
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ierj20

Expert Review of Clinical Pharmacology

ISSN: 1751-2433 (Print) 1751-2441 (Online) Journal homepage: https://www.tandfonline.com/loi/ierj20

Inotersen for the treatment of adults with
polyneuropathy caused by hereditary
transthyretin-mediated amyloidosis

Morie A. Gertz, Morton Scheinberg, Márcia Waddington-Cruz, Stephen B.
Heitner, Chafic Karam, Brian Drachman, Sami Khella, Carol Whelan & Laura
Obici

To cite this article: Morie A. Gertz, Morton Scheinberg, Márcia Waddington-Cruz, Stephen
B. Heitner, Chafic Karam, Brian Drachman, Sami Khella, Carol Whelan & Laura Obici (2019)
Inotersen for the treatment of adults with polyneuropathy caused by hereditary transthyretin-
mediated amyloidosis, Expert Review of Clinical Pharmacology, 12:8, 701-711, DOI:
10.1080/17512433.2019.1635008

To link to this article:  https://doi.org/10.1080/17512433.2019.1635008

© 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 03 Jul 2019.

Submit your article to this journal Article views: 4104

View related articles View Crossmark data

Citing articles: 13 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=ierj20
https://www.tandfonline.com/loi/ierj20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17512433.2019.1635008
https://doi.org/10.1080/17512433.2019.1635008
https://www.tandfonline.com/action/authorSubmission?journalCode=ierj20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ierj20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17512433.2019.1635008
https://www.tandfonline.com/doi/mlt/10.1080/17512433.2019.1635008
http://crossmark.crossref.org/dialog/?doi=10.1080/17512433.2019.1635008&domain=pdf&date_stamp=2019-07-03
http://crossmark.crossref.org/dialog/?doi=10.1080/17512433.2019.1635008&domain=pdf&date_stamp=2019-07-03
https://www.tandfonline.com/doi/citedby/10.1080/17512433.2019.1635008#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/17512433.2019.1635008#tabModule


DRUG PROFILE

Inotersen for the treatment of adults with polyneuropathy caused by hereditary
transthyretin-mediated amyloidosis
Morie A. Gertz a, Morton Scheinbergb, Márcia Waddington-Cruzc, Stephen B. Heitnerd, Chafic Karame, Brian Drachmanf,
Sami Khellag, Carol Whelanh and Laura Obicii

aDepartment of Hematology, Transplant Center, Cancer Center, Mayo Clinic College of Medicine, Rochester, MN, USA; bDepartment of
Rheumatology, Hospital Israelita Albert Einstein, Sao Paulo, Brazil; cNeuromuscular Diseases Unit, Federal University of Rio de Janeiro, University
Hospital, Rio de Janeiro, Brazil; dHypertrophic Cardiomyopathy Clinic, Knight Cardiovascular Institute, Portland, OR, USA; eDepartment of
Neurology, ALS and Neuromuscular Center, Oregon Health and Science University, Portland, OR, USA; fDepartment of Cardiovascular Medicine,
University of Pennsylvania, Philadelphia, PA, USA; gDepartment of Neurology, University of Pennsylvania, Philadelphia, PA, USA; hConsultant
Cardiologist, University College London-National Amyloidosis Centre, London, UK; iAmyloidosis Research and Treatment Center, Fondazione IRCCS
Policlinico S. Matteo, Pavia, Italy

ABSTRACT
Introduction: Hereditary transthyretin-mediated amyloidosis (ATTRv; v for variant) is an underdiagnosed,
progressive, and fatal multisystemic disease with a heterogenous clinical phenotype that is caused by TTR
gene mutations that destabilize the TTR protein, resulting in its misfolding, aggregation, and deposition in
tissues throughout the body.
Areas covered: Inotersen, an antisense oligonucleotide inhibitor, was recently approved in the United States
and Europe for the treatment of the polyneuropathy of ATTRv based on the positive results obtained in the
pivotal phase 3 trial, NEURO-TTR. This review will discuss the mechanism of action of inotersen and its
pharmacology, clinical efficacy, and safety and tolerability. A PubMed search using the terms ‘inotersen,’
‘AG10,’ ‘antisense oligonucleotide,’ ‘hereditary transthyretin amyloidosis,’ ‘familial amyloid polyneuropathy,’
and ‘familial amyloid cardiomyopathy’ was performed, and the results were screened for the most relevant
English language publications. The bibliographies of all retrieved articles were manually searched to identify
additional studies of relevance.
Expert opinion: Inotersen targets the disease-forming protein, TTR, and has been shown to improve quality
of life and neuropathy progression in patients with stage 1 or 2 ATTRv with polyneuropathy. Inotersen is well
tolerated, with a manageable safety profile through regular monitoring for the development of glomerulone-
phritis or thrombocytopenia.
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1. Introduction

Transthyretin amyloidosis (ATTR) is an underdiagnosed, pro-
gressive, fatal multisystemic disease that results from the mis-
folding, aggregation, and deposition of the plasma transport
protein, transthyretin (TTR), in various tissues through the
body [1–4]. ATTR may be acquired, known as wild-type ATTR,
or hereditary (ATTRv; v for variant, formerly abbreviated
hATTR), which develops as a result of mutations in the TTR
gene that destabilize the resultant TTR protein [1].

ATTRv often presents as a variable clinical phenotype because
of amyloid deposition in multiple organ systems (Figure 1) [2,5–7].
Deposition is most common in the peripheral nerves and heart,
resulting in polyneuropathy and cardiomyopathy, respectively
[8–10]. If untreated, symptoms of ATTRv are generally progressive
until death, which typically occurs 3–15 years after presentation
[5]. The current estimated global prevalence of ATTRv with poly-
neuropathy or cardiomyopathy is approximately 10,000 and
40,000 persons, respectively [8,11].

TTR is a 55-kDa transporter protein primarily synthesized and
secreted by the liver [1,2,12–14]. The main function of TTR in

plasma is to transport the thyroid hormone, thyroxine, and the
retinol (vitamin A)/retinol-binding protein (RBP) complex [1,2,12].
In its native state, TTR exists as a soluble homotetrameric complex
comprising four single-chain TTR monomers [1,2]. When the TTR
gene is mutated, the tetrameric complex is destabilized and dis-
sociates intomonomers, resulting in the formation and deposition
of amyloid fibrils and the disease known as amyloidosis [2]. More
than 120 genetic variants of the TTR gene exist that result in ATTRv,
with some mutations being more strongly associated with poly-
neuropathy (e.g. Val30Met) and others with cardiomyopathy (e.g.
Val122Ile) [1,2,13,14]. Val30Met is themost common variantworld-
wide and is found with higher prevalence in Portugal, Spain
(Majorca), Brazil, France, Japan, and Sweden, while Val122Ile is
most commonly found in African Americans [1,14].

Recently, two new first-in-class drugs, inotersen (Tegsedi,
Akcea Therapeutics, Inc.) and patisiran (Onpattro, Alnylam
Pharmaceuticals, Inc.), have been approved in the United
States for the treatment of polyneuropathy of ATTRv in adult
patients and in Europe for the treatment of stage 1 or 2
polyneuropathy in adults with ATTRv [15–18]. These novel
therapies reduce the plasma concentration of both variant
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and wild-type TTR by targeting its mRNA. This article will
review inotersen, an antisense oligonucleotide (ASO) inhibitor,
for the treatment of polyneuropathy caused by ATTRv, focus-
ing on the mechanism of action of inotersen and its pharma-
cology, clinical efficacy, and safety and tolerability.

2. Overview of the market

Until recently, there were no US Food and Drug Administration
(FDA)-approved treatment options available for ATTRv. In patients
with early-stage ATTRv, orthotopic liver transplantation (OLT) has
been shown to slow the progression of neuropathy and improve
survival; however, use of OLT is limited by organ availability, cost,
the need for lifelong immunosuppression, and surgical morbidity
andmortality [5,19–21]. Heart transplantation with or without OLT
may also be considered for ATTRv with significant cardiac involve-
ment but has similar limitations as OLT [1,5,22].

An alternative strategy for the treatment of ATTRv is to stabi-
lize the TTR protein tetramer, preventing the dissociation of
misfolded TTR intomonomers and thus the formation of amyloid
fibrils [5]. Diflunisal, a nonsteroidal anti-inflammatory drug, pre-
vents the formation of TTR amyloid fibrils [1]. A randomized,
double-blind, placebo-controlled phase 3 study demonstrated
that twice-daily diflunisal 250 mg over 2 years significantly
reduced the rate of progression of neurologic impairment and
preserved quality of life (QoL) in patients with ATTRv [23].
Although diflunisal is not FDA approved for the treatment of
ATTRv, it is available as an off-label option in the United States
and in some European countries [5]. However, long-term use of
nonsteroidal anti-inflammatory drugs is associated with an
increased risk of gastrointestinal, renal, and cardiac toxicity; as
a result, caution should be taken when considering the use of
diflunisal in ATTRv patients with cardiac involvement [8].

Tafamidis is an oral, small-molecule TTR stabilizer that is
approved in Europe and selected countries in Asia and Latin
America for the treatment of ATTRv in adults with stage 1 symp-
tomatic polyneuropathy to delay peripheral impairment [24–26];
tafamidis was not approved for neuropathy by the FDA because
of inadequate evidence of efficacy [8,26]. In the randomized,
placebo-controlled phase 2/3 Fx-005 study, tafamidis therapy
demonstrated TTR stabilization in 98% of patients, reduced neu-
rologic deterioration, preserved nerve function, and maintained

QoL in patients with early-stage Val30Met ATTRv [27]. Additional
analyses and long-term follow-up of this pivotal trial further
supported the efficacy and safety of tafamidis in patients with
early-stage ATTRv-associated polyneuropathy [28,29], and
a recent analysis of the Transthyretin Amyloidosis Outcomes
Survey (THAOS) reported the ability of tafamidis to delay disease
progression during 2 years of follow-up [30]. Recently, the
phase 3 ATTR-ACT trial reported that tafamidis was associated
with reductions in all-cause mortality and cardiovascular-related
hospitalizations, along with a reduced decline in functional capa-
city and QoL in patients with cardiomyopathy associated with
either ATTRv or wild-type ATTR [31]. As a result of these findings,
tafamidis was granted fast-track designation by the FDA for
cardiomyopathy-associated ATTR. Tafamidis meglumine
(Vyndaqel, Pfizer Inc.) and tafamidis (Vyndamax, Pfizer Inc.)
were recently approved for the treatment of cardiomyopathy
of wild-type ATTR or ATTRv in adults to reduce cardiovascular
mortality and cardiovascular-related hospitalization [32].

The TTR-lowering agents inotersen and patisiran are the first
agents to target TTR, the disease-forming protein of ATTRv.
Patisiran is a double-stranded small interfering RNA administered
via intravenous infusion that targets a sequence on TTRmessenger
RNA to decrease production of TTR. It was recently approved by
the FDA for the treatment of polyneuropathy of ATTRv in adult
patients [15], and in Europe for the treatment of ATTRv in adults
with stage 1 or 2 polyneuropathy [16] based on the findings of the
large randomized, double-blind, placebo-controlled phase 3
APOLLO trial that showed a therapeutic benefit in polyneuropa-
thy, neuropathy, and QoLwith patisiran versus placebo in patients
with ATTRv [33]. The ASO, inotersen, is the focus of this review and
will be discussed in detail below.

Other agents currently undergoing clinical development for
the treatment of ATTRv include novel TTR stabilizers that offer
greater stability of TTR tetramers (e.g. tolcapone [SOM0226],
CSP-1103 [CHF5074], AG10) [34–40], combination therapy with
doxycycline (disrupts TTR amyloid fibril formation) and taur-
oursodeoxycholic acid (reduces nonfibrillar TTR deposition)
[41,42], and anti-TTR monoclonal antibodies that target amy-
loid monomers and inhibit fibril formation and promote pha-
gocytosis of TTR aggregates [43–45]. While these agents show
promise, published data from randomized controlled trials are
currently lacking.

3. Introduction to inotersen

3.1. Chemical property

Inotersen sodium, a 2ʹ-O-methoxyethyl-modified second-
generation ASO, is formulated as a white to pale-yellow
solid that is freely soluble in water and in phosphate buffer
(pH 7.5 to 8.5) [46,47]. The molecular formula of inotersen
sodium is C230H299N69Na19O121P19S19, and its molecular
weight is 7600.73 Da [47].

3.2. Mechanism of action

Inotersen was designed to inhibit the hepatic production of
mutant and wild-type TTR (Figure 2) [46]. Using a Watson-Crick
hybridization binding mechanism, inotersen targets TTR mRNA

Article highlights

● Chemical property: molecular formula C230H299N69Na19O121P19S19,
molecular weight 7600.73 Da

● Mechanism of action and indication: RNA interference drug indicated
for the treatment of the polyneuropathy of hereditary transthyretin-
mediated amyloidosis (ATTRv)

● Pharmacokinetics: median time to peak plasma concentration is
2–4 hours, volume of distribution is 293 l, elimination half-life is
approximately 1 month

● Route of administration and dose: subcutaneous injection dosed at
284 mg (equivalent to 300 mg inotersen sodium salt) once weekly

● Most frequent adverse events: nausea, fatigue, diarrhea, headache
● Clinical trials: phase 1: healthy volunteers; phase 3: NEURO-TTR trial

(NCT01737398; stage 1 or 2 ATTRv with polyneuropathy), NEURO-TTR
OLE trial (NCT02175004); investigator-initiated phase 2 trial in hereditary
or wild-type transthyretin-mediated amyloidosis with moderate-to-
severe cardiomyopathy
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produced in the nucleus of hepatocytes, resulting in the degra-
dation of TTR RNA, which in turn prevents the translation of TTR
mRNA into TTR protein [46]. The binding site on inotersen occurs

in a 3′-untranslated region of the TTR mRNA that is devoid of
known TTRmutations; thus, its action prevents the production of
both mutant and wild-type TTR by the liver [46].

Figure 1. Clinical manifestations associated with hereditary transthyretin amyloidosis (ATTRv) [2,5–7]. ATTRv is a progressive, multisystemic disease characterized by
the deposition of amyloid fibrils in various organs and tissues throughout the body, including the nerves, heart, gastrointestinal tract, liver, and kidney. CNS, central
nervous system.
Adapted with permission from Conceição I, González-Duarte A, Obici L, et al. ‘Red-flag’ symptom clusters in transthyretin familial amyloid polyneuropathy. J Peripher Nerv Syst. 2016;21(1):5–9.

Figure 2. Mechanism of action of inotersen. mRNA, messenger ribonucleic acid; TTR, transthyretin.
Reprinted with permission from Benson MD et al. Neurodegener Dis Manag. 2019;9:25–30.
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3.3. Pharmacodynamics

In vitro studies in hepatocyte-like cell lines (HLCs) derived from
pluripotent stem cells from patients with ATTRv showed that the
administration of inotersen downregulated TTRmRNA in HLCs, as
well as monomeric and dimeric forms of TTR protein in HLC cell
culture supernatant by 80–90% [48]. Inotersen has also been
evaluated in vivo in transgenic mice and cynomolgus monkeys.
In transgenic mice harboring the TTR Ile84Ser mutation, subcuta-
neous (SC) injection of inotersen at doses ranging from 10 to
100mg/kg/week for 4 weeks was associated with >90% reduction
in hepatic TTRmRNA and plasma TTR protein levels at the highest
doses tested, compared with phosphate buffered saline-treated
controls; these reductions were directly proportional to inotersen
accumulation in the liver [49]. SC administration of inotersen
25 mg/kg (3 times during week 1, then twice weekly during
weeks 2–12) in cynomolgus monkeys was well tolerated and
was associated with a reduction in hepatic TTR mRNA levels of
approximately 90% and a mean reduction in plasma TTR protein
levels of approximately 80% at 12 weeks of treatment [49]. Taken
together, these preclinical studies highlighted the ability of ino-
tersen to provide substantial reductions in both wild-type and
mutant TTR levels.

Consistent with preclinical findings, inotersen was also asso-
ciated with reductions in both wild-type and mutant forms of
TTR in humans. In healthy human subjects, dose-dependent
reductions in plasma TTR protein levels were observed in
a phase 1 trial, with mean percentage reductions from baseline
of 77% and 79% for the 300- and 400-mg dose levels after
4 weeks of treatment [49]. In the 15-month, phase 3 NEURO-
TTR pivotal trial (NCT01737398; Figure 3), once-weekly SC admin-
istration of inotersen 300 mg (equivalent to 284 mg free acid)
achieved steady-state concentrations of inotersen in the liver at
approximately 13 weeks, which resulted in a median percentage
reduction from baseline in serum TTR levels of 79.0% during
weeks 13–65 of treatment (Figure 4) [50].

Another pharmacodynamic effect observed following inoter-
sen therapy is the change in plasma levels of vitamin A. Because
serum TTR is a carrier of retinol binding protein 4 (RBP4), the
main carrier of retinol (vitamin A) in the blood, inotersen reduces
plasma vitamin A levels to below the lower limit of normal
[47,49,51].

3.4. Pharmacokinetics and metabolism

Subcutaneous administration of inotersen is associated with
dose-dependent pharmacokinetics (PK) [47,51]. Following
administration, inotersen is rapidly absorbed into the systemic
circulation, and peak plasma concentrations are achieved after
a median of 2–4 h [47,49,51]. More than 94% of inotersen is
bound to plasma protein, regardless of drug concentration,
and extensive distribution into tissues at steady state is
observed in patients with ATTRv amyloidosis, with a volume
of distribution of 293 l [47,51].

Inotersen is metabolized by endonucleases in tissues, which
leads to the formation of shorter inactive oligonucleotides that
are then metabolized by exonucleases [47,51]. Inotersen is not
a substrate for cytochrome (CYP) P450 oxidation. Following SC
administration, the unchanged drug is the main circulating com-
ponent, with <1% of unchanged drug being excreted in the first
24 h. Inotersen and its oligonucleotide metabolites are excreted
in the urine. The elimination half-life of inotersen following SC
administration is approximately 1 month.

Population PK analyses have shown that age, body weight,
sex, and race have no clinically relevant effects on inotersen
exposure [47,51]. There are currently no data on inotersen in
patients with severe renal impairment, end-stage renal dis-
ease, moderate or severe hepatic impairment, or prior liver
transplantation.

3.5. Drug interactions

No studies have been conducted to assess the potential clin-
ical drug interactions with inotersen [47,51]. Inotersen is not
a substrate for inhibitors/inducers of CYP enzymes or major
transporters [47]. In a population PK analysis, the concomitant
use of diuretics, antithrombotics, and analgesics did not
impact the PK parameters of inotersen [47].

4. Clinical efficacy

Inotersen has been evaluated in a phase 1 trial, an investiga-
tor-initiated phase 2 trial, and a pivotal phase 3 trial, which are
summarized in Table 1.

Figure 3. Study design of NEURO-TTR and the open-label extension.
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4.1. Phase 1 study

In a placebo-controlled phase 1 study, 65 healthy volunteers
received placebo or inotersen (50–400 mg, SC) as single doses
(n = 16) or multiple doses (n = 49) [49]. Subjects in the multi-
ple-dose cohort received a total of six doses; three doses on
alternate days during the first week (days 1, 3, and 5), followed
by once-weekly doses for 3 weeks (days 8, 15, and 22) [49].

In the multiple-dose cohorts, inotersen was associated with
mean percentage reductions in circulating serum TTR levels
from baseline to day 29 that ranged from 8% with the 50-mg
dose to 76% with the 400-mg dose (all p ≤ 0.001 vs. baseline
except for the 50-mg dose [p = 0.07]). The reduced serum TTR
levels were maintained for approximately 3–4 weeks after the
last dose, gradually returning to baseline values. In the 300- and
400-mg inotersen cohorts, mean serum TTR levels remained
30% below baseline levels at 10 weeks after the last dose.
Inotersen also lowered serum RBP4 levels, which were signifi-
cantly reduced from baseline to day 29 in a dose-dependent
manner (from 11% to 75%; all p < 0.05). The changes in TTR
levels were significantly correlated with changes in RBP4 levels
(R2 = 0.88; p < 0.0001).

4.2. Phase 3 study

The NEURO-TTR trial was an international, randomized, double-
blind, placebo-controlled, 15-month pivotal phase 3 trial con-
ducted at 24 centers in 10 countries (Figure 3) [50]. Patients were
included who were aged 18–82 years with a diagnosis of stage 1
or 2 ATTRv with polyneuropathy (Neuropathy Impairment Score
[NIS] of 10 to 130); all patients had a TTRmutation determined by
genotyping and biopsy-proven amyloid deposits. Recipients of
liver transplantation were not eligible for the trial. Eligible
patients were randomly assigned 2:1 to SC inotersen 300 mg or
placebo. To achieve steady-state drug levels, 3 injections were
administered during the first week, followed by once-weekly
injections for the next 64 weeks. The coprimary endpoints were
the change from baseline to week 66 in the standardized mod-
ified NIS Score+7 (mNIS+7; range, −22.3 to 346.3, with higher
scores indicatingmore impairment and a 2-point change defined
as a minimum clinically meaningful detectable change) compo-
site score and the total score on the Norfolk Quality of Life-
Diabetic Neuropathy (QoL-DN; range, −4 to 136, with higher
scores indicating worse QoL) questionnaire. Secondary and ter-
tiary efficacy endpoints included components and

Figure 4. Serum transthyretin (TTR) over time. (a) Median percentage change from baseline and (b) mean absolute TTR level.
Reprinted with permission from Benson MD et al. N Engl J Med. 2018;379:22–31.
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subcomponents of the mNIS+7 test, the Norfolk QoL-DN ques-
tionnaire according to domain, and the 36-item Short-Form
Health Survey (SF-36).

Of the 173 patients who were randomized in the NEURO-
TTR trial, 172 received at least one dose of study treatment;
112 patients were assigned to the inotersen group and 60 to
the placebo group [50]. Overall, 139 out of 172 patients (81%)
completed the 15-month treatment period; adverse events
(AEs) were the main reason for discontinuation of study treat-
ment in the inotersen group (16/112, 14%). Patients who
completed this 15-month trial were eligible to enter the open-
label extension (OLE) study.

Baseline characteristics were well-balanced between the two
groups [50,52]. In the overall study population, the mean age was
59 years, 69% were male, and 92% were white. Fifty-two percent
of patients carried the Val30Met mutation (out of 27 different TTR
mutations), 67% had stage 1 disease, 58% had previously received
tafamidis or diflunisal, and 63% had cardiomyopathy (defined as
a diagnosis of TTR cardiomyopathy at study entry or the presence
of an interventricular wall thickness of ≥13 mm on thoracic echo-
cardiography at baseline and no known history of persistent
hypertension within 12 months of screening). In a recent evalua-
tion of the disease characteristics of ATTRv patients in the NEURO-
TTR trial, the mean duration of neuropathy symptoms was
5.3 years, and the symptomswere shown to affectmultiple organs
and systems, with nearly 70% of patients showing widespread
involvement with weakness, sensory loss, and autonomic distur-
bance [52]. The baseline data from NEURO-TTR highlight that
ATTRv is a multisystemic disease, with most patients presenting
with both polyneuropathy and cardiomyopathy.

Once-weekly treatment with SC inotersen 300 mg for
15 months in the NEURO-TTR trial significantly improved neuro-
pathy symptoms and health-related QoL, compared with placebo
[50]. At baseline, the mean (± standard deviation [SD]) mNIS+7
composite score was 79.2 ± 37.0 in the inotersen group and
74.8 ± 39.0 in the placebo group, and mean Norfolk QoL-DN
total scores were 48.2 ± 27.5 and 48.7 ± 26.7, respectively. The
difference in the least-squares mean (LSM) change from baseline
to week 66 in the mNIS+7 composite score between the inoter-
sen and placebo groups was −19.7 points (95% confidence
interval [CI], −26.4 to −13.0; p < 0.001) in favor of inotersen
(Figure 5(a)). Similarly, the difference in the LSM change from
baseline to week 66 in Norfolk QoL-DN total scores between the
inotersen and placebo groups was −11.7 (95% CI, −18.3 to −5.1;
p < 0.001) in favor of inotersen (Figure 5(b)). These significant
improvements in the coprimary endpoints of NEURO-TTR were
independent of disease stage, mutation type, or the presence of
cardiomyopathy.

Significantly greater benefit in secondary and tertiary effi-
cacy endpoints were also shown for inotersen versus placebo
[50]. Inotersen was associated with a significant benefit over
placebo for all components and subcomponents of the mNIS
+7 composite score (all p < 0.05), except for the touch-
pressure (p = 0.09) and heart rate to deep breathing (HRDB;
p = 0.376) subcomponents of the modified +7 component.
The lack of statistically significant effects on touch-pressure
and HRDB may be attributable to the ‘ceiling effect,’ in that
patients were at the lowest level of the scoring range at
baseline; therefore, measurement of change from baselineTa

bl
e
1.

Cl
in
ic
al
tr
ia
ls
of

in
ot
er
se
n.

Ph
as
e

St
ud

y
de
si
gn

St
ud

y
tr
ea
tm

en
t(
s)

Pa
tie
nt

po
pu

la
tio

n
Pr
im
ar
y
en
dp

oi
nt
(s
)

Cu
rr
en
t
st
at
us

Ac
ke
rm

an
n
et

al
.

20
16

[4
9]

1
Ra
nd

om
iz
ed
,p

ar
al
le
lg

ro
up

,
do

ub
le

bl
in
d

In
ot
er
se
n
50

to
40
0
m
g
SC

(s
in
gl
e
or

m
ul
tip

le
do

se
s)
;

pl
ac
eb
o

H
ea
lth

y
vo
lu
nt
ee
rs
(N

=
65
)

Ph
ar
m
ac
od

yn
am

ic
s,
ph

ar
m
ac
ok
in
et
ic
s,
an
d

sa
fe
ty

an
d
to
le
ra
bi
lit
y

Co
m
pl
et
ed

Be
ns
on

et
al
.

20
17

[5
4]

2
Si
ng

le
ce
nt
er
,i
nv
es
tig

at
or

in
iti
at
ed
,o

pe
n
la
be
l

In
ot
er
se
n
30
0
m
g
SC

on
ce

pe
r

w
ee
k
fo
r
up

to
3
ye
ar
s

AT
TR
v
or

w
ild
-t
yp
e
AT

TR
ca
rd
io
m
yo
pa
th
y
(N

=
22
)

St
ru
ct
ur
al
an
d
fu
nc
tio

na
lc
ar
di
ac

pa
ra
m
et
er
s

O
ng
oi
ng

(P
ub

lic
at
io
n
re
po

rt
s
th
e
fir
st
15

pa
tie
nt
s

w
ho

ha
d
re
ce
iv
ed

in
ot
er
se
n
fo
r
12

m
on

th
s)

Be
ns
on

et
al
.

20
18

[5
0]

(N
CT
01
73
73
98
)

3
In
te
rn
at
io
na
l,
ra
nd

om
iz
ed
,

do
ub

le
bl
in
d,

pl
ac
eb
o

co
nt
ro
lle
d

In
ot
er
se
n
30
0
m
g
SC

on
ce

pe
r

w
ee
k;
pl
ac
eb
o

AT
TR
v
po

ly
ne
ur
op

at
hy

(N
=
17
2)

Ch
an
ge
sf
ro
m
ba
se
lin
e
to
w
ee
k
66

in
th
e
m
N
IS
+
7

co
m
po
sit
e
sc
or
e
an
d
N
or
fo
lk
Q
oL
-D
N
to
ta
l

sc
or
e

Co
m
pl
et
ed

G
er
tz

et
al
.2

01
8

AS
H
[5
3]

(N
CT
02
17
50
04
)

3
O
pe
n-
la
be
le

xt
en
si
on

of
th
e

N
EU

RO
-T
TR

tr
ia
l

Co
nt
in
ue
d
in
ot
er
se
n
or

sw
itc
he
d
fr
om

pl
ac
eb
o
to

in
ot
er
se
n

AT
TR
v
po

ly
ne
ur
op

at
hy
;c
om

pl
et
ed

th
e

15
-m

on
th

N
EU

RO
-T
TR

st
ud

y
(N

=
13
5)

Ch
an
ge
s
fr
om

O
LE

ba
se
lin
e
in

m
N
IS
+
7

co
m
po

si
te

sc
or
e
an
d
N
or
fo
lk
Q
oL
-D
N
to
ta
l

sc
or
e

O
ng
oi
ng

(2
-y
ea
r
fo
llo
w
-u
p
ef
fic
ac
y
an
d
sa
fe
ty

da
ta

pr
es
en
te
d
at

AS
H
20
18
)

(N
CT
03
70
28
29
)

2
Si
ng

le
ar
m
,s
in
gl
e
ce
nt
er
,

op
en

la
be
l

In
ot
er
se
n
30
0
m
g
SC

on
ce

pe
r

w
ee
k
fo
r
24

m
on

th
s

AT
TR
v
or

w
ild
-t
yp
e
AT

TR
ca
rd
io
m
yo
pa
th
y
(e
st
im
at
ed

en
ro
lm
en
t;
N
=
50
)

Sy
st
ol
ic
st
ra
in

im
ag
in
g
by

ec
ho

ca
rd
io
gr
ap
hy

O
ng
oi
ng
,n

ot
ye
t
re
cr
ui
tin
g

(S
tu
dy

co
m
pl
et
io
n
D
ec
em

be
r
20
21
)

(N
CT
03
40
00
98
)

N
A

Ex
pa
nd

ed
ac
ce
ss

In
ot
er
se
n

AT
TR
v

N
A

Ex
pa
nd
ed

ac
ce
ss

st
at
us

A
bb

re
vi
at
io
ns
:A

SH
,A

m
er
ic
an

So
ci
et
y
of

H
em

at
ol
og

y;
AT

TR
,t
ra
ns
th
yr
et
in
am

yl
oi
do

si
s;
AT

TR
v,
he
re
di
ta
ry
tr
an
st
hy
re
tin

am
yl
oi
do

si
s,
v
fo
rv

ar
ia
nt
;m

N
IS
+
7,
m
od

ifi
ed

N
eu
ro
pa
th
y
Im
pa
irm

en
tS

co
re
+
7;
N
A,

no
t
ap
pl
ic
ab
le
;N

or
fo
lk

Q
O
L-
D
N
,N

or
fo
lk
Q
ua
lit
y
of

Li
fe
-D
ia
be
tic

N
eu
ro
pa
th
y;
O
LE
,o

pe
n-
la
be
le

xt
en
si
on

;S
C,

su
bc
ut
an
eo
us
.

706 M. A. GERTZ ET AL.



was difficult. Inotersen was also associated with significant
improvements over placebo for all domains of the Norfolk
QoL-DN total score (all p ≤ 0.001), except for the small fiber
(p = 0.824) and autonomic (p = 0.134) domains. Furthermore,
the improvement from baseline to week 65 in the SF-36
physical component summary score was significantly greater
with inotersen (LSM difference, 3.59; 95% CI, 1.07 to 6.12; p =
0.006).

Results from the ongoing NEURO-TTR open-label extension
(OLE) study (NCT02175004) were presented at the 2018
American Society of Hematology Annual Meeting [53]. Patients
from the 15-month NEURO-TTR primary trial who completed
study treatment were eligible to enter the OLE study and receive
inotersen for up to 5 years (Figure 3). A total of 135 patients were
enrolled in the OLE study. In the OLE, patients in the inotersen
group continued to receive inotersen (inotersen–inotersen
group) and patients in the placebo group switched to inotersen
(placebo–inotersen group). Baseline demographics and disease
characteristics were generally well-balanced between the OLE
treatment groups. At 2 years of follow-up, patients who switched
from placebo to inotersen demonstrated improvement in neuro-
pathy-related quality of life (measured by Norfolk QoL-DN score)
and neuropathic progression (mNIS+7) from OLE baseline to
week 104 compared with predicted worsening with placebo.

Patients who initiated inotersen earlier (i.e. the inotersen–inoter-
sen group) showed greater improvements in neuropathic pro-
gression andmeasures of quality of life than those who switched
from placebo to inotersen.

4.3. Investigator-initiated trial

A single-center, investigator-initiated, open-label phase 2 study
was conducted to evaluate inotersen in biopsy-proven hereditary
or wild-type ATTR patients with moderate-to-severe cardiomyo-
pathy [54]. Subjects were treated with SC inotersen 300mg, admi-
nistered once weekly for up to 3 years. To date, 22 patients have
been enrolled and 15 have received inotersen for 12 months
(ATTRv, n = 8; wild-type ATTR, n = 7).

Of the 15 patients who had received inotersen for
12 months, 8 had ATTRv and 7 had wild-type ATTR. Most
patients achieved a maximum reduction of serum TTR levels
by week 26 of inotersen therapy, with peak percentage reduc-
tions ranging from 39% to 91%. Cardiac structural parameters
improved from baseline after 12 months’ treatment with ino-
tersen. In most patients, improvements from baseline in inter-
ventricular septal thickness and global systolic strain were
observed at 6 and 12 months, with all patients demonstrating
a lack of disease progression. In addition, the left ventricular

Figure 5. Coprimary endpoints from the pivotal phase 3 NEURO-TTR trial [47,50]. (a) Change from baseline to week 66 in the mNIS+7 composite score, and (b)
Change from baseline to week 66 in the Norfolk QoL-DN total score.
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mass measured by magnetic resonance imaging in 10 patients
showed a mean reduction of 2.4% at 12 months.

Treatment with inotersen was also associated with stabilization
of functional cardiac parameters at 12 months. A mean improve-
ment in the 6-minwalk distance test of 29.2mwas observed in the
14 patients who completed this test. Brain natriuretic peptide
levels decreased in most patients with ATTRv (5/8 patients) but
increased in most wild-type ATTR patients (5/7 patients).
Furthermore, New York Heart Association class improved in six
patients, remained stable in six patients, and declined in three
patients (all three had wild-type ATTR).

This investigator-initiated phase 2 study demonstrated that
treatment with inotersen was associated with stabilization of
disease progression after 12 months of treatment in patients
with ATTR and moderate-to-severe cardiomyopathy. These pre-
liminary findings are encouraging given that significant disease
progression over a 12-month period has been previously
observed in patients with ATTRv cardiomyopathy [55].

5. Safety and tolerability

In the investigator-initiated phase 2 trial, inotersen was well
tolerated by all 15 patients who had received 12 months of
inotersen [54]. AEs included pruritus (n = 2), localized injection
site reactions (erythema, itching, and induration; n = 5), and
transient fatigue (n = 2). Additionally, results of liver function
tests, urine analysis, and complete blood count remained stable
during the 12 months of inotersen treatment. Although platelet
levels decreased by a mean of 11%, no clinically significant
bleeding was reported.

During the primary 15-month treatment period of the
NEURO-TTR trial, treatment-emergent AEs occurring in ≥10%
of patients that were more common in the inotersen group
versus the placebo group included nausea (31.3% vs. 11.7%),
fatigue (25.0% vs. 20.0%), diarrhea (24.1% vs. 20.0%), headache
(23.2% vs. 11.7%), pyrexia (19.6% vs. 8.3%), peripheral edema
(18.8% vs. 10.0%), chills (17.9% vs. 3.3%), myalgia (15.2% vs.
10.0%), vomiting (15.2% vs. 5.0%), anemia (13.4% vs. 3.3%),
constipation (13.4% vs. 10.0%), thrombocytopenia (13.4% vs.
1.7%), arthralgia (11.6% vs. 8.3%), and decreased platelet
count (10.7% vs. 0%) [50]. The mean rate of injection site
reactions was 1.1% of all injections in the inotersen group
(68 events in 36 patients); 97% of events were mild in severity,
and no patient discontinued inotersen prematurely because of
an injection site reaction. Postbaseline platelet count decreases
to <140,000/mm3 were reported in more patients from the
inotersen group compared with the placebo group (54% vs.
13%). Thrombocytopenia with platelet counts of <25,000/mm3

was reported in three (3%) patients in the inotersen group;
counts in two of these patients returned to baseline or near-
baseline levels after discontinuation of inotersen and treatment
with glucocorticoids; in the third case, the patient died of an
intracranial hemorrhage before treatment could be initiated.
Glomerulonephritis was reported in three (3%) patients in the
inotersen group, displaying complex pathologic features on
biopsy in all three cases and declines in estimated glomerular
filtration rate in two cases. Two out of the three patients with
glomerulonephritis were treated with glucocorticoids and
regained renal function/improved protein excretion, while

permanent hemodialysis was required in one patient. After
the implementation of enhanced monitoring, there were no
additional cases of severe thrombocytopenia, and a single
case of glomerulonephritis was identified early and did not
result in loss of renal function. All five deaths reported during
the study were in the inotersen group. Four deaths were con-
sistent with progression or complication of the underlying dis-
ease. As noted above, the fifth death occurred as a result of
a fatal intracranial hemorrhage, which was associated with
a platelet count of <10,000/mm3 that occurred before the
introduction of weekly platelet monitoring. Other safety vari-
ables (vital signs, body weight changes, corrected QT interval,
etc.) were stable in both treatment groups, and no clinical
manifestations of vitamin A deficiency were reported.

In the NEURO-TTR OLE study, no new safety concerns were
observed after 2 years of follow-up [53]. The most common
AEs across both treatment groups in the OLE study were
similar to those reported in the primary NEURO-TTR trial;
these were nausea, urinary tract infection, vomiting, diarrhea,
fatigue, chills, fall, peripheral edema, injection site pain, throm-
bocytopenia, syncope, and injection site erythema. Few
patients discontinued treatment with inotersen because of
AEs during the OLE study (19/135 patients). Most important,
patients appeared to cope well with platelet and renal mon-
itoring during long-term treatment, with no cases of grade 4
platelet count decreases or glomerulonephritis reported dur-
ing the OLE study.

6. Regulatory affairs

Inotersen received its first global approval on 6 July 2018, in the
European Union for the treatment of stage 1 or 2 polyneuro-
pathy in adults with ATTRv. On 3 October 2018, inotersen was
also approved in Canada as the first-in-class treatment of stage 1
or stage 2 polyneuropathy in adult patients with ATTRv. On
5 October 2018, the FDA approved inotersen for the treatment
of the polyneuropathy of ATTRv in adult patients. Inotersen is
administered via a single SC injection at a recommended once-
weekly dose of 284 mg, which is equivalent to 300 mg inoter-
sen sodium salt (i.e. the dose used in the NEURO-TTR trial).

The US approval of inotersen includes a black box warning
that highlights the increased risk of thrombocytopenia and
glomerulonephritis with inotersen therapy. As a result, testing
before treatment and monitoring during treatment is required.
Because of these increased risks, inotersen is only available
through a restricted distribution program called the Tegsedi
Risk Evaluation and Mitigation Strategy (REMS) program,
which is a strategy employed to manage known or potential
risks associated with inotersen to ensure the benefits of the
drug outweigh its risks.

7. Conclusion

Inotersen is a novel ASO inhibitor that was developed and
approved to reduce the production of TTR in patients with
ATTRv. Clinical studies showed that weekly SC injections of
inotersen provide significant improvements in neuropathy and
QoL, which was sustained during long-term follow-up. In addi-
tion, inotersen is generally well tolerated with a manageable
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safety profile, and regular monitoring for thrombocytopenia
and glomerulonephritis has been effective based on results
from the OLE study.

8. Expert opinion

Inotersen is a first-in-class therapeutic that targets the underlying
pathophysiology of ATTRv offering patients a convenient, once-
weekly, self-administered treatment option that improves QoL.
Positive improvements in QoL and neuropathy progression were
observed in the 15-month NEURO-TTR trial, along with sustained
benefits during long-term follow-up in the NEURO-TTR OLE
study. Inotersen is also well tolerated, with a manageable safety
profile through regular monitoring for the development of glo-
merulonephritis or thrombocytopenia. Taken together, these
findings suggest that all patients with ATTRv who are eligible
for treatment with inotersen should initiate treatment early to
achieve optimal outcomes.

Genetic testing and ongoing clinical surveillance may
result in early detection of asymptomatic carriers, who can
then be followed carefully, thus allowing for treatment to be
initiated as soon as appropriate before the development of
substantial and irreversible damage [56]. In 2016, recommen-
dations made by the European network for TTR-FAP indi-
cated that genetic counseling and routine monitoring for
asymptomatic carriers should be undertaken to ensure early
detection, thus improving the prognosis of the disease [57].
However, the treatment of asymptomatic patients should not
be considered as the penetrance of a mutation may vary
among patients, in that symptoms may develop differently
in patients with the same mutation [8,56,57]. Indeed, patients
without symptoms of neuropathy were not enrolled in the
NEURO-TTR or NEURO-TTR OLE study, highlighting the need
for studies evaluating the effects of early treatment of
patients who do not yet display major symptoms, such as
neuropathy and/or cardiomyopathy.

As noted earlier in this article, recent findings of the phase 3
ATTR-ACT trial [31] resulted in the TTR stabilizer, tafamidis,
being granted fast-track designation by the FDA and was
recently approved for the treatment of cardiomyopathy-
associated ATTR. However, the role of inotersen and patisiran
in the management of cardiomyopathy-associated ATTRv has
not been evaluated in a randomized controlled trial. In the
NEURO-TTR trial, a substantial proportion of ATTRv patients
had concomitant polyneuropathy and cardiomyopathy [52].
Inotersen has also demonstrated preliminary evidence of effi-
cacy in patients with ATTR cardiomyopathy (both ATTRv and
wild-type ATTR) [54]. Therefore, an adequately powered, con-
trolled clinical trial is needed to assess the benefit of inotersen
in patients with ATTRv cardiomyopathy.

The introduction of disease-modifying therapies, such as
OLT and TTR stabilizers (e.g. tafamidis), has improved survival
in patients with ATTRv [31,58,59]. These treatments have
altered the natural history of ATTRv, increasing the life expec-
tancy of patients affected by this disease. However, the pro-
longed disease duration may allow for the disease to progress,
resulting in the development of central nervous system (CNS)
and ocular manifestations due to the deposition of amyloid
fibrils in the brain and eyes. In patients with ATTRv and the

Val30Met mutation, previous studies have shown that both
CNS and ocular manifestations are associated with a longer
disease duration [21,60]. As a result, prospective studies are
needed to assess the management of patients with ATTRv
who display CNS and/or ocular manifestations.

New TTR-lowering treatment approaches are currently being
developed. A next-generation, potent ligand conjugated anti-
sense (LICA) drug (Akcea-TTR-LRx) is currently undergoing clin-
ical development to treat patients with all forms of the disease.
Monthly or less frequent SC injections at very low doses may be
possible with this novel treatment, which will make this drug an
attractive therapeutic option with the potential of an improved
safety profile. Furthermore, the design of this next-generation
agent should reduce the risk of thrombocytopenia and glomer-
ulonephritis, thereby reducing the need for serial monitoring
and potentially decreasing the use of liver transplantation in
management. Combination therapy with inotersen and TTR
stabilizers is another novel treatment approach that may yield
additional benefits in patients with ATTRv, but this approach
has not been examined clinically. As is the case with rare
disease indications, such as ATTRv, a common limitation is the
small patient population for this disease, which prevents ade-
quately powered studies from being conducted. However, the
NEURO-TTR trial has demonstrated the benefit of inotersen in
ATTRv, and complete follow-up of the NEURO-TTR OLE study
through 5 years will provide important long-term efficacy and
safety data for inotersen. In addition, exploring the role of RNA-
targeted therapies that focus on the disease-forming protein,
TTR, in patients with cardiomyopathy without polyneuropathy,
will provide valuable information on the role of these agents in
the cardiac forms of ATTR amyloidosis. Thus, we predict that the
utilization of liver transplantation globally will decline.
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