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Abstract

Purpose of Review The purpose of this review is to summarize currently available and devel-
oping diagnostic and treatment options for hereditary transthyretin amyloid polyneuropa-
thy. Transthyretin amyloidosis (ATTR) predominantly manifests with cardiomyopathy and/
or peripheral neuropathy, but amyloid deposits may be found in other organs or tissues.
Recent Findings Currently available treatments include transthyretin gene silencers (for
hereditary ATTR peripheral neuropathy only) and transthyretin stabilizers (tafamidis for
ATTR cardiomyopathy in the USA, and for both hereditary ATTR peripheral neuropathy and
ATTR cardiomyopathy in Europe, Japan, Brazil, and some other countries), and liver trans-
plantation. Gene silencers stop the progression of hereditary ATTR peripheral neuropathy
in most patients, and transthyretin stabilizers reduce hospitalizations and mortality in
patients with ATTR cardiomyopathy. The use of liver transplantation for ATTR has declined
with the availability of more effective therapies, and shortage of available allografts. On
the horizon are new treatments already in clinical trials including new gene silencers and
gene editing agents, new transthyretin stabilizers, and amyloid removal treatments.
Summary Recently approved treatments for ATTR have changed its natural history, and
additional medications may get approved in the near future. Early diagnosis is still essen-
tial to improve treatment outcomes. New management strategies may include combinations
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of gene silencers, transthyretin stabilizers, gene editing, and amyloid removal agents, but

the cost may become the limiting factor.

Abbreviations

AL Light-chain amyloidosis

ASO Antisense oligonucleotide

ATTR Transthyretin amyloidosis

ATTR-CM Transthyretin amyloid cardiomyopathy

CNS Central nervous system

CTS Carpal tunnel syndrome

FAP Familial amyloid polyneuropathy

GalNAc N-Acetylgalactosamine

hATTR Hereditary transthyretin amyloidosis

hATTR-CM Hereditary transthyretin amyloid cardiomyopathy
hATTR-PN Hereditary transthyretin amyloid peripheral neuropathy
mRNA Messenger RNA

Norfolk QOL-DN  Norfolk Quality of Life-Diabetic Neuropathy
OLMA Oculoleptomeningeal amyloidosis

PND Polyneuropathy Disability scale

RISC RNA-induced silencing complex

siRNA Small interfering RNA

TTR Transthyretin amyloidosis

WtATTR Wild-type transthyretin amyloidosis

Introduction

Systemic amyloidoses are a group of rare conditions
associated with tissue deposition of insoluble depos-
its of misfolded protein leading to tissue injury and
dysfunction [1]. Two most common types are light-
chain amyloidosis (AL) and transthyretin amyloidosis
(ATTR). ATTR may present as a hereditary or variant
ATTR (hATTR or ATTRv) or wild-type ATTR (wWtATTR)
with normal transthyretin (TTR) genotype [2]. hATTR
is a hereditary autosomal dominant disease with

Diagnosis

pathogenic mutations of TTR gene manifesting primar-
ily with cardiomyopathy or peripheral neuropathy, and
with rare mutations leading to oculoleptomeningeal
ATTR (OLMA). In contrast, wtATTR manifests primar-
ily as cardiomyopathy [3], although wtATTR deposits
can be found in connective and musculoskeletal tis-
sue as well [4]. Patients with wtATTR may also develop
peripheral neuropathy symptoms, but it is usually not
a major manifestation of wtATTR [5-7].

Early and accurate diagnosis of hATTR-associated peripheral neuropathy
(hATTR-PN, previously known as familial amyloid polyneuropathy type I
or FAP) is essential for timely treatment and effective management as cur-
rently available treatments slow down or stop the progression of disease with
few patients achieving mostly mild clinical improvement [8, 9¢°, 10°°].
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Unfortunately, the diagnosis of hATTR is often substantially delayed by 1.2 to
2.9 years after the onset of symptoms [11, 12]. Typical clinical phenotype of
both AL or hATTR-associated polyneuropathy consists of progressive painful
sensorimotor polyneuropathy with dysautonomia [13]. Diagnosis is based
on clinical presentation, genetic testing, histopathologic evidence of amyloi-
dosis, and amyloid typing. Dysautonomia may be initially subtle or absent,
especially with late-onset hATTR-PN (after age of 50) [14]. In the USA and
in most parts of the world outside of endemic areas, late-onset hATTR-PN is
much more prevalent than early-onset hATTR-PN.

Multisystemic involvement and associated clinical symptoms reflect amy-
loid tissue deposition in various organs and tissues, and the recognition of
“red flag” symptoms may facilitate earlier diagnosis [15, 16]. Initial attempts
to use artificial intelligence to identify hATTR patients in electronic medi-
cal records were driven by retrieval of “red flag” symptoms and identified
additional 48% of patients who should undergo genetic testing for possible
hATTR [17]. Clinical progression of hATTR-PN is often rapid and patients
get disabled within 5-7 years [18¢¢]. There is no pathognomonic electrodi-
agnostic pattern for hATTR-PN and the most frequent phenotype is axonal
sensorimotor polyneuropathy, but rarely demyelinating features might prevail
increasing the risk of possible misdiagnosis as autoimmune or hereditary
demyelinating neuropathies [19]. Carpal tunnel syndrome often precedes
other clinical manifestations of amyloid deposition and histopathologic
examination of tenosynovium after carpal tunnel surgery may reveal different
types of amyloid deposits (AL, hATTR, wtATTR) with some patients already
having unrecognized amyloid cardiomyopathy [20]. There is an increased
risk of cardiac amyloidosis in hATTR patients after CTS, typically occurring
between 5 and 9 years later [21]. Similarly, CTS often precedes the onset of
hATTR-PN as well [22]. Routine use of nerve biopsy for diagnosing hATTR-
PN is limited by its invasiveness, procedure-related morbidity, and limited
diagnostic sensitivity. Neuroimaging of amyloid neuropathy with magnetic
resonance neurography and high-resolution neuromuscular ultrasound may
demonstrate nerve enlargement (thickening) that is not specific for amyloi-
dosis, but may be helpful to detect early abnormalities in previously asymp-
tomatic TTR mutation carriers [23, 24]. In amyloid cardiomyopathy, cardiac
scintigraphy is relatively specific for diagnosing cardiac deposition of ATTR
non-invasively, and it may demonstrate ATTR in skeletal muscle as well [25,
26]. PET/MRI using amyloid ligands may also reveal nerve uptake and facili-
tate nerve biopsy [27]. In the central nervous system (CNS), PET may dem-
onstrate amyloid deposition in patients with OLMA [28¢¢]. As Congo red
staining on the tissue is not specific for the type of amyloid, typing of amyloid
is required to determine the underlying disorder [29]. Amyloid deposits may
be demonstrated and typed in different types of non-neural tissue includ-
ing accessory salivary glands, abdominal or perirectal fat, bone marrow, and
gastrointestinal tract [30]. Mass spectrometric-based proteomic analysis is
considered a gold standard in amyloid typing and is considered superior
to immunohistochemistry, but its availability may be limited in some geo-
graphic locations due to the cost and the lack of access [31]. Skin biopsy is
increasingly used in evaluation of small fiber neuropathy and may be helpful
in documenting new onset of nerve injury in previously identified carriers of
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TTR mutations, while cutaneous amyloid may be detected in up to 86% of
patients with hATTR polyneuropathy [32, 33]. Loss of epidermal nerve fibers
on skin biopsies was reported in asymptomatic (or presymptomatic) patients
with early-onset p.V50M ATTR contrasting normal biopsies of asymptomatic
patients with late-onset p.V50M ATTR [33]. Mutation p.V50M is also known
as V30M when 20 amino acid sequence of signal peptide is omitted from
TTR. Phenotype of ATTR manifestations is to some degree determined by
TTR genotype, with substantial phenotypic variability, even within the same
family. The role of genetic testing in patients with progressive neuropathy
and suspected hATTR is well established, but genetic counseling should pre-
cede potential screening of asymptomatic suspected mutation carriers [34].
Delayed onset of hATTR in many patients and its limited penetrance warrant
clinical follow-up of mutation carriers. Asymptomatic patients should not be
treated preventively with currently available treatments but early treatment
following symptom onset is essential to improve outcomes [35¢]. However, at
this time, there is still limited data on the optimal follow-up regimen of car-
riers and on appropriate timing for starting early treatment beyond clinically
manifesting amyloid neuropathy and/or cardiomyopathy [34, 36].

Treatment of hATTR-PN
]

Current treatment of hATTR-PN relies on two primary strategies, TTR reduc-
tion and tetramer stabilization. Reduction of circulating TTR limits the build-
ing blocks for amyloid production while stabilization of TTR tetramer reduces
dissociation into monomeric TTR, the form of TTR that is prone to misfolding
and amyloid aggregation. Most of TTR is produced in the liver, with some
production by the retinal pigment epithelium and choroid plexus in the
CNS. Until recent years, the main strategy to limit TTR production was liver
transplantation [37]. In 2011, TTR stabilizer tafamidis was approved for treat-
ment of early stages of hATTR-PN in Europe, but it did not get approved in
the USA (Table 1). Development of “gene silencers” selectively targeting the
production of TTR in hepatocytes allowed effective suppression of circulat-
ing levels of both variant and wild-type TTR [38]. In 2018, the first two gene
silencers that effectively suppress TTR production were approved by the FDA
for treatment of hATTR-PN, patisiran and inotersen, followed by another gene
silencer vutrisiran in 2022 (Table 1). In pivotal phase III clinical trials, all gene
silencers resulted in significant reduction of circulating TIR levels. Clinical
studies with TTR gene silencers enrolled ambulatory patients with polyneu-
ropathy disability (PND) stages 1/2/3 and FAP 1/2 (Table 2), as advanced
stage non-ambulatory patients with PND stage 4 or FAP 3 were not expected
to have significant clinical benefits.
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Table 1. Approved treatments for transthyretin amyloidosis (ATTR) in USA and other countries as of November 27, 2023

Medication Mechanism

Tafamidis

Patisiran

Inotersen

Vutrisiran

Transthyretin stabilizer

Gene silencer (siRNA)
Gene silencer (ASO)

Gene silencer (siRNA)

USA European Union* Japan Brazil

2019 - ATTR-CM 2011 - hATTR-PN 2011 - hATTR-PN 2011 - hATTR-
2020 - ATTR-CM 2019 - ATTR-CM PN

2019 - TTR-CM

2018 - hATTR-PN 2018 - hATTR-PN 2019 - hATTR-PN 2020 - hATTR-
PN

2018 - hATTR-PN 2018 - hATTR-PN n/a 2021 - hATTR-
PN

2022 - hATTR-PN 2022 - hATTR-PN 2022 - hATTR-PN  n/a

*After EMA approval, availability is determined by local authorities in different European countries. ATTR-CM, ATTR cardiomyopa-
thy, hATTR-PN hATTR peripheral neuropathy, n/a, not available as of November 27, 2023, ASO antisense oligonucleotide, siRNA, small

interfering RNA

Gene silencers

Patisiran

Patisiran is a double-stranded TTR directed small interfering RNA (siRNA)
encapsulated in a lipid nanoparticle. In hepatocytes, the siRNA is incorpo-
rated into the inactive RNA-induced silencing complex (RISC). Within the
RISC, the antisense strand of siRNA binds to the 3'-untranslated region of
TTR messenger RNA (mRNA). This binding region is genetically conserved
and present in both wild-type and variant disease, regardless of the specific
disease-causing mutation. Transthyretin mRNA is then cleaved, resulting in
lowered TTR production. In the pivotal APOLLO study (NCT01960348),
hATTR-PN patients were randomized 2:1 to 0.3 mg/kg patisiran versus pla-
cebo IV every 3 weeks for 18 months. The primary outcome was the mNIS +7,
a validated scale of hATTR-PN severity with higher scores indicating greater
disability [39]. The least mean square change in mNIS + 7 among treated
patients was—6.0+ 1.7 versus 28.0 +2.6 in placebo treated patients [9°°].

Table 2. Staging of hATTR-PN — familial amyloid polyneuropathy (FAP) and polyneuropathy disability (PND) scales

Symptoms

Asymptomatic

Mild symptoms, normal ambulation

Moderate symptoms, ambulatory but requires Stage II

FAP (Coutinho) PND
Stage 0 -
Stage I I. Sensory disturbances in extremity,

preserved walking ability
I1. Walking difficulties, does not require a
walking stick

ITTa. One stick/crutch required for walking

assistance ITIb. Two sticks/crutches required for
walking
Severe, bedridden/wheelchair-bound with Stage III 1IV. Patient confined to bed/wheelchair

generalized weakness
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Over 18 months, the median TTR reduction in treated patients was 81%. Sig-
nificant differences were also noted in secondary quality of life outcomes at
18 months as measured by the Norfolk Quality of Life-Diabetic Neuropathy
(Norfolk QOL-DN) questionnaire. Adverse events that were more common in
patisiran patients included peripheral edema and infusion-related reactions,
and treatment-related discontinuations were more common in the placebo
group [9°°]. As with other gene silencers, patients are recommended to
take vitamin A supplementation as gene silencing of TTR reduces vitamin A
levels as well.

Inotersen

Inotersen, is a 2'-O-methoxyethyl-modified antisense oligonucleotide (ASO)
RNA molecule that binds to TTR mRNA and results in its degradation via
Ribonuclease H (RNAseH). In turn, this degradation lowers TTR production.
In the NEURO-TTR study, inotersen was tested with patients randomized
2:1 to inotersen 300 mg subcutaneously weekly or placebo over 66 weeks
(NCT01737398). Results were qualitatively similar to patisiran. For mNIS+7,
the least squares mean difference between the treatment and placebo groups
was - 19.7 points (95% confidence interval, - 26.4 to - 13.0) favoring treat-
ment at 66 weeks [10*¢]. The Norfolk QOL-DN scores also favored treat-
ment. Inotersen reduced circulating TTR levels as expected with median TTR
nadir reduction of 79.0% compared to baseline. Adverse events that were
more common in the inotersen group included nausea, pyrexia, chills, vomit-
ing, anemia, thrombocytopenia, and lowered platelet counts [10¢®]. Due to
the risk of rare but serious adverse events of hemorrhage and glomerulone-
phritis seen in clinical testing, in the USA, inotersen must be prescribed under
a risk evaluation and mitigation strategy (REMS) program [40].

Vutrisiran

In 2022, vutrisiran, an siRNA conjugated to a triantennary N-acetylgalactosamine
(GalNAC) ligand, was approved. Vutrisiran binds the asialoglycoprotein recep-
tor on hepatocytes and similarly to patisiran reduces circulating TTR through
RNA interference. The GalNAc conjugate enhances stability and reduces the
need for dosing to every 3 months via subcutaneous injection. In the phase III
HELIOS-A study with patisiran as an active comparator arm and an external
placebo comparison group from APOLLO, vutrisiran patients experienced no
significant worsening in mNIS+7 at 9 months compared to baseline, with
a-17.00 point (95% CI, - 21.78 to—12.22) difference in mNIS +7 compared
to APOLLO placebo patients (NCT03759379). Most adverse events were mild
or moderate in severity and were not clearly increased compared to placebo
[41ee].
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TTR stabilizers

Tafamidis

In the USA, no TTR stabilizers are approved by the FDA for treatment of
hATTR-PN, though tafamidis, a small molecule benzoxazole derivative, has
been approved since 2011 for use in mild hATTR-PN in Europe and many
other countries dosed at 20 mg a day orally (Table 1). FDA approval in the
USA was not granted for tafamidis in hATTR-PN due to insufficient evidence
of clinical efficacy [8], but the drug was approved for ATTR-CM in the USA
in 2019. Combination treatment with stabilizers and siRNA or inotersen has
not been rigorously studied but is employed by some physicians in clinical
practice, especially in patients with both hATTR-PN and hATTR-CM.

Liver transplantation

By removing the native liver and replacing with a transplanted liver, the
patient’s primary source of variant TTR is removed and further systemic
TTR production is converted to wild-type TTR from the allograft [42¢]. This
approach is limited due to numerous factors including the scarcity of organs
and the morbidity and mortality associated with organ transplantation,
especially in more debilitated patients. The best outcomes were reported in
patients with p.Val50Met TTR mutation, with early onset and short duration
of symptomatic disease before transplantation [37]. Following transplanta-
tion, pre-existing variant ATTR deposits may serve as a scaffold upon which
WwtATTR can continue to deposit in some patients, allowing symptoms to
progress [42¢]. Additionally, domino liver transplant recipients may develop
acquired hATTR-PN from variant TTR produced by allograft [43]. Gene silenc-
ers have been used in patients who developed progression of hATTR after liver
transplantation [44, 45]. With the advent of new more effective therapies, the
use of liver transplantation for hATTR has significantly declined [36].

Treatment of ATTR cardiomyopathy
]

As described previously, almost all mutations of the hereditary form of tran-
sthyretin amyloid cardiomyopathy (hATTR-CM) cause progressive heart fail-
ure due to accumulation of dissociated fibrils in the myocardium, result-
ing in heart failure symptoms and arrythmias. In addition to diuretics for
symptomatic treatment and reducing afterload, the only treatment option
for ATTR-CM that is approved by the FDA is the TTR stabilizer tafamidis.
Prior to its approval in 2019, the only other treatment for ATTR-CM was liver
transplantation to halt production of misfolded TTR or in certain cases, heart
or liver/heart transplantation [46]. Additionally, another TTR stabilizer dif-
lunisal has been available off-label, but its use was limited by potential side
effects. Though first studied in patients with hATTR-PN, several small studies
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have shown improved survival in patients with ATTR-CM [47-49]. However,
long-term use of diflunisal is associated with risks of nephrotoxicity and gas-
trointestinal adverse effects, including bleeding and perforation. Tafamidis
binds to the thyroxine site of TTR, inhibiting the dissociation of tetramers
into monomers and stabilizing TTR. In 2018, the results of ATTR-ACT, a mul-
ticenter randomized controlled trial on the TTR stabilizer tafamidis, showed
decrease in all-cause mortality with hazard ratio of 0.70, lower rate of cardi-
ovascular-related hospitalizations with relative risk ratio of 0.68, and lower
decline in functional capacity in patients with ATTR-CM (NCT01994889)
[50¢¢]. Tafamidis was subsequently approved by the FDA in 2019 for treat-
ment of ATTR-CM (both wtATTR and hATTR). The higher dose of tafamidis
in the ATTR-ACT study was more effective than the lower dose previously
used in ATTR-PN (80 mg vs 20 mg in low-dose group) [8, 50*¢]. Long-term
follow-up showed an improved survival in patients treated with tafamidis
with hazard ratio of 0.59 after approximately 58.5 months of median follow-
up [51]. Unfortunately, at an initial list price of $225,000 per year, it was the
most expensive cardiac drug available, limiting its affordability and access to
care, and its availability for treatment of cardiomyopathy varies across the
world [52, 53]. The newest TTR stabilizer studied is acoramidis (AG10) [54],
and results of the ATTRibute-CM trial (NCT03860935) were recently pre-
sented at the European Society of Cardiology Congress 2023 [55]. This study
found that treatment with acoramidis reduced relative risk of cardiovascular
mortality by 30% and of cardiac hospitalization by 50%. Though results are
promising, it is not approved by the FDA at this time.

In summary, our treatment armamentarium for ATTR-CM has increased
over the last 5 years, but current available treatments remain limited due to
cost and/or side effects.

Treatment of mixed phenotype

When treating multisystemic diseases, multidisciplinary approach to man-
agement is essential to improve the outcomes. Two major specialties needed
by most ATTR patients are cardiology and neurology. Depending on other
clinical manifestations, these patients may also benefit from evaluations by
nephrologists, pulmonologists, gastroenterologists, and ophthalmologists
[56, 57]. While hATTR (depending on the mutation) may have dominant car-
diac or less commonly neuropathic phenotype, many of the hATTR patients
have at least some features of both cardiomyopathy and neuropathy. In con-
trast, in wtATTR, cardiomyopathy is almost universally the dominant clini-
cal feature, with some patients also having a mild neuropathy. Currently in
the USA, approved treatment options for ATTR include tafamidis for ATTR
cardiomyopathy (hATTR and wtATTR) and gene silencers (patisiran, inot-
ersen, vutrisiran) for ATTR neuropathy (hATTR only) (Table 1) [9ee, 10°e,
50¢¢]. The use of another TTR stabilizer diflunisal is limited by potential
side effects including renal injury and hypertension [47]. TTR stabilizers
and gene silencers have shown some beneficial effects in treatments of both
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hATTR cardiomyopathy and neuropathy, but the reported benefits of tafa-
midis for hATTR-PN and patisiran for ATTR-CM have been considered insuf-
ficient to warrant the FDA approval at this time [8, 58]. The combination of
TTR stabilizers and gene silencers may potentially offer greater benefit than
either medication class alone, but further studies are required. The major
argument against such combination therapy is the cost. While there are no
major interactions between TTR stabilizers and gene silencers, TTR stabilizers
may also increase serum prealbumin (transthyretin) level although impact of
these lab findings remains unclear.

Symptomatic management of dysautonomia is important for patients with
mixed phenotype. Particularly, treatment of orthostatic hypotension is more
complicated in heart failure patients who may not tolerate increased fluid
and salt intake and may develop supine hypertension as a result of use of
medications like midodrine [59].

Treatments in development and off-label therapy

Gene silencers

Eplontersen is an investigational GalNAc-conjugated ASO. The NEURO-
TTRansform trial was a recent multicenter, open-label, single-group, phase 3
clinical trial that evaluated the safety and efficacy of eplontersen and com-
pared it to a historical placebo group from the NEURO-TTR trial of inotersen
[60]. Adult patients aged 18 to 82 years with FAP stages I or II were eligible to
participate. Patients previously or currently treated with other TTR silencers
were excluded [61]. One hundred and forty-four patients received eplontersen
45 mg subcutaneously every 4 weeks. Three primary endpoints were measured
at weeks 65 or 66, including changes from baseline in serum TTR, mNIS + 7,
and Norfolk QOL-DN scales. The study found an adjusted mean percent-
age reduction of-81.7% in serum TTR in the eplontersen group compared
to-11.2% in the placebo group. The mean change in mNIS +7 was 0.3 in the
eplontersen group and 25.1 in the placebo group, indicating disease stabil-
ity in those treated with eplontersen. The mean change in Norfolk QoL-DN
was - 5.5 in the eplontersen group and 14.2 in the placebo group, suggesting
a slight improvement in quality of life in patients who received eplontersen.
Three patients (2.1%) on eplontersen had thrombocytopenia, but all cases
were mild, and not associated with hemorrhage, without treatment interrup-
tions or dosing changes. There were no cases of glomerulonephritis in the
treatment group. Injection site reactions were observed in 8% of patients on
eplontersen and 12% of patients on placebo. There were no serious adverse
effects or deaths related to the study drug [60]. The main limitations of the
study were its open-label design and use of a historical placebo group.

At the time of this manuscript submission, eplontersen is under the review
by the Food and Drug Administration, and the decision is expected in late
December 2023. If approved, eplontersen would offer an additional subcu-
taneous treatment option for patients with FAP, with the potential for added
benefit of home self-administration of caregiver administration.
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Stabilizers (diflunisal, acoramidis)

Diflunisal, a generic non-steroidal anti-inflammatory medication approved
for the use of arthritis-related pain, has data showing benefits in hATTR-
PN. Diflunisal stabilizes TTR tetramers, similarly like tafamidis [62]. In a
randomized 1:1 controlled trial of 130 patients treated with oral diflunisal
250 mg twice daily versus placebo, the NIS+7 showed an 18.0-point (95%
CI, 9.9-26.2) difference favoring diflunisal at 2 years [47]. Quality of life
based on the physical component of Short-Form Health Survey (SF-36) score
also stabilized contrasting the deterioration seen in the placebo group. Gas-
trointestinal, renal, cardiac, and hematologic adverse events did not differ
between the 2 groups. Similarly, there was no significant difference in drug-
related adverse events. A long-term study of the safety and efficacy of difl-
unisal demonstrated that the medication is well tolerated by most patients
with a sustained effect beyond 2 years [63]. Additional studies have reported
the benefits for autonomic dysfunction in p.V50M FAP and in wtATTR car-
diomyopathy [64, 65]. The European consensus for diagnosis, management,
and treatment of hATTR-PN recommended the use of diflunisal for patients
with FAP stage II [66]. These guidelines, however, preceded the approval of
TTR silencers. The use of diflunisal for hATTR-PN and ATTR-CM in the USA
and other countries remains off label.

Another investigational stabilizer, acoramidis (previously known as
AG10), showed promise for treatment of ATTR-CM [54], but the clinical study
for hATTR-PN was withdrawn by the sponsor (NCT04418024).

Gene editing therapy

The success of gene editing and/or replacement therapy in other monogenic
neuromuscular disorders such as spinal muscular atrophy and Duchenne
muscular dystrophy suggests hATTR should be a good candidate for this treat-
ment modality. NTLA-2001 is an in vivo gene editing therapeutic agent based
on the clustered regularly interspaced short palindromic repeats and associ-
ated Cas9 endonuclease (CRISPR-Cas9) system designed to reduce the pro-
duction of both variant and wild-type TTR. It consists of a single guide RNA
targeting TTR and Cas9 mRNA sequence encapsulated in a lipid nanoparticle
[67¢]. Sustained knockout of TTR was previously observed in pre-clinical stud-
ies [68]. The interim results of a phase 1, open-label, multicenter study assess-
ing the safety and pharmacodynamic effects of two different doses of NTLA-
2001 (0.1 mg kg and 0.3 mg/kg) were published in 2021. Six adult patients
with hATTR-PN received a single dose of NTLA-2001 intravenously with a
dose-dependent reduction of serum TTR that was observed at days 14 and 28
(mean 52% in the lower dose group and 87% in the higher dose group at day
28). All patients completed the infusion without interruptions. Three patients
experienced mild adverse effects during or after the infusion. One patient had
an infusion-related reaction. Studies in patients with hATTR-PN and hATTR-
CM are ongoing with expected completion in 2026 (NCT04601051).
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Amyloid removal agents

Currently available treatments for ATTR reduce or block the formation of
tissue amyloid deposits, and various strategies may be considered to remove
existing amyloid plaques including anti-amyloid antibodies and doxycycline
with tauroursodeoxycholic acid. At this time, there are no approved treat-
ments to remove ATTR amyloid, but recent approvals of monoclonal antibod-
ies targeting amyloid plaques for treatment of Alzheimer’s disease suggest
that such strategy may be effective [69]. Some of treatments that are not
specific for removal of ATTR deposits have been used as potential treatment
for other types of amyloidoses as well (e.g., doxycycline in AL). Treatment
with doxycycline and tauroursodeoxycholic acid leads to improvement of
left ventricular strain in 38% of patients with ATTR-CM treated for a median
time of 22 months [70]. A recent phase 1 study of an investigational anti-
ATTR antibody NI006 demonstrated reduction of amyloid on imaging study
(cardiac MR, scintigraphy), and the reduction of NT-proBNP and troponin-T
levels contrasting deterioration in placebo-treated group (NCT04360434)
[71]. Another investigational antibody targeting an epitope on misfolded
and aggregated TTR, NNC6019, is now in a phase 2 clinical study for treat-
ment of ATTR-CM with planned completion in early 2025 (NCT05442047)
[72]. Additionally, there was a recent report of immune response leading to
spontaneous clearance of cardiac amyloid deposits in 3 patients attributed
to the immune response in the presence of a high titer of circulating poly-
clonal IgG antibodies reactive to human ATTR [73¢]. A novel approach using
chimeric antigen receptor-engineered macrophages (CAR-M) is currently at
a preclinical stage [74].

Conclusions and future directions

Currently available treatments have changed natural history of hATTR-PN
and ATTR-CM with slowing of progression, reduced hospitalization, and
improved mortality. However, while current gene silencers are effective in
targeting and knocking down the production of TTR in the liver [38], they do
not block TTR production in the eye and CNS, similarly as what happens after
liver transplantation. Liver transplantation was the first treatment for hATTR,
before the advent of TTR stabilizers and gene silencing as it stopped the pro-
duction of variant TTR in the liver [42¢]. However, some of p.V50M hATTR
patients who underwent liver transplantation developed transient neurologic
events attributable to CNS ATTR at 8 to 17 years after the transplantation |75,
76]. Therefore, we may expect the onset of CNS ATTR in some hATTR-PN
patients after long-term treatment and prolonged survival with gene silencers.
A potential role for tafamidis and tolcapone in treatment of CNS hATTR may
be considered as well as both drugs penetrate CNS with potentially effective
CSF concentrations [77, 78], although individual case reports do not support
use of tafamidis in OLMA [79].
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Additional potential treatments for hATTR that may get approved in the
near future by drug control agencies include a new ASO gene silencer eplont-
ersen for treatment of hATTR neuropathy, and TTR stabilizer acoramidis for
treatment of ATTR cardiomyopathy [60, 80]. Along with approval for hATTR-
PN, vutrisiran may also get approved for cardiomyopathy.

Management of ATTR has rapidly evolved since tafamidis was approved
for treatment of hATTR-associated polyneuropathy in Europe in 2011, and
currently in the USA there are 4 medications approved for treatment of ATTR
with more to come. Future management protocols may include combina-
tions of gene silencers, TTR stabilizers, and amyloid removal agents, but the
cost may become the limiting factor. The role of Cas9-CRISPR in treatment
of hATTR and other hereditary disorders is being investigated as well [67¢].

As management of ATTR continues to evolve, some of the important chal-
lenges include [ 1] developing effective treatment of ATTR in the CNS and the eye;
[2] removal of existing ATTR deposits in different organs and tissues; and [3] opti-
mization of long-term gene silencing (optimal percentage of TTR suppression,
frequency and route of dosing, effects of long-term prealbumin knockdown).
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