
Vol:.(1234567890)

Journal of Neurology (2022) 269:6416–6427
https://doi.org/10.1007/s00415-022-11276-8

1 3

ORIGINAL COMMUNICATION

Long‑term efficacy and safety of inotersen for hereditary transthyretin 
amyloidosis: NEURO‑TTR open‑label extension 3‑year update

Thomas H. Brannagan1 · Teresa Coelho2 · Annabel K. Wang3 · Michael J. Polydefkis4 · Peter J. Dyck5 · John L. Berk6 · 
Brian Drachman7 · Peter Gorevic8 · Carol Whelan9 · Isabel Conceição10 · Violaine Plante‑Bordeneuve11 · 
Giampaolo Merlini12 · Laura Obici12 · Josep Maria Campistol Plana13 · Josep Gamez14 · Arnt V. Kristen15 · 
Anna Mazzeo16 · Luca Gentile16 · Arvind Narayana17 · Kemi Olugemo17 · Peter Aquino17 · Merrill D. Benson18 · 
Morie Gertz5 · for the NEURO‑T. T. R. Open‑Label Extension Investigators

Received: 16 March 2022 / Revised: 7 July 2022 / Accepted: 8 July 2022 / Published online: 31 July 2022 
© The Author(s) 2022

Abstract
Background Hereditary transthyretin amyloidosis (hATTR/ATTRv) results from the deposition of misfolded transthyretin 
(TTR) throughout the body, including peripheral nerves. Inotersen, an antisense oligonucleotide inhibitor of hepatic TTR 
production, demonstrated a favorable efficacy and safety profile in patients with the polyneuropathy associated with hATTR 
in the NEURO-TTR (NCT01737398) study. We report longer-term efficacy and safety data for inotersen, with a median 
treatment exposure of 3 years.
Methods Patients who satisfactorily completed NEURO-TTR were enrolled in its open-label extension (OLE) study. Effi-
cacy assessments included the modified Neuropathy Impairment Score + 7 (mNIS + 7), Norfolk Quality of Life–Diabetic 
Neuropathy (Norfolk QoL-DN) questionnaire total score, and the Short Form 36 (SF-36v2) Health Survey Physical Com-
ponent Summary score. Safety and tolerability were also assessed. Efficacy is reported for patients living in Europe and 
North America (this cohort completed the study approximately 9 months before the remaining group of patients outside 
these regions); safety is reported for the full safety dataset, comprising patients living in Europe, North America, and Latin 
America/Australasia. This study is registered with ClinicalTrials.gov, identifier NCT02175004.
Results In the Europe and North America cohort of the NEURO-TTR study, 113/141 patients (80.1%) completed the study, 
and 109 patients participated in the OLE study. A total of 70 patients continued to receive inotersen (inotersen–inotersen) and 
39 switched from placebo to inotersen (placebo–inotersen). The placebo–inotersen group demonstrated sustained improve-
ment in neurological disease progression as measured by mNIS + 7, compared with predicted worsening based on projection 
of the NEURO-TTR placebo data (estimated natural history). The inotersen–inotersen group demonstrated sustained benefit, 
as measured by mNIS + 7, Norfolk QoL-DN, and SF-36v2, compared with estimated natural history as well as compared 
with the placebo–inotersen group. With a maximum exposure of 6.2 years, inotersen was not associated with any additional 
safety concerns or increased toxicity in the OLE study. Platelet and renal monitoring were effective in reducing the risk of 
severe adverse events in the OLE study.
Conclusion Inotersen treatment for > 3 years slowed progression of the polyneuropathy associated with hATTR, and no 
new safety signals were observed.
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Introduction

Hereditary transthyretin amyloidosis (hATTR or ATTRv 
[variant]) is a rapidly progressive, debilitating, and ulti-
mately fatal disease resulting from the accumulation of 
transthyretin (TTR) amyloid fibrils in peripheral nerves and 
various other organs and tissues throughout the body [1]. It 
is caused by mutations in the TTR  gene that are thought to 
induce changes in the protein’s normally tetrameric struc-
ture, such that it dissociates to monomer subunits which 
then misfolds and have a greater propensity for aggregation 
and the formation of amyloid fibrils [1, 2]. In patients with 
hATTR, systemic deposition of amyloid fibrils causes debili-
tating sensorimotor peripheral neuropathy and autonomic 
neuropathy, cardiomyopathy with associated heart failure, 
as well as ocular and renal disturbances [1, 3–6]. hATTR 
can manifest with a predominant polyneuropathy or cardio-
myopathy phenotype, or a mixture of both, depending on the 
TTR  variant [5, 7, 8].

Early signs/symptoms of hATTR include pain and loss 
of temperature sensation, along with digestive problems and 
genitourinary dysfunction [9, 10]. As the disease course pro-
gresses, patients experience muscle weakness and balance 
abnormalities [10]. If left untreated, polyneuropathy asso-
ciated with hATTR has a rapidly progressive course, with 
associated walking difficulties and loss of ambulation as well 
as malnutrition [11].

Patients experience substantial disease burden and 
a rapid decline in quality of life (QoL), with progressive 
neuropathy, cardiomyopathy, and psychosocial manifesta-
tions affecting every aspect of their lives [11–15]. There-
fore, early diagnosis and implementation of treatment is 
imperative to slow progression of the disease [16]. In the 
global, randomized, double-blind, placebo-controlled piv-
otal NEURO-TTR study in adults with the polyneuropathy 
of hATTR, inotersen slowed progression of polyneuropathy 
and deterioration in patients’ QoL [17]. The occurrence of 
glomerulonephritis and thrombocytopenia (platelet count 
decreases of < 25 ×  109/L) in three patients each following 
inotersen treatment prompted initiation of enhanced safety 
monitoring, which has been effective in mitigating future 
risk of these events. We present the efficacy and safety data 
from the open-label extension (OLE) study of NEURO-TTR, 
with an overall median treatment exposure of ~ 3 years and 
maximum exposure of 5 years.

Methods

Study design

This OLE study (NCT02175004) of the global, randomized, 
double-blind, placebo-controlled pivotal NEURO-TTR 
trial (NCT01737398) [17] consisted of a ≤ 4-week screen-
ing period, a treatment period of up to 260 weeks, and a 
12-week post-treatment evaluation period. The study design 
and inclusion/exclusion criteria for the NEURO-TTR [17] 
and NEURO-TTR OLE studies have been previously pub-
lished [18]. Briefly, patients with stage 1 or 2 polyneuropa-
thy associated with hATTR and a Neuropathy Impairment 
Score ≥ 10 and ≤ 130 who satisfactorily completed the rand-
omized NEURO-TTR study could enter the OLE study and 
receive 300 mg inotersen once weekly via subcutaneous 
injection for up to 260 weeks (5 years). One patient who 
did not complete the NEURO-TTR study was nonetheless 
allowed to enter the OLE. Patients receiving inotersen in 
NEURO-TTR continued to receive inotersen in the OLE 
study and are hereafter referred to as the inotersen–inotersen 
group; patients receiving placebo in NEURO-TTR switched 
to inotersen in the OLE study and are hereafter referred to 
as the placebo–inotersen group.

The trial protocol for the OLE study was approved by the 
relevant institutional review boards or local ethics commit-
tees and regulatory authorities. The trial was conducted in 
accordance with Good Clinical Practice guidelines of the 
International Conference on Harmonisation and the prin-
ciples of the Declaration of Helsinki. All patients provided 
written informed consent to participate in the study.

Outcomes

The primary objective of the OLE study was the evalua-
tion of the safety of extended dosing with inotersen. Safety 
assessments included the incidence of adverse events (AEs) 
and treatment-emergent AEs (TEAEs) reported during the 
study per National Cancer Institute Common Terminology 
Criteria for Adverse Events, version 4.03. The change in 
TTR levels from baseline up to week 156 was determined 
during the study. Efficacy endpoints included change from 
baseline up to week 156 in the (a) modified Neuropathy 
Impairment Score + 7 composite score (mNIS + 7; range 
− 22.3 to 346.3, with higher scores indicating poorer func-
tion), (b) Norfolk Quality of Life–Diabetic Neuropathy 
questionnaire scores (Norfolk QoL-DN; range − 4 to 136, 
with higher scores indicating poorer QoL), and (c) 36-Item 
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Short-Form Health Survey (SF-36) questionnaire scores 
(range, 0 to 100; lower score indicating worse QoL).

Statistical analysis

The OLE baseline values were carried forward from the 
week 65 visit of the NEURO-TTR study for the SF-36 and 
from the week 66 visit for mNIS + 7 and QoL-DN measures. 
Responders were defined as patients whose change in score 
was less than the responder definition (RD) threshold for the 
mNIS + 7 and Norfolk QoL-DN measures and greater than 
the RD threshold for the SF-36; that is, their change in score 
did not indicate clinical worsening (i.e., responders included 
both patients with no clinically relevant change in scores 
plus patients who improved with treatment). Using data 
from the NEURO-TTR study, the RD thresholds the Norfolk 
QOL-DN (8.8 points) were estimated using both anchor-
based and distribution-based methods and for the mNIS + 7 
(12.2 points) were estimated using distribution-based meth-
ods only, because there were no appropriate anchor measures 
available [19]. The threshold for the SF-36 PCS (− 5 points) 
was based on studies from the literature that utilized both 
anchor-based and distribution-based methods [20–22]. For 
each estimated RD threshold, responder analyses compared 
the proportion of patients on the mNIS + 7, Norfolk QOL-
DN, and SF-36 PCS between inotersen–inotersen and pla-
cebo–inotersen groups at each visit up to week 156.

As of July 28, 2020, efficacy was reported for the Europe 
and North America cohort that received ≥ 1 dose of inot-
ersen in the OLE and had ≥ 1 post-baseline efficacy assess-
ment (full analysis set). This cohort completed database 
lock approximately 9 months before the remaining group of 
patients in the Latin America/Australasia cohort. For safety 
analyses, data are reported for the full safety dataset, which 

comprises patients from Europe, North America, and Latin 
America/Australasia.

Results

Study population

A total of 139 (80%) patients completed the NEURO-TTR 
study, including 113 patients in the Europe and North 
America cohort [17]. Of the 139 patients who completed 
the NEURO-TTR study, 135 (97%) participated in the OLE 
study, of whom 109 patients comprised the Europe and 
North America cohort. A total of 70 patients in the Europe 
and North America cohort continued to receive inotersen 
(inotersen–inotersen) and 39 switched from placebo to inot-
ersen (placebo–inotersen) (Online Resource 1, Fig. 1). The 
primary reasons for treatment discontinuation are specified 
in Online Resource 1, Fig. 1. Of the 108 patients who discon-
tinued the OLE study, 43 (39.8%) switched to a commercial 
drug  (Tegsedi®): 25 patients from the inotersen–inotersen 
treatment group and 18 patients from the placebo–inotersen 
group. In the OLE study, baseline demographics and clinical 
characteristics were generally balanced between the inot-
ersen–inotersen and placebo–inotersen groups (Table 1). 
A higher proportion of patients in the inotersen–inotersen 
group had a polyneuropathy disability score of I/II at base-
line compared with the placebo–inotersen group (65.7% vs. 
53.8%).

With extended follow-up, median treatment exposure 
for the safety population in the OLE study was 987 days 
(range 1–1814 days), and the longest combined exposure 
of inotersen during the NEURO-TTR plus OLE study, 
measured as the time from the first dose to the last dose, 
was 2270 days (6.2 years). Median treatment exposure for 

Fig. 1  OLE median serum tran-
sthyretin (TTR) levels relative 
to NEURO-TTR baseline. The 
OLE baseline on the graph is 
noted as occurring 4 weeks after 
the end of the NEURO-TTR 
study because the maximum 
screening period in the OLE 
study was  generally 4 weeks. 
OLE open-label extension, SE 
standard error, TTR  transthyre-
tin
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the inotersen–inotersen and placebo–inotersen groups was 
1063 days (1–1814 days) and 938 days (106–1728 days), 
respectively. Dose interruption and reasons for dose inter-
ruption are provided in Online Resource 2.

Pharmacodynamics

In the OLE study, reduction in TTR level was sustained 
in the inotersen–inotersen group to week 156, reaching 
a median nadir of 73% relative to NEURO-TTR baseline 
(Fig. 1). In the placebo–inotersen group, there was a notable 
reduction in TTR level by OLE week 7, when the first meas-
urement was taken (Fig. 1). The reduction continued through 
week 156 in the OLE study, reaching a median nadir of 66% 
relative to OLE baseline.

Efficacy

Neuropathy impairment (mNIS + 7)

The inotersen–inotersen group demonstrated sustained 
benefit, as measured by mNIS + 7, where higher scores are 
indicative of poorer neurological function, compared with 
the placebo–inotersen group (Fig. 2A). The mean change 
from NEURO-TTR study baseline to OLE study baseline, 
as well as weeks 52, 104, and 156 for the mNIS + 7, was 
4.0, 9.5, 17.8, and 19.2, respectively, in the inotersen– 
inotersen group. The placebo–inotersen group demon-
strated sustained improvement in neurological disease 
progression, compared with predicted worsening based 
on a projection of the placebo data (estimated natural his-
tory). The corresponding mean change from NEURO-TTR 

Table 1  OLE study baseline demographics and clinical characteristics (Europe and North America cohort)

hATTR  hereditary transthyretin amyloidosis, mNIS + 7 modified Neuropathy Impairment Score + 7 neurophysiological tests composite score, 
Norfolk QoL-DN Norfolk Quality of Life–Diabetic Neuropathy questionnaire total score, OLE open-label extension, PN polyneuropathy, PND 
polyneuropathy disability, SD standard deviation, TTR  transthyretin
a PND score is defined as I = sensory disturbances in limbs without motor impairment; II = difficulty walking without the need of a walking aid; 
III = 1 stick or 1 crutch required for walking; IV = 2 sticks or 2 crutches needed; V = wheelchair required or patient confined to bed
b Based on data entered in the electronic case report form at NEURO-TTR study entry
c Prior stabilizer use includes tafamidis and/or diflunisal
d NEURO-TTR baseline mNIS + 7 based on 67 inotersen–inotersen patients and 39 placebo–inotersen patients
e OLE baseline mNIS + 7 based on 66 inotersen–inotersen patients and 39 placebo–inotersen patients from the week 66 visit of the NEURO-TTR 
study
f NEURO-TTR baseline Norfolk QoL-DN based on 66 inotersen–inotersen patients and 39 placebo–inotersen patients
g OLE baseline Norfolk QoL-DN based on 65 inotersen–inotersen patients and 39 placebo–inotersen patients from the week 66 visit of the 
NEURO-TTR study
h NEURO-TTR baseline SF-36 scores based on 69 inotersen–inotersen patients and 39 placebo–inotersen patients
i OLE baseline SF-36 scores based on 67 inotersen–inotersen patients and 38 placebo–inotersen patients from week 65 visit of the NEURO-TTR 
study

Characteristic Inotersen–inotersen
(n = 70)

Placebo–inotersen
(n = 39)

Age at OLE study screening, median (range), years 65 (58–70) 66 (59–75)
Male, n (%) 51 (72.9) 28 (71.8)
PND score at OLE study baseline,a n (%)
 I/II 46 (65.7) 21 (53.8)
 III/IV 22 (31.4) 17 (43.6)
 V 2 (2.9) 1 (2.6)

Val30Met TTR  mutation,b n (%) 25 (35.7) 19 (48.7)
Prior TTR stabilizer use,b,c n (%) 48 (68.6) 23 (59.0)
mNIS + 7 composite score at NEURO-TTR baseline,d mean (SD) 79.9 (36.4) 77.4 (36.1)
mNIS + 7 composite score at OLE baseline,e mean (SD) 85.3 (40.0) 102.7 (47.9)
Norfolk QoL-DN total score at NEURO-TTR baseline,f mean (SD) 47.4 (27.4) 49.6 (28.1)
Norfolk QoL-DN total score at OLE baseline,g mean (SD) 50.9 (29.1) 61.2 (31.5)
SF-36 score at NEURO-TTR baseline,h mean (SD) 35.6 (8.6) 36.8 (9.5)
SF-36 score at OLE baseline,i mean (SD) 34.6 (9.9) 33.4 (10.5)
Duration from onset of hATTR amyloidosis PN symptoms to OLE baseline, mean 

(SD), mo
81.6 (52.4) 87.1 (60.5)
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Fig. 2  Mean change from 
NEURO-TTR baseline to OLE 
week 156 in efficacy measures. 
Mean (± SE) change from 
NEURO-TTR baseline in A the 
Modified Neuropathy Impair-
ment Score + 7 (mNIS + 7); B 
the Norfolk Quality of Life–
Diabetic Neuropathy Question-
naire Total Score (QoL-DN); C 
the 36-Item Short-Form Health 
Survey, version 2 (SF-36), Phys-
ical Component Summary score 
(PCS). The vertical dashed line 
represents OLE baseline (OLE 
week 0). Sample sizes for each 
time point and treatment group 
are indicated under the figure. 
The OLE baseline values were 
carried forward from the week 
65 visit of the NEURO-TTR 
study for the SF-36 and from 
the week 66 visit for mNIS + 7 
and QoL-DN measures. The 
OLE baseline on the graph is 
noted as occurring 4 weeks after 
the end of the NEURO-TTR 
study because the maximum 
screening period in the OLE 
study was generally 4 weeks. 
OLE, open-label extension, SE, 
standard error

OLE
Baseline

−10
35 66 26 52 78 104 130 156

38
67

39
67

Placebo-inotersen, n
Inotersen-inotersen, n

39
67

39
66

36
65

26
60

22
56

22
45

20
39

16
30

0

10

20

30

m
N

IS
+7

 C
ha

ng
e 

Fr
om

 N
EU

R
O

-T
TR

B
as

el
in

e 
(m

ea
n 

± 
SE

)

A

Time (weeks)

40

50

60

70

90

80

Placebo-inotersen
Inotersen-inotersen
Placebo-slope
Placebo-slope extrapolation
Placebo-inotersen slope
Inotersen-inotersen slope

W
or

se
B

et
te

r

OLE
Baseline

−10
35 66 26 52 78 104 130 156

39
66

39
67

Placebo-inotersen, n
Inotersen-inotersen, n

39
66

39
65

35
65

28
62

23
58

25
50

21
44

17
35

0

10

20

N
or

fo
lk

 Q
O

L-
D

N
 C

ha
ng

e 
Fr

om
N

EU
R

O
-T

TR
 B

as
el

in
e 

(m
ea

n 
± 

SE
)

B

Time (weeks)

40

30

Placebo-inotersen
Inotersen-inotersen
Placebo-slope
Placebo-slope extrapolation
Placebo-inotersen slope
Inotersen-inotersen slope

W
or

se
B

et
te

r

OLE
Baseline

−8

−12

39
66

39
66

38
64

35
63

28
62

24
58

24
49

21
43

17
35

−4

−6

−2

0

SF
-3

6 
PC

S 
C

ha
ng

e 
Fr

om
 N

EU
R

O
-T

TR
 

Ba
se

lin
e 

(m
ea

n 
± 

SE
)

C
4

2

Placebo-inotersen
Inotersen-inotersen
Placebo-slope
Placebo-slope extrapolation
Placebo-inotersen slope
Inotersen-inotersen slope

W
or

se
B

et
te

r

35 65 26 52 78 104 130 156

Time (weeks)

39
67

Placebo-inotersen, n
Inotersen-inotersen, n

0



6421Journal of Neurology (2022) 269:6416–6427 

1 3

0
35 66 26 52 78 104 130 156

38
67

39
67

39
66

36
65

26
60

22
56

22
45

20
39

16
30

20

10

30

40

50

Pe
rc

en
t o

f R
es

po
nd

er
s 

(∆
m

N
IS

+7
 <

12
.2

)

Time (weeks)

OLE
Baseline

60

70

80

90

100

A

Placebo-inotersen, n
Inotersen-inotersen, n

Placebo-inotersen
Inotersen-inotersen

0
35 66 26 52 78 104 130 156

39
66

39
66

39
65

35
65

28
62

23
58

25
50

21
44

17
35

20

10

30

40

50

Pe
rc

en
t o

f R
es

po
nd

er
s 

(∆
N

or
fo

lk
 Q

O
L

D
N

 <
8.

8)

Time (weeks)

OLE
Baseline

60

70

80

90

100 Placebo-inotersen
Inotersen-inotersen

B

Placebo-inotersen, n
Inotersen-inotersen, n

0
35 65 26 52 78 104 130 156

39
66

39
66

38
64

34
63

27
62

24
58

23
49

20
43

16
35

20

10

30

40

50

Pe
rc

en
t o

f R
es

po
nd

er
s 

(∆
PC

S 
>5

)

Time (weeks)

OLE
Baseline

60

70

80

90

100 Placebo-inotersen
Inotersen-inotersen

C

Placebo-inotersen, n
Inotersen-inotersen, n



6422 Journal of Neurology (2022) 269:6416–6427

1 3

baseline for the placebo–inotersen group was 25.3, 30.5, 
33.4, and 40.6. Compared with projected natural history 
data, the mean change from NEURO-TTR baseline for 
mNIS + 7 was 62.2 points lower in the inotersen–inot-
ersen group and 40.7 points lower in the placebo–inotersen 
group at week 156.

Using a responder definition of a change in the mNIS + 7 
score of < 12.2 points from their NEURO-TTR baseline, 
60%, 49%, and 50% of patients in the inotersen–inotersen 
group improved at 52, 104, and 156 weeks of treatment in 
the OLE (Fig. 3A). Similarly, 73%, 64%, and 63% of pla-
cebo–inotersen patients had a change in mNIS + 7 score 
from their OLE baseline of < 12.2 points at 52, 104, and 
156 weeks of treatment in the OLE (Fig. 3A). Improve-
ment of mNIS + 7 score also was observed in the inotersen– 
inotersen and placebo–inotersen groups as indicated by 
a < 0.0-point change (Online Resource 3).

The improvement in mNIS + 7 compared with natu-
ral history was mostly maintained irrespective of disease 
stage (except for in the placebo–inotersen stage 2 group), 
genetic mutations (p.Val50Met [V30M] vs. no p.Val50Met), 
and prior treatment (with or without stabilizers) (Online 
Resource 4). Across all three baseline characteristics, there 
was generally a clear separation between the inotersen–inot-
ersen group and the placebo–inotersen group.

Neuropathy‑related QoL (Norfolk QoL‑DN)

The inotersen–inotersen group demonstrated sustained ben-
efit compared with the placebo–inotersen group, as meas-
ured by the Norfolk QoL-DN questionnaire in which higher 
scores are also indicative of poorer function (Fig. 2B). For 
the inotersen–inotersen group, the mean changes in the Nor-
folk QoL-DN from NEURO-TTR baseline to OLE baseline, 
52, 104, and 156 weeks were 1.9, 5.1, 4.7, and 9.8, respec-
tively. The placebo–inotersen group demonstrated stabiliza-
tion in neuropathy-related QoL. The mean changes in Nor-
folk QoL-DN from NEURO-TTR baseline to OLE baseline 
and 52, 104, and 156 weeks were 11.6, 9.0, 12.3, and 17.3, 
respectively. Relative to the placebo-slope extrapolation, the 
mean change from NEURO-TTR baseline to OLE week 156 
was 23.5 points lower in the inotersen–inotersen group and 
15.9 points lower in the placebo–inotersen group.

Using a responder definition of a change of < 8.8 points 
in the Norfolk QoL-DN relative to NEURO-TTR baseline, 
improvement occurred in 61%, 60%, and 49% of patients in 
the inotersen–inotersen group after 52, 104, and 156 weeks 
of cumulative treatment during the OLE study (Fig. 3B). At 
the same time points, improvement in the Norfolk QoL-DN 
occurred in 75%, 68%, and 65% of patients, respectively 
(Fig. 3B) in the placebo–inotersen group, relative to OLE 
study baseline. Improvement of Norfolk QoL-DN was 
also observed for both inotersen–inotersen and placebo– 
inotersen groups as indicated by a < 0.0-point change 
(Online Resource 3).

The improvement in Norfolk QoL-DN compared with 
natural history was maintained for the inotersen–inotersen 
and placebo–inotersen groups for stage 1 disease (but not 
stage 2 disease), those both with and without a V30M muta-
tion, and those receiving prior treatment (with or without 
stabilizers) (Online Resource 4). Across these three base-
line characteristics, there was no clear separation over time 
between the inotersen–inotersen and placebo–inotersen 
groups.

Health‑related QoL (SF‑36 PCS)

The SF-36 is a non-disease-specific health questionnaire 
that assesses the patient’s perceived functional health, and 
higher scores are indicative of better function. As seen 
in the inotersen–inotersen group, early initiation of inot-
ersen led to sustained benefit in health-related QoL com-
pared with the placebo–inotersen group (Fig. 2C). For the  
inotersen–inotersen group, the mean change from NEURO-
TTR baseline to OLE baseline and 52, 104, and 156 weeks 
for the SF-36 PCS was − 0.4, − 0.1, − 0.4, and − 0.9, respec-
tively. For the placebo–inotersen group, the mean change 
was − 3.9, − 3.5, − 4.8, and − 4.6, respectively. Relative to the 
placebo-slope extrapolation, at week 156 of the OLE, SF-36 

Fig. 3  Responder analyses for the NEURO-TTR Europe and North 
America cohort. Data are presented for A the Modified Neuropathy 
Impairment Score + 7 Neurophysiological Tests Composite Score 
(mNIS + 7), B the Norfolk Quality of Life–Diabetic Neuropathy 
Questionnaire Total Score (QoL-DN), and C the 36-Item Short-
Form Health Survey, version 2 (SF-36), Physical Component Sum-
mary score (PCS). A patient was classified as a responder at various 
time points through week 156 if they showed no clinically meaning-
ful progression based on the applicable threshold and had a recorded 
measurement at baseline and at the relevant time point.  The OLE 
baseline on the graph is noted as occurring 4 weeks after the end of 
the NEURO-TTR study because the maximum screening period in 
the OLE study was generally 4 weeks. A For the inotersen–inotersen 
group, responders at all visits are based on change < 12.2 points from 
NEURO-TTR baseline. For the placebo–inotersen group, responders 
at NEURO-TTR week 35 and week 66 visits and OLE baseline visits 
are based on change < 12.2 points from NEURO-TTR baseline, while 
responders at all post-baseline OLE visits are based on change < 12.2 
points from OLE baseline. B For the inotersen–inotersen group, 
responders at all visits are based on change < 8.8 points from 
NEURO-TTR baseline. For the placebo–inotersen group, respond-
ers at NEURO-TTR week 35 and week 66 visits and OLE baseline 
visits are based on change < 8.8 points from NEURO-TTR base-
line, while responders at all post-baseline OLE visits are based on 
change < 8.8 points from OLE baseline. C For the inotersen–inotersen 
group, responders at all visits are based on change > –5 points from 
NEURO-TTR baseline. For the placebo–inotersen group, responders 
at NEURO-TTR week 35 and week 66 visits and OLE baseline visits 
are based on change > –5 points from NEURO-TTR baseline, while 
responders at all post-baseline OLE visits are based on change > –5 
points from OLE baseline. OLE, open-label extension, RD, responder 
definition

◂
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PCS scores were 8.6 points higher in the inotersen–inotersen 
group and 4.9 points higher in the placebo–inotersen group.

Using a responder definition of a change of − 5 points 
relative to the NEURO-TTR baseline, the percentage of 
responders based on the SF-36 PCS was 76%, 76%, and 
80% of patients in the inotersen–inotersen group after 52, 
104, and 156 weeks of cumulative treatment during the OLE 
study (Fig. 3C). At similar time points for patients in the 
placebo–inotersen group, the percentage of responders for 
SF-36 PCS was 81%, 74%, and 75% (Fig. 3C) relative to 
OLE study baseline. Improvement in SF-36 PCS was also 
observed for both the inotersen–inotersen and placebo–inot-
ersen groups as indicated by a > 0.0-point change (Online 
Resource 3).

The improvement in SF-36 PCS compared with natu-
ral history was maintained for the inotersen–inotersen and 
placebo–inotersen groups irrespective of genetics (V30M 
mutation vs. no V30M mutation), disease stage (stage 1 vs. 
stage 2), and prior treatment (with or without stabilizers) 
(Online Resource 4). Across these three baseline character-
istics, there was no clear separation over time between the 
inotersen–inotersen and placebo–inotersen groups.

Safety and tolerability

Safety of inotersen in the OLE study is summarized in 
Table  2. The most common (≥ 10%) TEAEs across all 
patients in the OLE were thrombocytopenia (28.1%), 
diarrhea (25.9%), nausea (25.2%), urinary tract infection 
(24.2%), fall (22.2%), fatigue (20.0%), vomiting (20.0%), 
chills (17.8%), peripheral edema (17.0%), injection site 
pain (13.3%), injection site erythema (11.9%), constipa-
tion (11.9%), syncope (11.1%), dyspnea (11.1%), headache 
(11.1%), pyrexia (10.4%), and anemia (10.4%).

TEAEs leading to dose interruption, dose reduction, or 
study drug delay occurred in 79 (58.5%) patients. Overall, 
30 (22.2%) patients discontinued because of a TEAE: 23 
(27.1%) patients in the inotersen–inotersen group (throm-
bocytopenia [n = 4], glomerulonephritis [n = 1]) and seven 
(14.0%) patients in the placebo–inotersen group.

A total of 64 (47.4%) patients experienced a serious 
TEAE: 46 (54.1%) patients in the inotersen–inotersen group 
and 18 (36.0%) patients in the placebo–inotersen group. Few 
were considered related to inotersen (n = 6; 4.4%); these 
included thrombocytopenia (n = 2 in the inotersen–inot-
ersen group), nausea (n = 1 in the placebo–inotersen group), 
chills (n = 1 in the inotersen–inotersen group), liver disorder 
(n = 1 in the inotersen–inotersen group), and hypertension 
(n = 1 in the inotersen–inotersen group). Study drug was 
interrupted for both events of thrombocytopenia (platelet 
count nadir of 32 ×  109/L [day 350] and 43 ×  109/L [day 
519], respectively); neither patient permanently discontinued 
study drug nor withdrew from the study due to these events 
of thrombocytopenia. The declines in platelet count were 
reversed on interruption of dosing and the events were not 
associated with bleeding. For the event of nausea, the drug 
dose was interrupted, and the event recovered/resolved. For 
the event of hypertension, the drug was withdrawn and the 
event recovered/resolved. The event of chills was recovered/
resolved without any changes to drug dose. For the event of 
liver disorder, elevations were predominantly seen in aspar-
tate aminotransferase (AST) (less than 3 × upper limit of nor-
mal [ULN]) and alkaline phosphatase (less than 2 × ULN), 
with no increase in total bilirubin levels. Partial resolution 
of the enzyme elevations was observed during continued 
inotersen treatment and complete resolution occurred after 
discontinuation of treatment. Liver biopsy showed evidence 
of congestion thought to be secondary to transient hepatic 
venous outflow obstruction rather than hepatotoxicity.

Table 2  Summary of treatment-
emergent adverse events in the 
NEURO-TTR OLE  studya

OLE open-label extension, TEAE treatment-emergent adverse event
a Represents all patients from NEURO-TTR OLE
b Includes time on drug only; excludes dose holidays

Event, n (%) Total
(n = 135)

Treatment  exposureb during OLE study, median (range), days 987 (1–1814)
Any TEAEs 132 (97.8)
 TEAEs related to study treatment 99 (73.3)
 TEAEs leading to permanent discontinuation of inotersen 30 (22.2)
 TEAEs leading to dose reduction 13 (9.6)
 TEAEs leading to dose interruption/delay 66 (48.9)

Serious TEAEs 64 (47.4)
 Serious TEAEs related to study treatment 6 (4.4)

Fatal TEAEs 16 (11.9)
 Fatal TEAEs related to study treatment 0
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Overall, 16 (11.9%) patients died (Table 2) in the OLE 
study, and none of these deaths were considered related to 
treatment.

Thrombocytopenia and glomerulonephritis

Platelet and renal monitoring were effective in the OLE 
study. In the safety population, 38% (32/85) of the  
inotersen–inotersen group and 52% (26/50) of the pla-
cebo–inotersen group had a dose interruption due to platelet 
monitoring rules. In the OLE study, 50% (25/50) of patients 
in the placebo–inotersen group and 48% (41/85) of patients 
in the inotersen–inotersen group experienced confirmed 
platelet count decreases of < 100 ×  109/L. Nonetheless, grade 
4 platelet count decrease was reported in none of the patients 
in either group (Online Resource 5, Fig. 5). In addition, no 
cases of acute glomerulonephritis were reported in the two 
groups.

Discussion

Currently, patients with the polyneuropathy associated with 
hATTR have an estimated life expectancy of 5–10 years 
from symptom onset [23]. Peripheral nerve function in par-
ticular has been shown to deteriorate more rapidly in patients 
with the polyneuropathy associated with hATTR relative to 
other peripheral neuropathies [23]. Therefore, effective treat-
ment options are crucial to slow down disease progression 
and improve patients’ QoL [12].

The results of this OLE study confirm that long-term 
exposure to inotersen resulted in continued efficacy after 
3 years, with no additional safety concerns or signs of 
increased toxicity. Mean mNIS + 7 and Norfolk QoL-DN 
scores were relatively similar at NEURO-TTR and OLE 
study baseline for the inotersen–inotersen group; however, 
scores for the placebo–inotersen group indicated more 
severe disease at OLE study baseline because of disease pro-
gression while on placebo during the NEURO-TTR study.

The progression of polyneuropathy was substantially 
delayed in patients treated with inotersen versus predicted 
natural history over a 3-year follow-up. Importantly, patients 
who initiated treatment with inotersen earlier derived a 
greater benefit with respect to neurological impairment and 
QoL when compared with patients who received delayed 
treatment with inotersen (i.e., those who switched from 
placebo to inotersen approximately 15 months later). A 
previous analysis of specific aspects of QoL from the OLE 
showed that treatment with inotersen stabilized most aspects 
of QoL for up to 3 years including activities of daily living 
and physical and social functioning. Moreover, the gap in 
QoL between those who had previously received inotersen 
or placebo in NEURO-TTR did not close by week 104 of 

the OLE, indicating the importance of early treatment for 
maintaining HRQoL in patients with hATTR [24]. Together, 
these results confirm that early diagnosis and treatment are 
essential for maximal benefit. Delayed treatment provides 
benefit by slowing disease progression and improving QoL 
compared with natural history.

The emerging availability of effective therapeutic options 
for the polyneuropathy associated with hATTR has enhanced 
awareness and recognition of this debilitating disease and 
promoted expeditious implementation of treatment, even in 
patients with mild disease.

Enhanced monitoring has reduced the risk of severe 
thrombocytopenia and acute glomerulonephritis. With a 
maximum exposure of up to 6.2 years, inotersen was not 
associated with any additional safety concerns or increased 
toxicity in the OLE study. Platelet and renal monitoring have 
been effective in the OLE study: among all patients, there 
were no cases of grade 4 platelet count decrease or acute 
glomerulonephritis.

Limitations of the current study include its open-label 
design with no placebo control, which could influence 
patient responses to QoL assessments and, to a much lesser 
extent, mNIS + 7 assessments. Next, inferential statistics 
were not completed, and the results are thus qualitative. In 
addition, efficacy analyses included a subgroup of the overall 
OLE population (albeit a fairly large subgroup, consisting of 
81% of study participants). Thus, subgroup efficacy analyses 
based on certain baseline characteristics are difficult to inter-
pret. In addition, all OLE studies are associated with “sur-
vivor bias,” as only data on patients continuously enrolled 
can be analyzed; OLE analyses generally exclude patients 
who drop out and may have suffered different outcomes than 
the continuing cohort, depending on the reason for dropout. 
Nonetheless, the results of this study are important in deter-
mining the long-term efficacy and safety of inotersen, even 
under imperfect conditions.

In the NEURO-TTR OLE study, extended treatment with 
inotersen for over 3 years slowed progression of the poly-
neuropathy associated with hATTR and maintained QoL 
in patients, with greater benefit observed in patients who 
initiated inotersen earlier versus patients with delayed treat-
ment initiation. These long-term results further highlight the 
importance of early initiation of treatment. Grade 4 throm-
bocytopenia and acute glomerulonephritis were not reported 
with enhanced monitoring during the OLE study.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00415- 022- 11276-8.
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