretic effect and by reducing diuretic resistance. Currently,
no RCTs specifically investigated safety and benefits of HF
therapies, namely neurohormonal antagonists, SGLT2 inhibitors,
in patients with cardiac amyloidosis.

Similarly, the oral soluble guanylate cyclase stimulator
vericiguat may be considered in patients with HFrEF, NYHA
class II-IV who have had worsening HF despite other evidence
based medical therapies in patients with HFrEF (71). However,
CA was an exclusion criteria of the VICTORIA trial and
vericiguat has never been tested in patients with ATTR-CM.

4.2. Atrial fibrillation and anticoagulation

Atrial fibrillation (AF) seems to be more common in cardiac
amyloidosis than in the general population. Sanchis et al.
reported an overall AF prevalence of 44% among patients with
both AL and ATTR-CM (72). The prevalence is even higher in
patients with ATTRwt-CM and has been estimated around 70%
(73-75). However, previous studies have shown no relationship
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between AF and prognosis in ATTR-CM (72, 73). This might be
explained by the frequent absence of atrial contraction at
defined as
electromechanical dissociation” (AEMD) even in sinus rhythm
(SR) (76). These patients presenting AEMD have, indeed, a
poorer prognosis than CA patients in SR but with an effective

echocardiographic assessment, “atrial

atrial contraction and have similar prognosis to those with AF (76).

As a consequence of atrial dysfunction and enlargement,
patients with ATTR-CA have a higher risk of left atrial
thrombosis even when in SR. This may also be related to the
amyloid deposition into the atrial wall, and the cardiotoxic
damage of atrial cardiomyocytes by amyloid precursors (77).
Among patients with CA and AF/atrial flutter, anticoagulation is
indicated regardless of CHA2DS2-VASc score as in these patients
it is not associated with the probability of LAA thrombosis. The
role of anticoagulation in patients with CA and sinus rhythm as
well as the choice between vitamin K antagonists (VKAs) and
direct oral oral anticoagulants (DOACs) are other unmet needs
that should require a RCT. A few retrospective studies showed
no differences between DOACs and VKAs in embolic events,
bleeding risk and overall mortality (78-80). A study by Mentias
et al. analysed 551 patients with amyloidosis and new diagnosis
of AF and found a decreased risk of mortality, ischemic stroke
and major bleeding events when DOAC was prescribed,
compared to VKA (81). Transesophageal echocardiogram should
be performed in all patients before cardioversion of atrial
arrhythmias since the chance of intracardial thrombus remains
high, even among patients receiving adequate anticoagulation
(82, 83).

Management of AF in cardiac amyloidosis is complicated due
to restrictive physiology and the frequent association with
autonomic dysfunction. Patients often do not tolerate rate
control therapies (beta-blockers, calcium-channel blockers and
digoxin) as they may exacerbate hypotension and they reduce the
compensatory heart rate, which is the main driver of cardiac
output (84). As a result, rhythm control strategy may be
preferred. However, Mints et al. found no mortality benefit with
antiarrhythmic drugs vs. rate control strategy (73). Evidence
regarding transcatheter ablation of atrial arrythmias are limited
to date. El-Am et al. investigated outcome of direct-current
cardioversion (DCCV) for atrial arrhythmias in patients with CA.
Although the success rate of restoring sinus rhythm was high,
tachyarrhythmias and bradyarrhythmias complicating DCCV
were significantly more frequent in CA patients compared with
control patients (82). In all these studies, the rate of AF
recurrence was higher than in the general population. More
recently, Donnellan et al. has shown that rhythm control
strategies, including antiarrhythmic drugs, ablation and DCCYV,
were more effective when performed early in the course of the
disease (85).

4.3. Rhythm disturbances and devices

As a consequence of myocardial tissue infiltration, ATTR-CM
patients are more prone to develop rhythm disturbances, such as
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atrio-ventricular blocks, sick sinus syndrome or atrial fibrillation
with bradycardia, needing pacemaker implantation (2, 7).
Predictors of pacemaker implantation have been recently
described in a large cohort of patients (19). The indications for
pacemaker implantation are the same as in patients without CA
in the absence of specific evidence (60).

As ATTR-CM is a restrictive cardiomyopathy, stroke volume
may be markedly reduced and chronic right ventricular apical
pacing can result in left ventricular dyssynchrony. Cardiac
resynchronisation therapy (CRT) may be considered if a high
burden of pacing is expected (5, 61). Nonetheless, the benefits of
CRT have been established in patients with non-amyloidotic HF
and further investigations are warranted in CA. An implantable
cardioverter defibrillator (ICD) should be used in secondary
prevention with standard indications (60). ICD implantation in
primary prevention is controversial as sudden cardiac death may
be caused by electromechanical dissociation as seen in studies
conducted mainly on AL-CM patients. Nevertheless, selected
patient may benefit from ICD placement (22, 60, 86-88).

4.4. Aortic stenosis

Among patients with proven TTR-CA, up to 16% had
moderate or severe aortic stenosis (AS). ATTR-CM has a
prevalence ranging from 4% to 29% among patients with severe
AS, with a higher prevalence of the low-flow low-gradient
phenotype (89-92). Notably, amyloid deposition did not worsen
prognosis of patients undergoing transcatheter aortic valve
replacement (TAVR) (90, 91). Further studies are needed to
assess the best treatment options in these patients.

5. Final remarks

Increased awareness in ATTR-CM has led to the development
of new disease-modifying therapies, to an earlier diagnosis in the
course of the disease and to a better management of the patients.
(93) Ioannou et al. performed a retrospective analysis using data
from the National Amyloidosis Centre, London, between 2002
and 2021 with the aim to characterize changes in the clinical
phenotype of patients diagnosed with ATTR-CA over the past 20
years. They showed a progressive increase in the referrals. This
was accompanied by a greater number of ATTR-CA diagnoses
(n =35 in the first period, 2002-2006; n =968 in the last period,
2017-2021), predominantly of the wild-type form. Importantly, a
greater proportion of patients were diagnosed at an early-stage
over time. This was associated with a progressive decrease in
mortality during the study period (2007-2011 vs. 2012-2016:
hazard ratio, 1.57 [95% CI, 1.31-1.89], P<0.001; and 2012-
2016 vs. 2017-2021: hazard ratio, 1.89 [95% CI, 1.55-2.30],
P<0.001) (94).

Patients in earlier milder disease stages are less likely to
experience events (death, heart failure admissions, arrhythmia) in
clinical trials. This might explain why the ATTR-ACT trial was
successful (as patients enrolled some years ago may have been
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sicker, with the placebo group experiencing more events), whereas
the more recent ATTRibute-CM testing acoramidis failed its
primary endpoint at 12 months. Of note, a mortality benefit with
tafamidis was only seen at 18 months, as opposed to 12 months,
which again might in part explain the failure of AG10 to meet
primary end point at 12 months. As a result of the above, there
is now a need of wider RCTs. While the ATTR-ACT trial
enrolled <500 patients, more recent studies had to extend the
included. The CARDIO-
TTRansform has significantly expanded its recruitment target.

population ongoing eplontersen’
The initial recruitment target was below 1,000, but the trial
sponsors have recognised the importance of the changing
phenotype over time and have rightfully opted to expand
recruitment significantly to 1,400 in an attempt to increase the
power of the study. The earlier diagnosis of the disease, the
discovery of an appropriate therapy and the consequent
reduction in overall mortality can explain the negative results of
some recent trials.

Nowadays, the only approved treatment for ATTR-CM is
tafamidis, a TTR stabilizer, that has shown important benefits on
survival and QoL in the ATTR-ACT trial. Tafamidis exceeds
conventional cost- effectiveness thresholds. The high cost of
tafamidis prevents certain patients from accessing treatment,
particularly in privatised healthcare systems. Furthermore, the
high cost has led to tafamidis not being publicly funded in
countries with publicly funded free healthcare. Such countries
include UK and Australia. This high cost barrier to these patients
accessing life changing medication is extremely important, and
really emphasises the need for stringent, thoughtful and
appropriately powered clinical trial design so that ultimately
patients can get access to affordable treatment.

Of note, as the first benefits of tafamidis on prognosis have
been shown after 18 months of treatment, it should be started
soon in the natural course of the disease, therefore an early
diagnosis remains crucial. Two TTR silencers are approved only
for patients with ATTRv polyneuropathy and possible
concomitant cardiomyopathy: patisiran and inotersen. TTR
silencers and stabilizers prevent amyloid formation but have no
effects on already deposited fibrils. TTR degraders can remove
fibrils and bring a regression of the pathology but have more
adverse effects and no effective phase III trial was yet conducted.

Hypothetically, an association between stabilizers/silencers and

References

1. Wechalekar AD, Gillmore JD, Hawkins PN. Systemic amyloidosis. Lancet. (2016)
387(10038):2641-54. doi: 10.1016/S0140-6736(15)01274-X

2. Garcia-Pavia P, Rapezzi C, Adler Y, Arad M, Basso C, Brucato A, et al. Diagnosis
and treatment of cardiac amyloidosis. A position statement of the European society of
cardiology working group on myocardial and pericardial diseases. Eur ] Heart Fail.
(2021) 23(4):512-26. doi: 10.1002/ejhf.2140

3. Authors/Task Force M, McDonagh TA, Metra M, Adamo M, Gardner RS,
Baumbach A, et al. 2021 ESC guidelines for the diagnosis and treatment of
acute and chronic heart failure: developed by the task force for the
diagnosis and treatment of acute and chronic heart failure of the European
society of cardiology (ESC). with the special contribution of the heart failure
association (HFA) of the ESC. Eur J Heart Fail. (2022) 24(1):4-131. doi: 10.
1002/ejhf.2333

Frontiers in Cardiovascular Medicine

10

10.3389/fcvm.2023.1154594

degraders may be a good strategy, but there is no clear evidence
yet. New anti-TTR humanized antibodies could be an alternative
in fibrils removal, mediated by phagocyte activation. CRIPSR-
CAS9, an innovating gene-editing therapy used in hereditary
pathologies could be a real revolution in the natural course of
ATTR-CM with first studies showing promising results.

Symptomatic therapies, except for diuretic therapy in
decompensated HF, are largely not assessed. ACEi/ARB/ARNI
and beta-blockers are generally not recommended even in
patients with reduced LVEF. Conversely, spironolactone showed
a potential benefit in patients enrolled in the TOPCAT trial with
suspected CA. SGLT2 inhibitors deserve further investigations.
Anticoagulation in patients in both sinus rhythm and atrial
fibrillation remain a major unmet need.

Author contributions

DT and GB equally contributed to ideation and writing the first
draft of the paper. Other authors revised the manuscript. MM
contributed to ideation and revision of the manuscript. All
authors contributed to the article and approved the submitted

version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling editor (AP) declared a past co-authorship with
the authors (DT and MM).

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. Buxbaum JN, Dispenzieri A, Eisenberg DS, Fandrich M, Merlini G, Saraiva MJM,
et al. Amyloid nomenclature 2022: update, novel proteins, and recommendations by
the international society of amyloidosis (ISA) Nomenclature committee. Amyloid.
(2022) 29(4):213-9. doi: 10.1080/13506129.2022.2147636

5. Ruberg FL, Grogan M, Hanna M, Kelly JW, Maurer MS. Transthyretin amyloid
cardiomyopathy: JACC state-of-the-art review. ] Am Coll Cardiol. (2019) 73
(22):2872-91. doi: 10.1016/j.jacc.2019.04.003

6. Merlo M, Pagura L, Porcari A, Cameli M, Vergaro G, Musumeci B, et al.
Unmasking the prevalence of amyloid cardiomyopathy in the real world: results
from phase 2 of the AC-TIVE study, an Italian nationwide survey. Eur | Heart Fail.
(2022) 24(8):1377-86. doi: 10.1002/ejhf.2504

7. Gonzalez-Lopez E, Gallego-Delgado M, Guzzo-Merello G, de Haro-Del Moral FJ,
Cobo-Marcos M, Robles C, et al. Wild-type transthyretin amyloidosis as a cause of

frontiersin.org


https://doi.org/10.1016/S0140-6736(15)01274-X
https://doi.org/10.1002/ejhf.2140
https://doi.org/10.1002/ejhf.2333
https://doi.org/10.1002/ejhf.2333
https://doi.org/10.1080/13506129.2022.2147636
https://doi.org/10.1016/j.jacc.2019.04.003
https://doi.org/10.1002/ejhf.2504
https://doi.org/10.3389/fcvm.2023.1154594
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Tomasoni et al.

heart failure with preserved ejection fraction. Eur Heart J. (2015) 36(38):2585-94.
doi: 10.1093/eurheartj/ehv338

8. Aimo A, Merlo M, Porcari A, Georgiopoulos G, Pagura L, Vergaro G, et al. Redefining
the epidemiology of cardiac amyloidosis. A systematic review and meta-analysis of
screening studies. Eur ] Heart Fail. (2022) 24(12):2342-51. doi: 10.1002/ejhf.2532

9. Stretti L, Zippo D, Coats AJS, Anker MS, von Haehling S, Metra M, et al. A year in
heart failure: an update of recent findings. ESC Heart Fail. (2021) 8(6):4370-93.
doi: 10.1002/ehf2.13760

10. Damy T, Costes B, Hagege AA, Donal E, Eicher JC, Slama M, et al. Prevalence
and clinical phenotype of hereditary transthyretin amyloid cardiomyopathy in patients
with increased left ventricular wall thickness. Eur Heart J. (2016) 37(23):1826-34.
doi: 10.1093/eurheartj/ehv583

11. Tomasoni D, Aimo A, Merlo M, Nardi M, Adamo M, Bellicini MG, et al. Value
of the HFA-PEFF and H2 FPEF scores in patients with heart failure and preserved
ejection fraction caused by cardiac amyloidosis. Eur ] Heart Fail. (2022) 24
(12):2374-86. doi: 10.1002/ejhf.2616

12. Castano A, Bokhari S, Maurer MS. Unveiling wild-type transthyretin cardiac
amyloidosis as a significant and potentially modifiable cause of heart failure with
preserved ejection fraction. Eur Heart J. (2015) 36(38):2595-7. doi: 10.1093/eurheartj/ehv328

13. Ando Y, Adams D, Benson MD, Berk JL, Plante-Bordeneuve V, Coelho T, et al.
Guidelines and new directions in the therapy and monitoring of ATTRv amyloidosis.
Amyloid. (2022) 29(3):143-55. doi: 10.1080/13506129.2022.2052838

14. Rapezzi C, Quarta CC, Riva L, Longhi S, Gallelli I, Lorenzini M, et al.
Transthyretin-related amyloidoses and the heart: a clinical overview. Nat Rev
Cardiol. (2010) 7(7):398-408. doi: 10.1038/nrcardio.2010.67

15. Patel RK, Ioannou A, Razvi Y, Chacko L, Venneri L, Bandera F, et al. Sex
differences among patients with transthyretin amyloid cardiomyopathy—from
diagnosis to prognosis. Eur ] Heart Fail. (2022) 24(12):2355-63. doi: 10.1002/ejhf.2646

16. Aimo A, Tomasoni D, Porcari A, Vergaro G, Castiglione V, Passino C, et al. Left
ventricular wall thickness and severity of cardiac disease in women and men with
transthyretin amyloidosis. Eur ] Heart Fail. (2023) 25(4):510-4. doi: 10.1002/ejhf.2824

17. Ericzon BG, Wilczek HE, Larsson M, Wijayatunga P, Stangou A, Pena JR, et al.
Liver transplantation for hereditary transthyretin amyloidosis: after 20 years still the
best therapeutic alternative? Transplantation. (2015) 99(9):1847-54. doi: 10.1097/
TP.0000000000000574

18. Okamoto S, Zhao Y, Lindqvist P, Backman C, Ericzon BG, Wijayatunga P, et al.
Development of cardiomyopathy after liver transplantation in Swedish hereditary
transthyretin amyloidosis (ATTR) patients. Amyloid. (2011) 18(4):200-5. doi: 10.
3109/13506129.2011.615872

19. Razvi Y, Porcari A, Di Nora C, Patel RK, Ioannou A, Rauf MU, et al. Cardiac
transplantation in transthyretin amyloid cardiomyopathy: outcomes from three
decades of tertiary center experience. Front Cardiovasc Med. (2022) 9:1075806.
doi: 10.3389/fcvm.2022.1075806

20. Rosenbaum AN, AbouEzzeddine OF, Grogan M, Dispenzieri A, Kushwaha S, Clavell
A, et al. Outcomes after cardiac transplant for wild type transthyretin amyloidosis.
Transplantation. (2018) 102(11):1909-13. doi: 10.1097/TP.0000000000002240

21. Di Nora C, Sponga S, Ferrara V, Patriarca F, Fanin R, Nalli C, et al. Emerging
therapy in light-chain and acquired transthyretin-related amyloidosis: an Italian
single-centre experience in heart transplantation. J Cardiovasc Med (Hagerstown).
(2021) 22(4):261-7. doi: 10.2459/JCM.0000000000001094

22. Emdin M, Aimo A, Rapezzi C, Fontana M, Perfetto F, Seferovic PM, et al.
Treatment of cardiac transthyretin amyloidosis: an update. Eur Heart J. (2019) 40
(45):3699-706. doi: 10.1093/eurheartj/ehz298

23. Aimo A, Castiglione V, Rapezzi C, Franzini M, Panichella G, Vergaro G, et al.
RNA-targeting and gene editing therapies for transthyretin amyloidosis. Nat Rev
Cardiol. (2022) 19(10):655-67. doi: 10.1038/s41569-022-00683-z

24. Coelho T, Adams D, Silva A, Lozeron P, Hawkins PN, Mant T, et al. Safety and
efficacy of RNAi therapy for transthyretin amyloidosis. N Engl ] Med. (2013) 369
(9):819-29. doi: 10.1056/NEJMo0al208760

25. Suhr OB, Coelho T, Buades J, Pouget J, Conceicao I, Berk J, et al. Efficacy and
safety of patisiran for familial amyloidotic polyneuropathy: a phase II multi-dose
study. Orphanet ] Rare Dis. (2015) 10:109. doi: 10.1186/s13023-015-0326-6

26. Coelho T, Adams D, Conceicao I, Waddington-Cruz M, Schmidt HH, Buades J,
et al. A phase II, open-label, extension study of long-term patisiran treatment in
patients with hereditary transthyretin-mediated (hATTR) amyloidosis. Orphanet
J Rare Dis. (2020) 15(1):179. doi: 10.1186/s13023-020-01399-4

27. Adams D, Gonzalez-Duarte A, O’Riordan WD, Yang CC, Ueda M, Kristen AV,
et al. Patisiran, an RNAI therapeutic, for hereditary transthyretin amyloidosis. N Engl J
Med. (2018) 379(1):11-21. doi: 10.1056/NEJMo0al716153

28. Solomon SD, Adams D, Kristen A, Grogan M, Gonzalez-Duarte A, Maurer MS,
et al. Effects of patisiran, an RNA interference therapeutic, on cardiac parameters in
patients with hereditary transthyretin-mediated amyloidosis. Circulation. (2019) 139
(4):431-43. doi: 10.1161/CIRCULATIONAHA.118.035831

29. Benson MD, Waddington-Cruz M, Berk JL, Polydeﬂ(is M, Dyck PJ, Wang AK,
et al. Inotersen treatment for patients with hereditary transthyretin amyloidosis.
N Engl ] Med. (2018) 379(1):22-31. doi: 10.1056/NEJMoal716793

Frontiers in Cardiovascular Medicine

1

10.3389/fcvm.2023.1154594

30. Damy T, Garcia-Pavia P, Hanna M, Judge DP, Merlini G, Gundapaneni B, et al.
Efficacy and safety of tafamidis doses in the tafamidis in transthyretin cardiomyopathy
clinical trial (ATTR-ACT) and long-term extension study. Eur | Heart Fail. (2021) 23
(2):277-85. doi: 10.1002/ejhf.2027

31. Adams D, Tournev IL, Taylor MS, Coelho T, Plante-Bordeneuve V, Berk JL,
et al. Efficacy and safety of vutrisiran for patients with hereditary transthyretin-
mediated amyloidosis with polyneuropathy: a randomized clinical trial. Amyloid.
(2022) 30(1):1-9. doi: 10.1080/13506129.2022.2091985

32. Gillmore JD, Gane E, Taubel ], Kao J, Fontana M, Maitland ML, et al. CRISPR-
Cas9 in vivo gene editing for transthyretin amyloidosis. N Engl | Med. (2021) 385
(6):493-502. doi: 10.1056/NEJMoa2107454

33. Castano A, Helmke S, Alvarez J, Delisle S, Maurer MS. Diflunisal for ATTR
cardiac amyloidosis. Congest Heart Fail. (2012) 18(6):315-9. doi: 10.1111/j.1751-
7133.2012.00303.x

34. Sekijima Y, Tojo K, Morita H, Koyama J, Ikeda S. Safety and efficacy of long-
term diflunisal administration in hereditary transthyretin (ATTR) amyloidosis.
Amyloid. (2015) 22(2):79-83. doi: 10.3109/13506129.2014.997872

35. Milani P, Dispenzieri A, Scott CG, Gertz MA, Perlini S, Mussinelli R, et al.
Independent prognostic value of stroke volume Index in patients with
immunoglobulin light chain amyloidosis. Circ Cardiovasc Imaging. (2018) 11(5):
€006588. doi: 10.1161/CIRCIMAGING.117.006588

36. Obici L, Cortese A, Lozza A, Lucchetti J, Gobbi M, Palladini G, et al.
Doxycycline plus tauroursodeoxycholic acid for transthyretin amyloidosis: a phase
1T study. Amyloid. (2012) 19(Suppl 1):34-6. doi: 10.3109/13506129.2012.678508

37. Wixner J, Pilebro B, Lundgren HE, Olsson M, Anan L. Effect of doxycycline and
ursodeoxycholic acid on transthyretin amyloidosis. Amyloid. (2017) 24(Suppl 1):78-9.
doi: 10.1080/13506129.2016.1269739

38. Barison A, Aimo A, Emdin M. Assessing cardiac response to patisiran by
changes in extracellular volume: potential issues. JACC Cardiovasc Imaging. (2021)
14(4):881-2. doi: 10.1016/j.jcmg.2021.01.038

39. Fontana M, Martinez-Naharro A, Chacko L, Rowczenio D, Gilbertson JA,
Whelan CJ, et al. Reduction in CMR derived extracellular volume with patisiran
indicates cardiac amyloid regression. JACC Cardiovasc Imaging. (2021) 14
(1):189-99. doi: 10.1016/j.jcmg.2020.07.043

40. Maurer MS. Primary Results from APOLLO-B, a Phase 3 Study of Patisiran in
Patients with Transthyretin-Mediated Amyloidosis with Cardiomyopathy. (2022)
Available at: https://capella.alnylam.com/2022/09/08/pati-isa-2022

41. Judge DP, Kristen AV, Grogan M, Maurer MS, Falk RH, Hanna M, et al. Phase 3
multicenter study of revusiran in patients with hereditary transthyretin-mediated
(hATTR) amyloidosis with cardiomyopathy (ENDEAVOUR). Cardiovasc Drugs
Ther. (2020) 34(3):357-70. doi: 10.1007/s10557-019-06919-4

42. Habtemariam BA, Karsten V, Attarwala H, Goel V, Melch M, Clausen VA, et al.
Single-dose pharmacokinetics and pharmacodynamics of transthyretin targeting N-
acetylgalactosamine-small interfering ribonucleic acid conjugate, vutrisiran, in
healthy subjects. Clin Pharmacol Ther. (2021) 109(2):372-82. doi: 10.1002/cpt.1974

43. Ackermann EJ, Guo S, Benson MD, Booten S, Freier S, Hughes SG, et al.
Suppressing transthyretin production in mice, monkeys and humans using 2nd-
generation antisense oligonucleotides. Amyloid. (2016) 23(3):148-57. doi: 10.1080/
13506129.2016.1191458

44. Dasgupta NR, Rissing SM, Smith ], Jung J, Benson MD. Inotersen therapy of
transthyretin amyloid cardiomyopathy. Amyloid. (2020) 27(1):52-8. doi: 10.1080/
13506129.2019.1685487

45. Coelho T, Ando Y, Benson MD, Berk JL, Waddington-Cruz M, Dyck P]J, et al.
Design and rationale of the global phase 3 NEURO-TTRansform study of antisense
oligonucleotide AKCEA-TTR-L(Rx) (ION-682884-CS3) in hereditary transthyretin-
mediated amyloid polyneuropathy. Neurol Ther. (2021) 10(1):375-89. doi: 10.1007/
540120-021-00235-6

46. Coelho T, Maia LF, Martins da Silva A, Waddington Cruz M, Plante-Bordeneuve
V, Lozeron P, et al. Tafamidis for transthyretin familial amyloid polyneuropathy: a
randomized, controlled trial. Neurology. (2012) 79(8):785-92. doi: 10.1212/WNL.
0b013e3182661ebl

47. Merlini G, Plante-Bordeneuve V, Judge DP, Schmidt H, Obici L, Perlini S, et al.
Effects of tafamidis on transthyretin stabilization and clinical outcomes in patients
with non-Val30Met transthyretin amyloidosis. ] Cardiovasc Transl Res. (2013) 6
(6):1011-20. doi: 10.1007/s12265-013-9512-x

48. Maurer MS, Schwartz JH, Gundapaneni B, Elliott PM, Merlini G, Waddington-
Cruz M, et al. Tafamidis treatment for patients with transthyretin amyloid
cardiomyopathy. N Engl ] Med. (2018) 379(11):1007-16. doi: 10.1056/
NEJMoal805689

49. Rapezzi C, Elliott P, Damy T, Nativi-Nicolau J, Berk JL, Velazquez EJ, et al.
Efficacy of tafamidis in patients with hereditary and wild-type transthyretin amyloid
cardiomyopathy: further analyses from ATTR-ACT. JACC Heart Fail. (2021) 9
(2):115-23. doi: 10.1016/j.jchf.2020.09.011

50. Rozenbaum MH, Tran D, Bhambri R, Nativi-Nicolau J. Annual cardiovascular-
related hospitalization days avoided with tafamidis in patients with transthyretin
amyloid cardiomyopathy. Am ] Cardiovasc Drugs. (2022) 22(4):445-50. doi: 10.
1007/s40256-022-00526-9

frontiersin.org


https://doi.org/10.1093/eurheartj/ehv338
https://doi.org/10.1002/ejhf.2532
https://doi.org/10.1002/ehf2.13760
https://doi.org/10.1093/eurheartj/ehv583
https://doi.org/10.1002/ejhf.2616
https://doi.org/10.1093/eurheartj/ehv328
https://doi.org/10.1080/13506129.2022.2052838
https://doi.org/10.1038/nrcardio.2010.67
https://doi.org/10.1002/ejhf.2646
https://doi.org/10.1002/ejhf.2824
https://doi.org/10.1097/TP.0000000000000574
https://doi.org/10.1097/TP.0000000000000574
https://doi.org/10.3109/13506129.2011.615872
https://doi.org/10.3109/13506129.2011.615872
https://doi.org/10.3389/fcvm.2022.1075806
https://doi.org/10.1097/TP.0000000000002240
https://doi.org/10.2459/JCM.0000000000001094
https://doi.org/10.1093/eurheartj/ehz298
https://doi.org/10.1038/s41569-022-00683-z
https://doi.org/10.1056/NEJMoa1208760
https://doi.org/10.1186/s13023-015-0326-6
https://doi.org/10.1186/s13023-020-01399-4
https://doi.org/10.1056/NEJMoa1716153
https://doi.org/10.1161/CIRCULATIONAHA.118.035831
https://doi.org/10.1056/NEJMoa1716793
https://doi.org/10.1002/ejhf.2027
https://doi.org/10.1080/13506129.2022.2091985
https://doi.org/10.1056/NEJMoa2107454
https://doi.org/10.1111/j.1751-7133.2012.00303.x
https://doi.org/10.1111/j.1751-7133.2012.00303.x
https://doi.org/10.3109/13506129.2014.997872
https://doi.org/10.1161/CIRCIMAGING.117.006588
https://doi.org/10.3109/13506129.2012.678508
https://doi.org/10.1080/13506129.2016.1269739
https://doi.org/10.1016/j.jcmg.2021.01.038
https://doi.org/10.1016/j.jcmg.2020.07.043
https://capella.alnylam.com/2022/09/08/pati-isa-2022
https://doi.org/10.1007/s10557-019-06919-4
https://doi.org/10.1002/cpt.1974
https://doi.org/10.1080/13506129.2016.1191458
https://doi.org/10.1080/13506129.2016.1191458
https://doi.org/10.1080/13506129.2019.1685487
https://doi.org/10.1080/13506129.2019.1685487
https://doi.org/10.1007/s40120-021-00235-6
https://doi.org/10.1007/s40120-021-00235-6
https://doi.org/10.1212/WNL.0b013e3182661eb1
https://doi.org/10.1212/WNL.0b013e3182661eb1
https://doi.org/10.1007/s12265-013-9512-x
https://doi.org/10.1056/NEJMoa1805689
https://doi.org/10.1056/NEJMoa1805689
https://doi.org/10.1016/j.jchf.2020.09.011
https://doi.org/10.1007/s40256-022-00526-9
https://doi.org/10.1007/s40256-022-00526-9
https://doi.org/10.3389/fcvm.2023.1154594
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Tomasoni et al.

51. Elliott P, Drachman BM, Gottlieb SS, Hoffman JE, Hummel SL, Lenihan DJ,
et al. Long-term survival with tafamidis in patients with transthyretin amyloid
cardiomyopathy. ~ Circ  Heart Fail. (2022) 15(1):e008193. doi: 10.1161/
CIRCHEARTFAILURE.120.008193

52. Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ, Colvin MM, et al.
2022 AHA/ACC/HFSA guideline for the management of heart failure: a report of
the American college of cardiology/American heart association joint committee on
clinical practice guidelines. ] Am Coll Cardiol. (2022) 79(17):e263-e421. doi: 10.
1016/j.jacc.2021.12.012

53. Yadav JD, Othee H, Chan KA, Man DC, Belliveau PP, Towle J. Transthyretin
amyloid cardiomyopathy-current and future therapies. Ann Pharmacother. (2021)
55(12):1502-14. doi: 10.1177/10600280211000351

54. BridgeBio Pharma Reports Month 12 Topline Results from Phase 3 ATTRibute-
CM  Study. (2021). Available at: https://bridgebio.com/news/bridgebio-pharma-
reports-month-12-topline-results-from-phase-3-attribute-cm-study/

55. Cardoso I, Martins D, Ribeiro T, Merlini G, Saraiva MJ. Synergy of combined
doxycycline/TUDCA treatment in lowering transthyretin deposition and associated
biomarkers: studies in FAP mouse models. J Transl Med. (2010) 8:74. doi: 10.1186/
1479-5876-8-74

56. Karlstedt E, Jimenez-Zepeda V, Howlett JG, White JA, Fine NM. Clinical
experience with the use of doxycycline and ursodeoxycholic acid for the treatment
of transthyretin cardiac amyloidosis. ] Card Fail. (2019) 25(3):147-53. doi: 10.1016/
j.cardfail.2019.01.006

57. Marques N, Azevedo O, Almeida AR, Bento D, Cruz I, Correia E, et al. Specific
therapy for transthyretin cardiac amyloidosis: a systematic literature review and
evidence-based recommendations. ] Am Heart Assoc. (2020) 9(19):e016614. doi: 10.
1161/JAHA.120.016614

58. Michalon A, Hagenbuch A, Huy C, Varela E, Combaluzier B, Damy T, et al. A human
antibody selective for transthyretin amyloid removes cardiac amyloid through phagocytic
immune cells. Nat Commun. (2021) 12(1):3142. doi: 10.1038/s41467-021-23274-x

59. Hosoi A, Su Y, Torikai M, Jono H, Ishikawa D, Soejima K, et al. Novel antibody
for the treatment of transthyretin amyloidosis. J Biol Chem. (2016) 291
(48):25096-105. doi: 10.1074/jbc.M116.738138

60. Rapezzi C, Aimo A, Serenelli M, Barison A, Vergaro G, Passino C, et al. Critical
comparison of documents from scientific societies on cardiac amyloidosis: JACC state-
of-the-art review. ] Am Coll Cardiol. (2022) 79(13):1288-303. doi: 10.1016/j.jacc.2022.
01.036

61. Kittleson MM, Maurer MS, Ambardekar AV, Bullock-Palmer RP, Chang PP,
Eisen HJ, et al. Cardiac amyloidosis: evolving diagnosis and management: a
scientific statement from the American heart association. Circulation. (2020) 142(1):
e7-e22. doi: 10.1161/CIR.0000000000000792

62. Aimo A, Vergaro G, Castiglione V, Rapezzi C, Emdin M. Safety and tolerability
of neurohormonal antagonism in cardiac amyloidosis. Eur ] Intern Med. (2020)
80:66-72. doi: 10.1016/j.€jim.2020.05.015

63. Vergaro G, Aimo A, Campora A, Castiglione V, Prontera C, Masotti S, et al.
Patients with cardiac amyloidosis have a greater neurohormonal activation than
those with non-amyloidotic heart failure. Amyloid. (2021) 28(4):252-8. doi: 10.
1080/13506129.2021.1966624

64. Cheng RK, Vasbinder A, Levy WC, Goyal P, Griffin JM, Leedy DJ, et al. Lack of
association between neurohormonal blockade and survival in transthyretin cardiac
amyloidosis. ] Am Heart Assoc. (2021) 10(24):€022859. doi: 10.1161/JAHA.121.022859

65. Tini G, Cappelli F, Biagini E, Musumeci B, Merlo M, Crotti L, et al. Current
patterns of beta-blocker prescription in cardiac amyloidosis: an Italian nationwide
survey. ESC Heart Fail. (2021) 8(4):3369-74. doi: 10.1002/ehf2.13411

66. Fine NM, Davis MK, Anderson K, Delgado DH, Giraldeau G, Kitchlu A, et al.
Canadian cardiovascular society/Canadian heart failure society joint position
statement on the evaluation and management of patients with cardiac amyloidosis.
Can J Cardiol. (2020) 36(3):322-34. doi: 10.1016/j.cjca.2019.12.034

67. Sperry BW, Hanna M, Shah SJ, Jaber WA, Spertus JA. Spironolactone in patients
with an echocardiographic HFpEF phenotype suggestive of cardiac amyloidosis:
results from TOPCAT. JACC Heart Fail. (2021) 9(11):795-802. doi: 10.1016/j.jchf.
2021.06.007

68. Zampieri M, Argiro A, Allinovi M, Perfetto F, Cappelli F. SGLT2i In patients
with transthyretin cardiac amyloidosis, a well-tolerated option for heart failure
treatment? Results from a small, real-world, patients series. Intern Emerg Med.
(2022) 17(4):1243-5. doi: 10.1007/s11739-022-02944-8

69. Packer M. Critical reanalysis of the mechanisms underlying the cardiorenal
benefits of SGLT2 inhibitors and reaffirmation of the nutrient deprivation signaling/
autophagy hypothesis. ~Circulation. (2022) 146(18):1383-405. doi: 10.1161/
CIRCULATIONAHA.122.061732

70. Tomasoni D, Fonarow GC, Adamo M, Anker SD, Butler J, Coats AJS, et al.
Sodium-glucose co-transporter 2 inhibitors as an early, first-line therapy in patients
with heart failure and reduced ejection fraction. Eur J Heart Fail. (2022) 24
(3):431-41. doi: 10.1002/ejhf.2397

71. Tomasoni D, Adamo M, Bozkurt B, Heidenreich P, McDonagh T, Rosano GMC,
et al. Aiming at harmony. Comparing and contrasting international HFrEF guidelines.
Eur Heart ] Suppl. (2022) 24(Suppl L):L20-8. doi: 10.1093/eurheartjsupp/suac124

Frontiers in Cardiovascular Medicine

12

10.3389/fcvm.2023.1154594

72. Sanchis K, Cariou E, Colombat M, Ribes D, Huart A, Cintas P, et al. Atrial
fibrillation and subtype of atrial fibrillation in cardiac amyloidosis: clinical and
echocardiographic features, impact on mortality. Amyloid. (2019) 26(3):128-38.
doi: 10.1080/13506129.2019.1620724

73. Mints YY, Doros G, Berk JL, Connors LH, Ruberg FL. Features of atrial
fibrillation in wild-type transthyretin cardiac amyloidosis: a systematic review and
clinical experience. ESC Heart Fail. (2018) 5(5):772-9. doi: 10.1002/ehf2.12308

74. Connors LH, Sam F, Skinner M, Salinaro F, Sun F, Ruberg FL, et al. Heart failure
resulting from age-related cardiac amyloid disease associated with wild-type
transthyretin: a prospective, observational cohort study. Circulation. (2016) 133
(3):282-90. doi: 10.1161/CIRCULATIONAHA.115.018852

75. Bukhari S, Khan SZ, Bashir Z. Atrial fibrillation, thromboembolic risk, and
anticoagulation in cardiac amyloidosis: a review. J Card Fail. (2023) 29(1):76-86.
doi: 10.1016/j.cardfail.2022.08.008

76. Bandera F, Martone R, Chacko L, Ganesananthan S, Gilbertson JA, Ponticos M,
et al. Clinical importance of left atrial infiltration in cardiac transthyretin amyloidosis.
JACC Cardiovasc Imaging. (2022) 15(1):17-29. doi: 10.1016/j.jcmg.2021.06.022

77. Vergaro G, Aimo A, Rapezzi C, Castiglione V, Fabiani I, Pucci A, et al. Atrial
amyloidosis: mechanisms and clinical manifestations. Eur | Heart Fail. (2022) 24
(11):2019-28. doi: 10.1002/ejhf.2650

78. Mitrani LR, De Los Santos J, Driggin E, Kogan R, Helmke S, Goldsmith J, et al.
Anticoagulation with warfarin compared to novel oral anticoagulants for atrial
fibrillation in adults with transthyretin cardiac amyloidosis: comparison of
thromboembolic events and major bleeding. Amyloid. (2021) 28(1):30-4. doi: 10.
1080/13506129.2020.1810010

79. Cariou E, Sanchis K, Rguez K, Blanchard V, Cazalbou S, Fournier P, et al. New
oral anticoagulants vs. vitamin K antagonists among patients with cardiac
amyloidosis: prognostic impact. Front Cardiovasc Med. (2021) 8:742428. doi: 10.
3389/fcvm.2021.742428

80. Vilches S, Fontana M, Gonzalez-Lopez E, Mitrani L, Saturi G, Renju M, et al.
Systemic embolism in amyloid transthyretin cardiomyopathy. Eur ] Heart Fail.
(2022) 24(8):1387-96. doi: 10.1002/ejhf.2566

81. Mentias A, Alvarez P, Chaudhury P, Nakhla M, Moudgil R, Kanj M, et al. Direct
oral anticoagulants in cardiac amyloidosis-associated heart failure and atrial
fibrillation. Am J Cardiol. (2022) 164:141-3. doi: 10.1016/j.amjcard.2021.10.018

82. El-Am EA, Dispenzieri A, Melduni RM, Ammash NM, White RD, Hodge DO,
et al. Direct current cardioversion of atrial arrhythmias in adults with cardiac
amyloidosis. ] Am Coll Cardiol. (2019) 73(5):589-97. doi: 10.1016/j.jacc.2018.10.079

83. Martinez-Naharro A, Gonzalez-Lopez E, Corovic A, Mirelis JG, Baksi AJ, Moon
JC, et al. High prevalence of intracardiac thrombi in cardiac amyloidosis. ] Am Coll
Cardiol. (2019) 73(13):1733-4. doi: 10.1016/j.jacc.2019.01.035

84. Giancaterino S, Urey MA, Darden D, Hsu JC. Management of arrhythmias in cardiac
amyloidosis. JACC Clin Electrophysiol. (2020) 6(4):351-61. doi: 10.1016/j.jacep.2020.01.004

85. Donnellan E, Wazni O, Kanj M, Elshazly MB, Hussein A, Baranowski B, et al.
Atrial fibrillation ablation in patients with transthyretin cardiac amyloidosis. Europace.
(2020) 22(2):259-64. doi: 10.1093/europace/euz314

86. Varr BC, Zarafshar S, Coakley T, Liedtke M, Lafayette RA, Arai S, et al.
Implantable cardioverter-defibrillator placement in patients with cardiac
amyloidosis. Heart Rhythm. (2014) 11(1):158-62. doi: 10.1016/j.hrthm.2013.10.026

87. Kristen AV, Dengler TJ, Hegenbart U, Schonland SO, Goldschmidt H, Sack FU,
et al. Prophylactic implantation of cardioverter-defibrillator in patients with severe
cardiac amyloidosis and high risk for sudden cardiac death. Heart Rhythm. (2008) 5
(2):235-40. doi: 10.1016/j.hrthm.2007.10.016

88. Lin G, Dispenzieri A, Kyle R, Grogan M, Brady PA. Implantable cardioverter
defibrillators in patients with cardiac amyloidosis. J Cardiovasc Electrophysiol.
(2013) 24(7):793-8. doi: 10.1111/jce.12123

89. Ternacle J, Krapf L, Mohty D, Magne ], Nguyen A, Galat A, et al. Aortic stenosis
and cardiac amyloidosis: JACC review topic of the week. ] Am Coll Cardiol. (2019) 74
(21):2638-51. doi: 10.1016/j.jacc.2019.09.056

90. Nitsche C, Aschauer S, Kammerlander AA, Schneider M, Poschner T, Duca F,
et al. Light-chain and transthyretin cardiac amyloidosis in severe aortic stenosis:
prevalence, screening possibilities, and outcome. Eur ] Heart Fail. (2020) 22
(10):1852-62. doi: 10.1002/ejhf.1756

91. Rosenblum H, Masri A, Narotsky DL, Goldsmith J, Hamid N, Hahn RT, et al.
Unveiling outcomes in coexisting severe aortic stenosis and transthyretin cardiac
amyloidosis. Eur ] Heart Fail. (2021) 23(2):250-8. doi: 10.1002/ejhf.1974

92. Castano A, Narotsky DL, Hamid N, Khalique OK, Morgenstern R, DeLuca A,
et al. Unveiling transthyretin cardiac amyloidosis and its predictors among elderly
patients with severe aortic stenosis undergoing transcatheter aortic valve
replacement. Eur Heart ]. (2017) 38(38):2879-87. doi: 10.1093/eurheartj/ehx350

93. Riccardi M, Sammartino AM, Piepoli M, Adamo M, Pagnesi M, Rosano G, et al.
Heart failure: an update from the last years and a look at the near future. ESC Heart
Fail. (2022) 9(6):3667-93. doi: 10.1002/ehf2.14257

94. Toannou A, Patel RK, Razvi Y, Porcari A, Sinagra G, Venneri L, et al. Impact of
earlier diagnosis in cardiac ATTR amyloidosis over the course of 20 years. Circulation.
(2022) 146(22):1657-70. doi: 10.1161/CIRCULATIONAHA.122.060852

frontiersin.org


https://doi.org/10.1161/CIRCHEARTFAILURE.120.008193
https://doi.org/10.1161/CIRCHEARTFAILURE.120.008193
https://doi.org/10.1016/j.jacc.2021.12.012
https://doi.org/10.1016/j.jacc.2021.12.012
https://doi.org/10.1177/10600280211000351
https://bridgebio.com/news/bridgebio-pharma-reports-month-12-topline-results-from-phase-3-attribute-cm-study/
https://bridgebio.com/news/bridgebio-pharma-reports-month-12-topline-results-from-phase-3-attribute-cm-study/
https://doi.org/10.1186/1479-5876-8-74
https://doi.org/10.1186/1479-5876-8-74
https://doi.org/10.1016/j.cardfail.2019.01.006
https://doi.org/10.1016/j.cardfail.2019.01.006
https://doi.org/10.1161/JAHA.120.016614
https://doi.org/10.1161/JAHA.120.016614
https://doi.org/10.1038/s41467-021-23274-x
https://doi.org/10.1074/jbc.M116.738138
https://doi.org/10.1016/j.jacc.2022.01.036
https://doi.org/10.1016/j.jacc.2022.01.036
https://doi.org/10.1161/CIR.0000000000000792
https://doi.org/10.1016/j.ejim.2020.05.015
https://doi.org/10.1080/13506129.2021.1966624
https://doi.org/10.1080/13506129.2021.1966624
https://doi.org/10.1161/JAHA.121.022859
https://doi.org/10.1002/ehf2.13411
https://doi.org/10.1016/j.cjca.2019.12.034
https://doi.org/10.1016/j.jchf.2021.06.007
https://doi.org/10.1016/j.jchf.2021.06.007
https://doi.org/10.1007/s11739-022-02944-8
https://doi.org/10.1161/CIRCULATIONAHA.122.061732
https://doi.org/10.1161/CIRCULATIONAHA.122.061732
https://doi.org/10.1002/ejhf.2397
https://doi.org/10.1093/eurheartjsupp/suac124
https://doi.org/10.1080/13506129.2019.1620724
https://doi.org/10.1002/ehf2.12308
https://doi.org/10.1161/CIRCULATIONAHA.115.018852
https://doi.org/10.1016/j.cardfail.2022.08.008
https://doi.org/10.1016/j.jcmg.2021.06.022
https://doi.org/10.1002/ejhf.2650
https://doi.org/10.1080/13506129.2020.1810010
https://doi.org/10.1080/13506129.2020.1810010
https://doi.org/10.3389/fcvm.2021.742428
https://doi.org/10.3389/fcvm.2021.742428
https://doi.org/10.1002/ejhf.2566
https://doi.org/10.1016/j.amjcard.2021.10.018
https://doi.org/10.1016/j.jacc.2018.10.079
https://doi.org/10.1016/j.jacc.2019.01.035
https://doi.org/10.1016/j.jacep.2020.01.004
https://doi.org/10.1093/europace/euz314
https://doi.org/10.1016/j.hrthm.2013.10.026
https://doi.org/10.1016/j.hrthm.2007.10.016
https://doi.org/10.1111/jce.12123
https://doi.org/10.1016/j.jacc.2019.09.056
https://doi.org/10.1002/ejhf.1756
https://doi.org/10.1002/ejhf.1974
https://doi.org/10.1093/eurheartj/ehx350
https://doi.org/10.1002/ehf2.14257
https://doi.org/10.1161/CIRCULATIONAHA.122.060852
https://doi.org/10.3389/fcvm.2023.1154594
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Treating amyloid transthyretin cardiomyopathy: lessons learned from clinical trials
	Introduction
	Transplantation in ATTR amyloidosis
	ATTR disease-modifying therapies
	ATTR silencers
	Small interfering RNAs
	Antisense oligonucleotides

	ATTR stabilizers
	Non-selective agents: diflunisal
	Selective stabilizers: tafamidis, acoramidis

	TTR disruption/resorption
	Gene editing
	Monoclonal antibodies

	ATTR symptomatic treatment
	Heart failure
	Atrial fibrillation and anticoagulation
	Rhythm disturbances and devices
	Aortic stenosis

	Final remarks
	Author contributions
	Conflict of interest
	Publisher's note
	References


