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Abstract
Transthyretin (TTR) is a tetrameric protein synthesized primarily by the liver. TTR can misfold into pathogenic ATTR amyloid 
fibrils that deposit in the nerves and heart, causing a progressive and debilitating polyneuropathy (PN) and life-threatening cardio-
myopathy (CM). Therapeutic strategies, which are aimed at reducing ongoing ATTR amyloid fibrillogenesis, include stabilization 
of the circulating TTR tetramer or reduction of TTR synthesis. Small interfering RNA (siRNA) or antisense oligonucleotide (ASO) 
drugs are highly effective at disrupting the complementary mRNA and inhibiting TTR synthesis. Since their development, patisiran 
(siRNA), vutrisiran (siRNA) and inotersen (ASO) have all been licensed for treatment of ATTR-PN, and early data suggest these 
drugs may have efficacy in treating ATTR-CM. An ongoing phase 3 clinical trial will evaluate the efficacy of eplontersen (ASO) in 
the treatment of both ATTR-PN and ATTR-CM, and a recent phase 1 trial demonstrated the safety of novel in vivo CRISPR-Cas9 
gene-editing therapy in patients with ATTR amyloidosis. Recent results from trials of gene silencer and gene-editing therapies 
suggest these novel therapeutic agents have the potential to substantially alter the landscape of treatment for ATTR amyloidosis. 
Their success has already changed the perception of ATTR amyloidosis from a universally progressive and fatal disease to one 
that is treatable through availability of highly specific and effective disease-modifying therapies. However, important questions 
remain including long-term safety of these drugs, potential for off-target gene editing, and how best to monitor the cardiac response 
to treatment.

Key Points 

Gene silencer and gene-editing therapies have 
completely transformed the landscape of treatment for 
ATTR amyloidosis. Directly targeting transthyretin 
production in patients with ATTR polyneuropathy has 
resulted in a tremendous improvement in outcomes.

Small-scale studies that assessed the use of gene silencers 
in the treatment of ATTR cardiomyopathy have yielded 
promising results. With the results of large-scale trials 
expected shortly, gene silencers may also be approved for 
the treatment of ATTR cardiomyopathy in the near future.

Despite the undeniable success of these disease-
modifiers, important questions remain including long-
term safety of these drugs, potential for off-target gene 
editing, and how best to monitor the cardiac response to 
treatment.

Extended author information available on the last page of the article

1 Introduction

Systemic amyloidosis describes a heterogenous group of 
diseases characterised by amyloid fibril deposition within 
the extracellular space of various organs. Amyloid fibrils 
are formed when soluble precursor proteins misfold into 
insoluble, protease-resistant beta-pleated sheets that are 
histologically identified by apple-green birefringence 
when stained with Congo-Red dye and examined under 
cross-polarised light. Disease occurs when aggregation 
of amyloid fibrils within the extracellular matrix is suf-
ficient to disrupt the structure, integrity and function of 
the affected organ [1, 2].

Transthyretin (TTR) amyloidosis, also known as ATTR 
amyloidosis, is caused by misfolding of the transthyretin 
protein. Transthyretin is a tetramer naturally synthesised 
by the liver, and a physiological transport protein for 
thyroxine and retinol. Disease occurs when transthyretin 
misfolds into pathogenic amyloid fibrils [3, 4]. In vitro 
formation of ATTR fibrils occurs when the tetrameric form 
of TTR becomes unstable and dissociates into monomers 
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or is enzymatically cleaved. TTR instability appears to be 
promoted by oxidative modifications, age-related failure 
of homeostatic mechanisms, metal cations and inherited 
pathogenic genetic mutations [5].

Historically, ATTR amyloidosis was regarded as a rare 
disease, but advances in diagnostics, increased awareness, 
and the increasing perception of ATTR amyloidosis 
as a treatable disease have resulted in significantly 
increased diagnoses in recent years. Data from the 
National Amyloidosis Centre (the single UK centre for 
diagnosis and monitoring of amyloidosis) demonstrated 
an exponential increase in diagnoses over the last two 
decades. The incidence of ATTR amyloidosis increased 
from < 3% of all amyloidosis cases between 1987 and 
2009, to 14% between 2010 and 2015, and 25% between 
2011 and 2014 [6]. This trend has been observed in Sweden 
with the prevalence of ATTR amyloid cardiomyopathy 
(ATTR-CM) increasing from 1 per 100,000 in 2008, to 
five per 100,000 in 2018 [7]. Despite these improvements, 
ATTR amyloidosis still remains an underdiagnosed entity. 
The true prevalence remains unknown, but with autopsy 
studies demonstrating ATTR amyloid deposits in 25% 
of myocardial samples in patients aged ≥ 85 years, it is 
thought to be significantly higher than that reported in the 
literature [8].

ATTR amyloidosis may be either wild-type ATTR 
(ATTRwt), which occurs secondary to an acquired patho-
genic process associated with aging, or hereditary ATTR 
(hATTR or ATTRv) amyloidosis, which occurs second-
ary to an inherited TTR-gene mutation. Each pathogenic 
TTR variant is caused by a single nucleotide substitution 
resulting in a missense mutation that is inherited in an 
autosomal dominant fashion with variable disease pen-
etrance. The clinical phenotype depends on the underly-
ing pathogenic TTR variant [9]. ATTRwt amyloidosis pre-
dominantly affects males and presents in later life [10]. 
Myocardial ATTR amyloid deposition results in a restric-
tive cardiomyopathy, characterised by biventricular wall 
thickening, stiffening of the myocardium, and development 
of systolic and diastolic dysfunction [11, 12]. Extra-car-
diac sites of amyloid infiltration are associated with carpal 
tunnel syndrome, lumbar spine stenosis and tendinopa-
thies [13–15]. ATTRv amyloidosis typically presents at 
a younger age with a mixed phenotype comprising poly-
neuropathy (ATTR-PN) and/or restrictive cardiomyopathy. 
ATTRv amyloid more commonly deposits in the nervous 
system than ATTRwt amyloid, and causes a progressive, 
length-dependent, sensory-motor peripheral polyneuropa-
thy and/or autonomic neuropathy. Over 130 pathogenic 
TTR variants have been identified, but a small handful 
are responsible for the majority of cases [16]. Although 
there is considerable overlap, there is a strong association 
between the specific TTR variant, the clinical phenotype, 

and prognosis. However, phenotypic diversity does occur, 
not only between different causative TTR variants but also 
within variants.[17] For example p.(Val50Met), probably 
the most common disease-causing TTR variant worldwide, 
can manifest as early- or late-onset disease. Early-onset 
disease (age < 50 years) is associated with predominant 
ATTR-PN in the absence of cardiac amyloidosis (CA), 
while late-onset disease is associated with a mixed phe-
notype consisting of ATTR-PN and ATTR-CM, known as 
ATTR-Mixed [18]. In contrast, the p.(Val142Ile) variant, 
thought to be carried by up to 3–4% of African Americans, 
is strongly associated with a predominant cardiomyopathy 
[19]. Although ATTR-PN causes severe disabling symp-
toms, cardiac involvement is the main driver of mortality 
[20].

Early diagnosis and initiation of disease-modifying 
therapy is of paramount importance, and associated with 
reduced morbidity and mortality. Prior to the development of 
specific disease-modifying therapies, successful treatment of 
ATTRv-PN had been achieved through liver transplantation, 
which suppresses the production of variant TTR, and stops 
ATTRv fibril deposition in the nerves. Successful outcomes 
following liver transplantation supported the hypothesis 
that reducing or halting TTR production could prevent 
disease progression [5]. The last decade has seen multiple 
advances in the treatment of ATTR amyloidosis. Therapeutic 
strategies include targeted stabilisation of the transthyretin 
tetramer to prevent dissociation into amyloidogenic 
monomers or cleavage into amyloidogenic fragments 
[21, 22]. Recent years have also seen the development of 
agents aimed at reducing TTR production by disrupting 
the relevant messenger RNA (mRNA) with either small 
interfering RNA (siRNA) [23] or antisense oligonucleotides 
(ASO) [24], and an exciting novel approach that aims to halt 
TTR production through gene editing is being investigated 
[25]. While the majority of therapeutic strategies are 
aimed at slowing or preventing amyloid formation, it is 
noteworthy that monoclonal antibodies that target ATTR 
fibrils and accelerate their removal from vital organs are 
at various stages of development. If successful, these 
immunotherapeutic agents have the potential to facilitate 
organ recovery [5]. This review will explore in detail the 
current therapeutic strategies aimed at suppressing TTR 
production through gene silencing and gene editing, and 
also provide insights into future perspectives.

2  Small Interfering RNAs

siRNA are double-stranded RNA molecules that bind com-
plementary mRNA molecules and cause degradation, hence 
interfering with gene expression. In order to be effective, 
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siRNAs must be delivered into the cytoplasm of the target 
cells, while avoiding degradation from circulating nucleases 
and phagocytes, and renal filtration [26–28].

2.1  Patisiran

Patisiran was the first siRNA developed for ATTR 
amyloidosis, and was approved by the United States Food 
and Drug Administration (FDA) and European Commission 
(EC) in 2018 for the treatment of ATTRv-PN. Patisiran is 
formulated in a lipid nanoparticle to ensure delivery to 
the hepatocyte. Once released into the cytoplasm of the 
hepatocyte, the double-stranded siRNA splits into single-
stranded RNAs that bind complementary mRNA. Binding 
triggers activation of the Argonaute slicer protein, which 
degrades the mRNA, thereby inhibiting TTR synthesis [29, 
30]. In a phase 1 study of patisiran, single administration 
of 0.3 mg/kg achieved a maximum reduction in serum 
TTR concentration of 87.6% [31]. Mild/moderate renal 
impairment or mild hepatic impairment appeared to have 
no effect on the pharmacokinetics or TTR reduction [29], 
and patisiran has since been well tolerated in ATTRv-PN 
patients who underwent a previous liver transplant [32].

2.1.1  Neurological Outcomes

The APOLLO phase 3 trial was an 18 month randomised, 
placebo-controlled, double-blind study of 225 patients, 
which assessed the efficacy and safety of patisiran in 
ATTRv-PN. The study met its primary endpoint, which 
was an improvement from baseline in the modified 
Neuropathy Impairment Score +7 (mNIS+7) in the 
treatment group compared to the placebo group, and met 
multiple secondary endpoints including an improvement 
among treated patients compared to placebo in the Norfolk 
Quality of Life Questionnaire-Diabetic Neuropathy 
(Norfolk QOL-DN) score and gait speed [23]. There 
was also a significant benefit among patisiran-treated 
patients compared to placebo in all major components 
of the COMPASS-31 scale, which assesses autonomic 
neuropathy [33].

2.1.2  Cardiac Outcomes

A sub-study of 126 patients from the APOLLO trial 
deemed to have CA based on prespecified criteria of a left 
ventricular (LV) wall thickness ≥ 13mm in the absence 
of aortic valve disease or hypertension, were analysed to 
assess the impact of patisiran treatment on ATTR-CM. 
Patisiran-treated patients had reduced LV wall thickening, 
increased LV end-diastolic volume, and more favourable 

change in global longitudinal strain (GLS) across follow-
up compared to those on placebo. The treated group also 
had a significant reduction in N-terminal pro B-type 
natriuretic peptide (NT-proBNP) and increase in 10-m 
walk test gait speed compared to the placebo group [34].

These findings were supported by a small study of 
16 patients treated with patisiran and diflunisal, which 
demonstrated a reduction in cardiac magnetic resonance 
(CMR) derived extracellular volume (ECV) (Fig.  1), 
serum TTR and NT-proBNP, and increase in 6-min walk 
(6MWT) test distance after 12 months of treatment. Serial 
bone scintigraphy demonstrated a reduction in cardiac 
uptake following treatment (Fig. 2). Although the reduced 
cardiac uptake unequivocally indicated a favourable bio-
logical effect of patisiran, the dynamics and kinetics of 
radiotracer binding to bones, soft tissues and the myocar-
dium differ, and a change in any of these compartments 
will affect the appearance and calculation of proportion-
ate cardiac uptake. Reduced cardiac uptake on bone scin-
tigraphy should be supported by improvements in other 
cardiac imaging modalities, cardiac biomarkers and/or 
functional measures before they are ascribed exclusively 
to a decrease in the CA burden [35].

The APOLLO-B trial is a phase 3 randomised con-
trolled trial designed to assess patisiran efficacy in the 
treatment of ATTR-CM. This trial enrolled patients with 
ATTRwt-CM or ATTRv-CM, evidence of heart failure, 
and a serum NT-proBNP between 300 and 8500 ng/L fol-
lowed for 12 months [36]. APOLLO-B met its primary 
endpoint with a reduction in the decline in 6MWT dis-
tance among treated patients compared to placebo across 
12 months. However, the study results are yet to be pub-
lished, and therefore further detail is required before for-
mal conclusions can be drawn [37].

2.1.3  Safety Profile

Patisiran is administered alongside premedication with dexa-
methasone, paracetamol, ranitidine and an antihistamine to 
reduce the risk of infusion-related reactions. In the phase 
1 trial with patisiran, there were mild/moderate infusion-
related reactions in 21% of subjects, with mild reactions 
resolving spontaneously and moderate reactions resolving by 
temporarily stopping administration and then continuing the 
infusion at a slower rate [31]. Patisiran effectively induced 
TTR knockdown, and continued use for > 18 months was 
associated with vitamin A reduction of 62%, reflecting the 
function of TTR as a carrier of retinol-binding protein that 
transports vitamin A. Hence, all patients receiving patisiran 
are routinely prescribed vitamin A supplementation (2500 
IU per day) [29]. In the APOLLO phase 3 trial there were 
no significant differences in adverse event rates between 
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patients on patisiran and placebo, and no eye complications 
were observed. Common adverse events that occurred more 
frequently in the patisiran group were peripheral oedema 
and infusion-related reactions, the latter manifesting as back 
pain, flushing, abdominal pain and/or nausea. The incidence 
of serious adverse events was low. There were seven deaths 
in the patisiran group, all deemed to be consistent with the 
natural course of ATTRv amyloidosis and not related to pati-
siran (Table 1) [23].

2.2  Revusiran

Revusiran is another siRNA that targets mRNA 
coding for TTR production. Revusiran is conjugated to 
N-acetylgalactosamine (GalNAc), which promotes the 
interaction with the asialoglycoprotein receptor, widely 
expressed on hepatocytes. A phase 1 trial in healthy 
volunteers demonstrated that revusiran was well tolerated, 
and treatment resulted in TTR knockdown from baseline 
of 50% following a single dose, and 90% following 
multiple doses [38]. The ENDEAVOUR trial was a phase 
3, randomised, placebo-controlled, double-blind trial of 
206 ATTRv-CM patients, designed to assess revusiran 
efficacy. The study was terminated prematurely due to 
safety concerns after 13% of patients receiving revusiran 
died, compared with 3% receiving placebo, during a median 
follow-up period of 7 months. Post hoc analysis found that 
those who died were older (aged ≥ 75 years), and had more 
advanced heart failure at baseline compared to those who 
were alive throughout the study period. Although a clear 
causative mechanism for the mortality imbalance could not 
be identified, it remains possible that revusiran may have 
contributed such that further development of this agent was 
discontinued (Table 1) [39].

Fig. 1  Cardiac magnetic resonance imaging demonstrating cardiac 
regression following 3 years of treatment with patisiran. Following 3 
years of treatment there has been a reduction in the amount of suben-
docardial late gadolinium enhancement and a reduction in the extra-
cellular volume. Cine imaging sequence acquired to capture motion, 
ECV extracellular volume, LGE late gadolinium enhancement

Fig. 2  Bone scintigraphy planar and single-photon emission computed tomography (SPECT) images demonstrating reduced cardiac radiotracer 
uptake following 3 years of patisiran therapy
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2.3  Vutrisiran

Vutrisiran is another siRNA that utilises a GalNAc conjugate 
delivery platform. The utilization of enhanced stabilisation 
chemistry allows subcutaneous administration of smaller 
doses with longer dosing intervals compared to revusiran. In 
a phase 1 study of healthy volunteers, vutrisiran was rapidly 
absorbed with peak plasma concentrations reached at 3–5 h. 
Vutrisiran achieved a dose-dependent TTR knockdown; a 
single 25 mg subcutaneous dose resulted in a maximum TTR 
reduction of 80%, which was sustained for 90 days [40].

2.3.1  Neurological Outcomes

The HELIOS-A trial was an open-label, multicentre study 
that randomised 164 ATTRv-PN patients to vutrisiran or 
patisiran, and compared outcomes to an external placebo 
group from the APOLLO trial. At 18 months of follow-up, 
vutrisiran treatment resulted in an improvement in the 
mNIS+7 and Norfolk QOL-DN scores when compared to 
placebo. TTR knockdown with vutrisiran occurred within 
3 weeks and was sustained throughout the 18 month study 
period. Vutrisiran produced a mean peak TTR knockdown 
of 88%, mean trough TTR knockdown of 81%, and was 
non-inferior to patisiran [41]. The findings from HELIOS-A 
resulted in FDA and European Medicines Agency (EMA) 
approval of vutrisiran for the treatment of ATTRv-PN in 
2022 [42].

2.3.2  Cardiac Outcomes

The HELIOS-B trial is an ongoing phase 3, randomised, 
placebo-controlled, double-blind trial designed to evaluate 
the efficacy and safety of vutrisiran in 665 ATTR-CM 
patients (variant and wild-type). The primary end point 
is a composite of all-cause mortality, cardiovascular 
hospitalisations, and urgent heart failure hospital visits, 
while secondary end-points include change from baseline 
in 6MWT, NT-proBNP, mean LV wall thickness, GLS 
and Kansas City Cardiomyopathy Questionnaire Overall 
Summary score (KCCQ-OS) [43].

2.3.3  Safety Profile

Vutrisiran is well tolerated and has an acceptable safety 
profile. In contrast to patisiran, patients do not require 
premedication, although all patients require vitamin 
A supplementation. The majority of adverse events in 
the phase 1 trial of vutrisiran were mild, and included 
nasopharyngitis, headache and injection site reactions. A 
transient asymptomatic subclinical elevation of alanine 
aminotransferase (ALT) (ALT < 3 times upper limit of 
normal) was observed in some patients prescribed ≥ 100 mg, 

and one patient prescribed 200 mg developed a clinically 
significant asymptomatic transaminitis (ALT > 3 times 
upper limit of normal), associated with a temporary rise in 
creatine kinase thought to be secondary to excessive physical 
activity [41]. The HELIOS-A trial also reported encouraging 
safety and tolerability, with the majority of adverse events 
being mild or moderate. There were two deaths in the 
vutrisiran arm and three in the patisiran arm. An additional 
patient discontinued vutrisiran treatment due to a serious 
adverse event. Serious adverse events that resulted in death/
discontinuation were COVID-19 pneumonia, acute heart 
failure, and iliac artery occlusion, none of which were 
considered related to treatment. Only two serious adverse 
events were attributed to vutrisiran—dyslipidaemia and 
urinary tract infection (Table1) [41].

3  Anti‑sense Oligonucleotides

Anti-sense oligonucleotides (ASOs) are composed of a single 
strand, typically comprising 16–20 synthetic nucleotides, 
which binds to complementary mRNA to induce degradation 
of the mRNA through a variety of mechanisms, such as a 
sterically blocking ribosome attachment or promoting 
endogenous ribonuclease H1-mediated degradation [44–46]. 
Unlike siRNAs, ASOs are able to enter cells without the use 
of a transfection reagent [44, 47].

3.1  Inotersen

Inotersen is a 2´-O-methoxyethyl-modified ASO that binds 
to the 3´ untranslated portion of the complementary mRNA, 
promoting ribonuclease H1-mediated mRNA degradation. 
Inotersen was the first ASO developed for ATTR amyloi-
dosis, and approved by the FDA and EMA in 2018 for the 
treatment of ATTRv-PN [48–50]. In a randomised, placebo-
controlled phase 1 study in 65 healthy volunteers, inotersen 
was administered at varying doses over a 4-week period. 
Inotersen lowered TTR levels in a dose-dependent manner, 
with 300 mg achieving a maximum TTR knockdown of 
96%. Inotersen has a long-lasting effect, with trial partici-
pants showing a mean TTR knockdown of 30% 10 weeks 
after receiving their last dose [51].

3.1.1  Neurological Outcomes

The NEURO-TTR trial was a phase 3, randomised, placebo-
controlled, double-blind study of 225 patients that assessed 
the efficacy and safety of inotersen in ATTRv-PN. The study 
met its primary endpoints with treated patients achieving a 
significant reduction in the decline from baseline in mNIS+7 
and Norfolk QOL-DN scores compared to placebo patients. 
A steady state of circulating TTR concentration was reached 
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at 13 weeks, at which point the mean TTR knockdown from 
baseline was 84% [24].

A total of 109 patients who completed the NEURO-TTR 
trial participated in an open-label extension study, intended 
to assess the long-term efficacy and safety of inotersen over 
3 years. The group who continued on inotersen (n = 70) 
demonstrated sustained benefit, as measured by mNIS+7, 
Norfolk QOL-DN and 36-Item Short-Form Health Survey 
(quality-of-life questionnaire), when compared to the 
placebo-inotersen (n = 39) group, while the placebo-
inotersen group demonstrated better neurological outcomes 
than those predicted by natural history data [52].

3.1.2  Cardiac Outcomes

In the whole study population and 108 patients with CA 
enrolled into the NEURO-TTR trial, inotersen therapy did 
not result in any significant change in echocardiographic 
parameters [24]. A small study of ATTR-CM patients (n = 
30) demonstrated that 12 months of inotersen therapy sta-
bilised cardiac disease as measured by 6MWT, GLS and 
CMR-derived wall thickness and LV mass [53]. Another 
small study of ATTR-CM patients (n = 33) demonstrated 
that inotersen resulted in a decreased LV mass and increased 
6MWT at both 2 and 3 years [54]. The treatment of ATTR-
CM with inotersen is currently being evaluated in an open-
label phase 2 trial of 50 patients. The study will assess 
changes in echocardiographic GLS, and CMR-derived LV 
mass and ECV at baseline, 6, 12 and 24 months [55].

3.1.3  Safety Profile

In the NEURO-TTR trial the majority of adverse events 
were mild/moderate, and included nausea, fever, headache, 
injection site reactions and thrombocytopenia, which 
occurred in at least 20% of patients receiving inotersen. 
Notably adverse events were the most common reason for 
discontinuation and resulted in withdrawal of 14% patients 
in the inotersen group. There were five deaths in the study 
(all in the inotersen group), four of which were attributable 
to disease progression. One patient in the trial had a fatal 
intracranial haemorrhage secondary to inotersen-induced 
thrombocytopenia. Indeed, 54% of patients receiving 
inotersen developed platelet counts of < 140,000/mm3, 
three of whom had platelet counts < 25,000/mm3. Inotersen-
induced immune-mediated thrombocytopenia is thought 
to be the most likely mechanism for this phenomenon. 
Thrombocytopenia was associated with the presence of 
anti-platelet antibodies and recovered with glucocorticoid 
therapy [24]. However, regular platelet monitoring 
during treatment with inotersen is essential [48, 50]. 
Glomerulonephritis occurred in three patients receiving 
inotersen, all of whom carried the p.(Val50Met) TTR 

variant. A crescentic glomerulonephritis was identified on 
renal biopsy in each case, and two of three were successfully 
treated with immunosuppression, whilst the remaining 
patient did not receive immunosuppressive therapy due to 
a late presentation, and required dialysis [24]. All patients 
receiving inotersen must therefore undergo frequent 
monitoring of renal function [48, 50]. All patients in the 
NEURO-TTR trial received vitamin A supplementation, and 
although no clinical manifestations of vitamin A deficiency 
were reported, vitamin A supplementation remains a 
requirement [24, 50].

Similar results were observed in the open-label 
extension, with 22% discontinuing treatment following an 
adverse event, although only 4% were considered related 
to inotersen. Adverse events included thrombocytopenia, 
chills, hypertension and a transaminitis that resolved on 
discontinuing therapy. No cases of glomerulonephritis were 
reported in the open-label extension study. There were 16 
deaths, none of which were attributed to inotersen (Table 1) 
[52].

3.2  Eplontersen

Eplontersen is an ASO with a similar design and an identical 
sequence to inotersen, and is conjugated to a triantennary 
GalNAc moiety. This moiety acts as a ligand to facilitate 
receptor-mediated hepatocyte uptake via the high-capacity 
asialoglycoprotein receptors [56, 57]. Once internalised, 
the triantennary GalNAc is metabolised via an endocytic 
pathway to release the ASO, allowing it to bind the target 
mRNA [58]. The superior ligand-conjugated delivery 
system resulted in eplontersen being 50-fold more potent 
than inotersen at reducing TTR expression in human 
hepatocytes. These results were replicated in transgenic mice 
expressing the p.(Ile104Ser) variant and demonstrated that 
eplontersen induced a 28-fold more potent TTR knockdown 
than inotersen. In a randomised, placebo-controlled, phase 
1 study of 45 healthy volunteers who received a single dose 
of eplontersen (120 mg) or multiple doses of 45 mg, 60 mg 
or 90 mg of eplontersen or placebo, eplontersen was rapidly 
absorbed into the systemic circulation. A single dose of 
eplontersen (120 mg) resulted in maximum TTR knockdown 
of 86%, while multiple doses resulted in maximum TTR 
knockdown of 86%, 91% and 94%, respectively [59].

3.2.1  Neurological Outcomes

The NEURO-TTRansform trial is a phase 3, multicentre, 
randomised trial designed to assess the efficacy and safety 
of eplontersen in the treatment of ATTRv-PN. The trial 
is currently ongoing and aims to recruit 140 patients who 
will be randomised to receive eplontersen once every 4 
weeks or inotersen once weekly, while the NEURO-TTR 
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trial placebo group will serve as an external control group. 
The co-primary endpoints are the change from baseline in 
mNIS+7 and percentage change in serum TTR, and the 
secondary efficacy endpoint is the change from baseline in 
the Norfolk QOL-DN score. The interim 35-week analysis 
demonstrated a significant reduction in both the co-primary 
endpoint and the secondary endpoint compared to the 
external placebo group, and the complete trial results are 
expected in 2024 [60–62].

3.2.2  Cardiac Outcomes

The CARDIO-TTRansform trial is a phase 3, multicentre, 
double-blind, randomised, placebo-controlled trial designed 
to assess the efficacy and safety of eplontersen in ATTR-CM. 
The trial is ongoing and aims to recruit 1500 patients who 
will be randomised to receive eplontersen or placebo. The 
primary end-point is a composite of cardiovascular mortality 
and recurrent cardiovascular events occurring within 140 
weeks of follow-up. Secondary endpoints include change in 
6MWT and KCCQ-OS at 120 weeks. The trial organisers 
will run a CMR sub-study to assess the effect of eplontersen 
on amyloid burden via CMR measurement of ECV. One 
aspect of the CARDIO-TTRansform trial is that patients 
treated with tafamidis are also eligible for inclusion, and 
this may enable post hoc subgroup analysis to assess the 
efficacy of combination therapy [63].

3.2.3  Safety Profile

There were no safety concerns during the phase 1 
study. Eplontersen was well tolerated with no drug 
discontinuations. Commonly reported adverse events were 
headache (n = 2), transient increased ALT (n = 4) and 
creatinine kinase (n = 4). Two patients had an ALT rise 
> 3 times the upper limit of normal, but the transaminitis 
reversed after patients received their last dose without any 
sequelae. No injection-site reactions were reported. All 
patients are prescribed vitamin A due to the theoretical 
risk of vitamin A deficiency, but thus far no clinical 
manifestations of such have been reported (Table 1) [59].

4  CRISPR/Cas9‑Based in vivo Genome 
Editing

CRISPR (Clustered Regularly Interspaced Short Palindromic 
Repeats) were discovered as part of the archaea and bacterial 
immune systems [64, 65]. The CRISPR sequences are 
transcribed into small RNAs capable of guiding the system 
to complementary DNA sequences. The Cas9 endonuclease 
subsequently binds the DNA, and cleaves it, knocking 
out the target gene. Harnessing this naturally occurring 

biological mechanism as a potential ‘cut and paste’ tool 
for gene sequences has established CRISPR/Cas9-based 
in vivo gene editing as an exciting novel therapeutic strategy. 
Utilisation of modified Cas9 also allows the upregulation of 
target gene expression. CRISPR-Cas9 technology is being 
investigated as a potential treatment for multiple gene-
mediated disease processes [66].

ATTR amyloidosis is the prototypic model disease for 
targeted in vivo genome-editing therapy. The TTR protein is 
coded for by a single gene, and circulating TTR is exclusively 
synthesised by the liver. Targeted hepatocyte delivery of a 
gene-editing therapy has the potential to completely ‘switch 
off’ TTR production, and prevent subsequent formation of 
pathogenic ATTR amyloid fibrils [67]. siRNA- and ASO-
based therapies have demonstrated that TTR knockdown 
through gene silencing is clinically beneficial in ATTR 
amyloidosis. Furthermore, there is considerable overlap in 
the physiological role of TTR as a carrier protein for vitamin 
A and thyroxine. TTR knockdown does not appear to effect 
thyroid function and vitamin A supplementation, has thus 
far prevented any potential clinical sequelae from TTR 
deficiency [23, 24].

NTLA-2001 is a CRISPR-Cas9-based genome-editing 
therapy, transported by a lipid nanoparticle mediated deliv-
ery system. Following a single administration, NTLA-2001 
resulted in significant editing of the mouse TTR-gene and 
96% reduction in serum TTR levels that lasted at least 12 
months. These results were replicated in various animal 
models including cynomolgus monkeys and transgenic mice 
carrying the human p.(Val50Met) variant with no adverse 
events [66].

A two-part open-label, single-dose, phase 1 multicentre 
study in ATTRv-PN and ATTR-CM patients is ongoing to eval-
uate the safety, tolerability, pharmacokinetics and pharmaco-
dynamics of NTLA-2001, the latter by measurement of serum 
TTR concentration. Interim results from the dose-ascending 
phase of the study showed that NTLA-2001 produced a dose-
dependent TTR knockdown. Patients were pre-medicated with 
corticosteroids and antihistamines. The infusion was completed 
in all patients, without interruption, and few serious adverse 
events were reported. The most commonly reported treatment-
related adverse events were minor infusion-related reactions 
manifesting as nausea, headache, chills and rhinorrhea. Patients 
who received therapeutic doses of NTLA-2001 had mean TTR 
knockdown from baseline of at least 90%, which was sustained 
through to last follow-up. TTR knockdown with NTLA-2001 
is expected to be permanent [25]. The dose expansion phase in 
both the polyneuropathy and cardiomyopathy arms of the trial 
is ongoing (Table 1) [68].
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5  Future Perspectives

5.1  Long‑Term Safety of TTR Depletion

Although in the short to medium term TTR knockdown 
through gene silencing and editing approaches appears safe, 
further research is needed to establish the long-term effects of 
TTR deficiency [67]. Traditionally it was thought the physi-
ological role of TTR was confined to transport of vitamin A 
and thyroxine. However, there is some evidence that suggests 
TTR may have other functions in the central nervous system. 
Complete TTR knockdown in 5-month-old mice resulted in 
memory impairment compared with age-matched mice [69], 
and the absence of TTR in rats accelerated the decline in cog-
nitive performance associated with aging [70]. Such findings 
led to the suggestion that TTR may protect against the neuro-
degeneration that occurs in Alzheimer’s disease, a condition 
characterised by brain accumulation of amyloid-β plaques. 
In vitro studies demonstrated that when added to cerebrospi-
nal fluid of patients and controls, amyloid-β was sequestered 
by TTR [71]. Mouse models have demonstrated the presence 
of amyloid-β plaques results in hippocampal upregulation 
of TTR, suggesting this may represent a neuroprotective 
response [72]. Anti-TTR antibody infusion resulted in loss of 
the neuroprotective effects of TTR, and subsequent increased 
amyloid-β plaque formation, neuronal loss and apoptosis [73].

Additional animal studies have suggested a possible neu-
roprotective effect of TTR in ischaemia. In mouse models 
with surgically induced brain ischaemia following middle 
cerebral artery occlusion those with complete TTR knock-
down had a significantly larger infarct and greater degree of 
cerebral oedema [74], while the subsequent incubation of 
hippocampal neurones with recombinant TTR demonstrated 
that TTR significantly increased neurite growth [75]. The 
neuroprotective role of TTR is not limited to animal stud-
ies. A large clinical study of 585 patients with a cerebral 
infarction demonstrated that serum TTR was an independent 
predictor of good clinical outcomes [76].

TTR may also have a role in metabolism. Animal models 
demonstrated that central TTR plays a role in modulating 
food intake and body weight. Intracerebroventricular TTR 
administration in normal growing rats resulted in decreased 
food intake and reduced body weight. There were also 
decreased levels of neuropeptide Y (a hormone well known 
to stimulate appetite) in the dorsomedial hypothalamus and 
paraventricular nucleus. These findings suggest TTR may 
also have anorectic properties [77]. Circulating TTR plays 
a role in maintaining serum levels of retinol-binding protein 
4 (RBP4), a circulating adipokine that has been linked to 
insulin resistance, type II diabetes and metabolic syndrome 
[78]. TTR binds RBP4 and prevents renal clearance. Not 
only are serum TTR levels elevated in insulin-resistant mice 

[79] and some insulin-resistant humans [80], but treatment of 
obese mice with a TTR ASO reduces circulating RBP4, and 
in turn reduces insulin levels and increases insulin sensitivity 
[81]. Notably, however, there has been no evidence thus far 
of cognitive decline or abnormality, or indeed metabolic 
abnormality in patients receiving gene silencers for more 
than 5 years and, importantly, TTR in the cerebrospinal 
fluid, which is synthesised in the choroid plexus and retinal 
pigment epithelium, is unaffected by NTLA-2001 therapy, 
which specifically targets liver production of TTR.

Specific concerns regarding off-target gene editing and 
unintended gene sequence deletions or insertions with 
CRISPR/Cas9 therapy have been raised [82, 83]. However, 
complex computational modelling and biochemical assays, 
including in vitro with human cells and in vivo in animal 
models have shown no evidence of off-target editing with 
NTLA-2001 and DNA structural variants induced by NTLA-
2001 were all related to end-joining at the TTR target site. 
The risk of off-target editing with NTLA-2001 is therefore 
deemed to be low; however, patients who receive this gene-
editing therapy will require long-term follow-up [25].

ATTR amyloidosis remains a progressive, debilitating 
and ultimately fatal disease, for which gene silencers and 
gene-editing therapies show great promise. Whilst the 
prognosis of patients with ATTR amyloidosis in the short 
to medium term has already been improved by these novel 
therapies, we must remain vigilant since long-term safety 
remains unknown. Careful and thorough monitoring of 
patients receiving these therapies, alongside clinical trials 
with prolonged follow-up periods, are ongoing.

5.2  Monitoring the Cardiac Response to Treatment

The majority of large clinical trials have assessed the efficacy 
of gene silencers in ATTRv-PN, and primary end-points 
have been changes in standardised measures of neuropathic 
disease severity such as mNIS+7 and Norfolk QOL-DN 
scores [23, 24]. There is growing interest in use of gene 
silencers to treat ATTR-CM, and hence an increasing need 
to develop standardised measures of cardiac response. The 
ATTR-ACT trial of tafamidis used a composite hierarchical 
primary endpoint of all-cause mortality and cardiovascular 
hospitalisations and secondary endpoints of change in 
6MWT and KCC-QS score [21]. Although this trial did meet 
its primary endpoint, none of the changes assessed were a 
direct measure of change in CA burden and all were subject 
to other confounders.

NT-proBNP has long been used in heart failure to 
monitor treatment response, and been extensively utilised 
in monitoring chemotherapy response in cardiac AL 
amyloidosis [84]. However, changes in NT-proBNP 
represent the final common pathway of several mechanisms 
such as renal impairment, fluid status, neurohormonal 
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activation and changes in cardiac function [85], and therefore 
are not necessarily an accurate reflection of change in CA 
burden [86]. High-sensitivity troponins measure ongoing 
myocyte damage and have demonstrated utility in various 
acute cardiac conditions, such as myocardial infarction and 
myocarditis [87], as well as contributing to the stratification 
of cardiac AL amyloidosis patients [88]. High-sensitivity 
means even small changes in circulating levels reflect 
differences in disease activity [87]. However, the use of 
high-sensitivity troponins in monitoring cardiac treatment 
response requires further investigation and validation in 
large-scale studies.

This unmet clinical need of measuring cardiac treatment 
response according to myocardial amyloid burden resulted 
in a growing interest in cardiac imaging. Echocardiography 
remains the most widely available and inexpensive imaging 
modality, and has demonstrated utility in cardiac AL 
amyloidosis patients, whereby GLS has been associated 
with the CA burden [89], and improvements in GLS, in 
response to chemotherapy, independently predicts survival 
[90]. GLS has been utilised in the ATTR-CM population, 
and stabilisation following treatment with diflunisal [91] 
and improvement following treatment with patisiran 
have been reported [34]. However, echocardiographic 
measures are subject to significant intra- and inter-observer 
variability, which is an important limitation when only small 
measurement variations are expected [92]. Improvements in 
precision could play a central role in monitoring treatment 
response, and be assisted by the emergence of data 
science [11]. The utility of artificial intelligence and more 
specifically convolutional neural networks has shown great 
promise in cardiovascular imaging [93, 94]. Elimination 
of manual operator contouring results in robust measures 
of structural and functional parameters, with a significant 
improvement in precision [93, 95]. These advances in 
automation may enable more accurate measurement of 
cardiac response to treatment by echocardiography.

CMR with the utilisation of multi-parametric mapping 
techniques is rapidly emerging as an important tool in the 
assessment ATTR-CM. Late gadolinium enhancement (LGE) 
demonstrates the continuum of CA, from subendocardial 
LGE to increasing transmurality as the disease progresses 
[96]. ECV measurement enable myocyte and extracellular 
compartment to be measured separately. With amyloidosis 
being the exemplar interstitial disease, and amyloid fibril 
deposition resulting in extracellular expansion, myocardial 
ECV quantification is an accurate surrogate measure of 
CA burden [4, 97, 98]. In cardiac AL amyloidosis, ECV 
has been able to accurately measure disease severity, and 
improve patient stratification [86, 99], while changes in 
ECV in response to treatment accurately predict outcome 
even after adjusting for known predictors such as changes in 
NT-proBNP and GLS [100]. ECV mapping allows detection 

of changes in tissue characterisation that are likely to occur, 
ahead of changes in conventional structural and functional 
echocardiographic parameters. To date, only one study of 
ATTR-CM patients has demonstrated ECV regression [35], 
but if these findings are replicated on a larger scale, ECV 
mapping may become the gold standard for monitoring the 
effects of treatment on amyloid burden (Fig. 1).

It is noteworthy that reduced cardiac uptake has been 
reported on bone scintigraphy following combination 
treatment with patisiran and diflunisal. These patients 
had evidence of a qualitative reduction in cardiac uptake 
on planar imaging, and quantitative reduction in the 
percentage of myocardial radiotracer uptake on single-
photon emission computed tomography (SPECT). However, 
changes in cardiac uptake can be influenced by changes 
in the dynamics and kinetics of bone tracers that bind to 
several ‘compartments’ including bones, soft tissues and 
the myocardium. Therefore, bone scintigraphy alone cannot 
be used as a reliable measure of the cardiac response to 
treatment (Fig. 2) [35].

Positron emission tomography (PET) is another 
form of cardiac imaging with diagnostic potential in 
ATTR-CM. Several PET tracers, such as 18F-florbetapir, 
18F-florbetaben, 18F-flutemetamol and 11C-Pittsburgh B, 
have been successfully used to diagnose CA, with tracers 
binding to amyloid fibrils with high affinity and potentially 
allowing quantification of amyloid burden. There is a lack of 
robust data to support its use in tracking treatment response, 
but future PET developments may lead to novel exciting 
measures of the cardiac response (Table 2) [101–107].

5.3  Combination Therapy

Gene silencers and editing therapies effectively induce an 
80–95% knockdown of circulating plasma TTR. Following 
treatment with these agents, some TTR remains in the cir-
culation that has the potential to misfold into pathogenic 
ATTR amyloid fibrils. More data are required to establish 
whether combining these agents with a TTR stabiliser such 
as diflunisal, tafamids or acoramidis could augment their 
therapeutic efficacy [21, 22, 108]. It is conceivable that 
simultaneously targeting both TTR production and TTR 
stabilisation could have a synergistic effect and result in 
improved patient outcomes. It is noteworthy that patisiran 
was used in combination with diflunisal in the only study to 
demonstrate cardiac ATTR amyloid regression [35]. Fur-
ther large-scale studies are required to determine whether 
combination therapy provides additional clinical benefit in 
ATTR amyloidosis.
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5.4  Impact of Earlier Diagnosis

Advances in cardiac imaging, alongside the increased 
awareness amongst clinicians has contributed to ATTR-
CM patients being diagnosed earlier in the disease course. 
Patients now experience a shorter duration of symptoms 
prior to diagnosis, and have a better functional capacity 
and milder disease stage at the time of diagnosis [109]. 
The milder cardiac phenotype has translated into improved 
survival from the time of diagnosis, even when accounting 
for the impact of disease-modifying therapy. Utilisation of 
gene-silencing and gene-editing therapies early in the natural 
history of ATTR-CM may prevent the development of overt 
heart failure and translate into markedly better clinical out-
comes, but more data are needed to guide decisions on when 
and in whom to initiate treatment. Importantly, changes in 
the clinical phenotype of patients diagnosed with ATTR-CM 
will influence the design of future clinical trials to evaluate 
the efficacy of novel agents and will likely result in a require-
ment for greater patient numbers and longer follow-up to 
ensure adequate power [109].

5.5  Comparisons Between Different Gene Silencers 
and Gene‑Editing Therapies

The last decade has seen incredible advances in the treatment 
for ATTR amyloidosis. Initial treatment strategies sought 
to achieve TTR stabilisation, and resulted in licensing of 
tafamidis for ATTR-CM [21]. Although clinical trials dem-
onstrated efficacy in slowing disease progression, tafamidis 
does not achieve complete TTR stabilisation in vivo and 
patients continue to progress while on treatment, albeit at a 
slower rate. The advent of gene silencers has transformed the 
treatment landscape. These novel therapeutic agents target 
TTR production and reduce the amount of circulating TTR 
protein. Patisiran was the first siRNA to be approved for the 
treatment of ATTR-PN, and can actually improve neurologi-
cal outcomes [23], while early data suggest it may not only 
be able to stabilise cardiac disease but also induce disease 
regression [35]. Further advances in conjugate delivery plat-
forms led to the development of vutrisiran, an siRNA that 
can be administered subcutaneously every 3 months, with-
out the need for premedication (as opposed to the 3-weekly 
intravenous infusions of patisiran). Following publication 
of the HELLIOS-A trial results, vutrisiran was licensed for 
treatment of ATTR-PN and offers a convenient but equally 
effective alternative to patisiran [41, 42]. The HELIOS-B 
trial results will shed further light on the efficacy of vutri-
siran for treatment of ATTR-CM [43].

The evidence for ASO-based treatments is limited to 
the NEURO-TTR trial, which assessed the use of once-
weekly inotersen for treatment of ATTR-PN. Despite 
demonstrating efficacy, inotersen did not lower circulating 

TTR levels any more than patisiran, and in comparison, 
was poorly tolerated with a significant proportion of 
patients discontinuing therapy following adverse events. 
Severe adverse events included thrombocytopenia and 
glomerulonephritis, which, although uncommon, carried a 
significant risk of morbidity and mortality [24]. It is also 
noteworthy that mNIS+7 composite scores differ between 
siRNA and ASO trials, which should be considered in any 
attempt at comparison between studies [23, 24]. Whilst 
siRNAs initially seemed more promising than ASO therapy 
due to a better safety profile, the emergence of eplontersen 
may change this premise. Eplontersen is a once-monthly 
subcutaneous injection, administrated without the need 
for premedication. Initial phase 1 results have confirmed 
a favourable safety profile, with no reports of serious 
adverse events, and demonstrated an amplified potency 
when compared to inotersen [59]. The large-scale phase 3 
NEURO-TTRansform [61] and CARDIO-TTRansform [63] 
trials are ongoing and are designed to assess efficacy of 
eplontersen in ATTR-PN and ATTR-CM respectively.

Perhaps the most exciting treatment development is the 
breakthrough of CRISPR/Cas9 in vivo gene editing and 
its ability to specifically and effectively target the TTR 
gene. The prospect of a single-dose treatment for ATTR 
amyloidosis may be the first step towards a ‘one and done’ 
cure for this debilitating and fatal disease [25].

6  Conclusions

In summary, the emergence of novel gene-silencing 
and gene-editing therapies have rapidly expanded the 
armamentarium of treatments available for ATTR 
amyloidosis. Targeting TTR production has resulted in 
tremendous improvements in patient outcomes. With the 
results of large-scale clinical trials expected over the next 
few years, a further expansion of medicines licensed for 
treatment of ATTR amyloidosis is very likely. Whilst there 
do not appear to be any clinical consequences in the short to 
medium term of depletion of circulating TTR, the long-term 
effects of these drugs both in terms of efficacy and safety 
remain to be determined.
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