Journal of

CLINICAL
NEUROMUSCULAR
DISEASE

Volume 20, Number 3
March 2019

From the *Division of
Neuropathology, Department of
Pathology and Cell Biology,
Columbia University Medical
Center, New York, NY;
tDepartment of Neurology,
Columbia Neuropathy Research
Center, The Neurological
Institute of New York, Columbia
University Medical Center, New
York, NY; and }Division of
Cardiology, Department of
Medicine, Columbia University
Medical Center, New York, NY.
Dr. Maurer: Served on the
steering committee of the ATTR-
ACT trial. His institution received
research support for clinical
studies from Pfizer, Alnylam and
Eidos. Has served on advisory
boards or DSMBs for Ackea, Ionis,
Prothena, Pfizer, Alnyam, Eidos
and GSK. The remaining authors
have no conflicts of interest.

This is an open-access article
distributed under the terms of the
Creative Commons Attribution-
Non Commercial-No Derivatives
License 4.0 (CCBY-NC-ND),
where it is permissible to
download and share the work
provided it is properly cited. The
work cannot be changed in any
way or used commercially
without permission from the
journal.

Reprints: Kurenai Tanji, MD, PhD,
Division of Neuropathology,
Department of Pathology and Cell
Biology, Columbia University
Medical Center, New York, NY
10032 (e-mail: kt8@cumc.
columbia.edu).

Copyright © 2019 The Author(s).
Published by Wolters Kluwer
Health, Inc.

Case Review

Demyelinating Neuropathy in a Patient
Treated With Revusiran for Transthyretin
(Thr60Ala) Amyloidosis
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Abstract

Transthyretin amyloidosis patients develop length-
dependent peripheral neuropathy, autonomic dys-
function, and restrictive cardiomyopathy associ-
ated with deposition of amyloid fibrils in these
tissues. Despite advances in management over the
past decade, this disorder causes profound debili-
tation and ultimately proves fatal. In this report, we
describe a man with late-onset cardiac amyloidosis
due to a transthyretin Thr60Ala mutation who was
treated with an investigational RNAi therapeutic,
revusiran, which targets hepatic transthyretin pro-
duction. Sixteen months into treatment, he devel-
oped bilateral lower-extremity weakness and
numbness, worsening balance, difficulty manipu-
lating objects with his hands, and finger numbness.
Nerve conduction studies were consistent with
multifocal demyelinating neuropathy. Intravenous
immunoglobulin therapy improved sensation in
his hands and feet, and improved hand dexterity.
A sural nerve biopsy demonstrated demyelination
with substantial axonal loss in the absence of
histologically detectable endoneurial amyloid depo-
sition. This case expands the clinicopathologic
spectrum of transthyretin amyloidosis and may
represent complex disease and treatment effects.

Key Words: amyloid, neuropathy, sensorimotor,
autonomic, RNAi

(J Clin Neuromusc Dis 2019;20:120-128)

INTRODUCTION

Transthyretin  amyloidosis (OMIM
105210) is an autosomal dominant, adult-
onset, systemic disorder that may present
with sensorimotor peripheral neuropathy,
autonomic neuropathy, and cardiomyopa-
thy. Approximately 120 mutations in the

transthyretin gene have been reported.!
These predominantly missense mutations lead
to the deposition of abnormal, amyloid-
forming transthyretin in susceptible tissues.?
The predilection for peripheral nerve and
the mechanisms that subsequently cause
nerve damage are not well understood. Most
patients with transthyretin amyloidosis show a
length-dependent sensorimotor axonopathy
and autonomic dysfunction with initial loss
of small myelinated fibers and unmyelinated
fibers. The polyneuropathy typically is slowly
ascending, initially sensory, and symmetrical.
Nerve conduction velocity studies first
reveal a decrease in sensory nerve action po-
tentials, followed by a decrease in compound
muscle action potential (CMAP) with relatively
normal conduction velocities (reviewed in
Refs. 2 and 3).

The signs and symptoms of peripheral
neuropathy may sometimes be present at
presentation for patients with the alanine-
for-threonine substitution at amino acid 60
(Thr60Ala). This variant was originally
described in kindreds from upstate New York
and the Appalachian region of the United
States?*-¢ and has been traced to families with
amyloidosis in northwestern Ireland.”-® Fea-
tures of the polyneuropathy that eventually
develop include carpal tunnel syndrome and
prominent vibration and proprioception def-
icits. Cardiac involvement and autonomic
dysfunction are more common presenting
features, resulting in substantial morbidity
and mortality.%07:.10
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The first treatment for transthyretin
amyloidosis was orthotopic liver transplanta-
tion because the vast majority of transthyretin
is synthesized in the liver.!! Many patients,
including those with the Thr60Ala mutation,
however, have progression of disease after
liver transplantation and poor outcomes (re-
viewed in Refs. 1 and 9), which has promp-
ted consideration of combined heart and liver
transplantation for such patients. Therefore,
over the past decade, alternative therapies
have been explored; for example, tafamidis
and diflunisal, each binds to transthyretin ho-
motetramers, thereby preventing dissociation
into monomers that may deposit in suscepti-
ble tissues. In fact, these 2 drugs have been
shown to be efficacious in the early stages of
transthyretin amyloidosis (reviewed in Ref.
1). More recent strategies have focused on
targeted knockdown of transthyretin with oli-
gonucleotides such as revusiran, inotersen,!?
and patisiran.!> Revusiran is a double-
stranded small interfering RNA (siRNA)
directed against transthyretin mRNA and is
covalently linked to a moiety that contains 3
N-acetylgalactosamine (GalNAc) sugars to tar-
get uptake in the liver. Phase 1'% and phase
215 trials showed up to 92.4% knockdown of
serum transthyretin, but development of re-
vusiran was halted when data from a phase 3
study showed increased risk of mortality in
those patients treated with revusiran com-
pared with placebo.'® In this report, we
describe a patient with Thr60Ala transthyre-
tin amyloidosis who clinically developed a
demyelinating peripheral neuropathy while
being treated with revusiran during the
open-label phase 2 clinical trial, and discuss
the complexity of disease and treatment of
amyloid-related neuropathy.

Case Report

A 72-year-old man of Irish descent,
diagnosed at age 66 with cardiac amyloidosis
with transthyretin Threonine60Alanine muta-
tion (treated with diflunisal), presented with
shortness of breath when going upstairs. His
family consisted of 3 older brothers who died
in their late 60s-70s with chronic heart

failure and amyloidosis. Three maternal sec-
ond cousins were also possibly affected by
amyloidosis. There was no clear family his-
tory of peripheral neuropathy. He was evalu-
ated for neuropathy 20 months before the
start of revusiran treatment trial in April
2013. He did not report paresthesias, fine
motor problems, or imbalance. Neurological
examination showed mild sensory loss in the
legs. An electromyogram/nerve conduction
velocity study (EMG/NCVS) suggested a mild
sensory neuropathy and bilateral severe
median mononeuropathies at the wrists
(Table 1).

He started on revusiran in December
2014. Over the next 15 months, he lost 40
pounds, and a delayed gastric emptying study
suggested autonomic neuropathy. In addi-
tion, he experienced progressive foot numb-
ness and imbalance for 2-3 months. A
neurologic examination showed decrease in
vibratory sensation in the legs and hands,
weakness in the distal hand and great toe ex-
tensors, and areflexia in the arms and legs
except diminished reflexes in the triceps.
He could not stand on his heels and/or his
toes, with impaired tandem gait and positive
Romberg sign. His NCVS/EMG showed multi-
focal chronic demyelinating polyneuropathy
with evidence of axonal loss in the distal leg,
which was not present in the previous study
(Table 1). The conduction velocities of all
tested nerves and the distal motor latency
prolongation of the left fibular, right tibial,
left median, and ulnar nerves were in the
demyelinating ranges. There was 66% con-
duction block in the left fibular nerve. There
was prolonged distal CMAP duration, indica-
tive of distal temporal dispersion in the left
fibular, ulnar, median, and bilateral tibial
nerves (duration = 9 ms). All sensory re-
sponses were absent. Needle EMG of the left
arm and leg showed chronic denervation in
the distal arm and leg muscles with active
denervation in the distal muscles (Table 1). A
lumbar puncture showed slightly elevated
cerebrospinal fluid protein (54 mg/dL), but
cerebrospinal fluid cell count and glucose
were within normal limits. He was treated
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TABLE 1. Nerve Conduction Velocity Studies and Needle Electromyography

1 Year and 7
Months Before

After 1 Year and 3

After 1 Year and 7 Months

(ms)
Left median sensory
nerves
SNAP amplitude
(orthodromic),
wv
Digit II
Digit IV
Sensory CV
(orthodromic),
m/sec
Digit II
Digit IV
Left ulnar nerve
tested at the
abductor
digiti minimi
Distal motor
latency (ms)
CMAP amplitude,
wrist (mV)
Motor CV, below
the elbow to the
wrist (m/sec)
Motor CV, above
the elbow to
below the
elbow (m/sec)
Temporal
dispersion distal
to proximal
stimulation

No response
1

No response
33 L

2.9
8.2

60

58

No response
No response

No response
No response

4.7
4.7

32

13

Starting Months on on Revusiran and After 4 Months
Revusiran Revusiran on IVIG
Left median nerve
tested at the
abductor
pollicis brevis
Distal motor 6.4 16.8 17.9
latency (ms)
CMAP amplitude, 7.5 3.4 0.1
wrist (mV)
Motor CV, elbow 53 35 34
to wrist (m/sec)
Temporal No No No
dispersion
Distal CMAP 5.2 9.0 7.2
duration (ms)
Conduction block No No No
F-wave latency 32.6 56.4 No response

No response
No response

No response
No response

7.7
3.4

20

12

Copyright © 2019 The Author(s). Published Wolters Kluwer Health, Inc.
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TABLE 1. (Continued)

1 Year and 7
Months Before
Starting
Revusiran

After 1 Year and 3
Months on
Revusiran

After 1 Year and 7 Months
on Revusiran and After 4 Months
on IVIG

Distal CMAP
duration (ms)

Conduction block

F-wave latency
(ms)

Left ulnar sensory
nerve

SNAP amplitude
digit V
(orthodromic),
TAY

Sensory CV
(orthodromic),
m/sec

Left radial sensory
nerve

SNAP amplitude
(antidromic),
A%

Sensory CV
(antidromic),
m/sec

Left fibular nerve
tested at the
extensor
digitorum
brevis

Distal motor
latency (ms)

CMAP amplitude,
ankle (mV)

CMAP amplitude,
fibular head
(mVv)

Motor CV, the
fibular head to
the ankle (m/
sec)

Motor CV, the
popliteal fossa
to the fibular
head (m/sec)

Temporal
dispersion distal
to proximal
stimulation

6.3

No

31.1

50

22

60

39
4.2

3.6

45

50

9.9

Decline of 64%
amplitude and
66% area across
the elbow

43.3

No response

No response

No response

No response

9.9
0.6

0.2

19

20

8.4

Decline of 38% amplitude and
31% area in the forearm, and
62% amplitude and 63% area
across the elbow

55.0

No response

No response

No response

No response

No response
No response

No response

No response

No response

No response
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TABLE 1. (Continued)
1 Year and 7
Months Before  After 1 Year and 3 After 1 Year and 7 Months
Starting Months on on Revusiran and After 4 Months
Revusiran Revusiran on IVIG
Distal CMAP 6.8 9.9 No response
duration (ms)
Conduction block No Decline of 66% No response
amplitude and
72% area in the
leg segment
F-wave latency 453 No response No response
(ms)
Left superficial
fibular nerve
SNAP amplitude 4 No response No response
(antidromic),
wv
Sensory CV 57 No response No response
(antidromic),
m/sec
Left tibial nerve at
the abductor
halluces
Distal motor 3.9 7.8 No response
latency (ms)
CMAP amplitude, 11 0.5 No response
ankle (mV)
Motor CV, the 44 24 No response
popliteal fossa
to the ankle (m/
sec)
Temporal No Yes No response
dispersion distal
to proximal
stimulation
Distal CMAP 5.3 20.3 No response
duration (ms)
Conduction block No Decline of 41% No response
amplitude and
53% area
F-wave latency 52.5 No response No response
(ms)
Left sural nerve
SNAP amplitude 12 No response No response
(antidromic),
wv
Sensory CV 52 No response No response
(antidromic),
m/sec
CV, conduction velocity; SNAP, sensory nerve action potential.
Abnormal measurements are shown in bold.

Copyright © 2019 The Author(s). Published Wolters Kluwer Health, Inc.
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FIGURE 1. Histopathologic features of the gastrocnemius and sural nerve biopsies. A, A low-mag-
nification hematoxylin- and eosin-stained cryosection of the right gastrocnemius biopsy shows
numerous variably atrophic myofibers, many of which are clustered or grouped. B, An epifluor-
escence photomicrograph of the muscle biopsy reveals foci of amyloid deposition, stained with
Congo red, within the vascular walls, but not in the endomysium. C, An epoxy thin resin section, of
the right sural nerve biopsy, stained with toluidine blue reveals a representative nerve bundle with
increased intrafascicular variability. D, A paraffin-embedded, longitudinal section stained with tri-
chrome shows abundant endoneurial fibrosis between relatively sparse nerve fibers. E, A teased fiber
preparation shows variable segmental demyelination of many internodes. An arrow denotes myelin
debris. F, Myelin debris (arrows) is noted in a longitudinal hematoxylin- and eosin-stained paraffin
section. G, An electron micrograph shows a fiber undergoing remyelination (lower left) and
numerous large and small caliber axons surrounded by thin, redundant, Schwann cell processes. H,
Rare Schwann cells and axons contain enlarged mitochondria.

with intravenous immunoglobulin (AVIG) for
his inflammatory demyelinating
polyneuropathy-like condition.

Repeat EMG/NCVS 3 months later re-
vealed progression in neuropathy (Table 1).
Motor NCVS of the left tibial nerve and left
fibular nerve at the extensor digitorum brevis
muscle showed no evoked motor response.
Distal motor latencies and conduction veloc-
ities were in the demyelinating range in the
left ulnar nerve and left median nerve. Mini-
mal F-wave latencies were in demyelinating
range in the left ulnar nerve. There was

chronic

prolonged distal CMAP duration, indicative
of distal temporal dispersion in the left ulnar
nerve (duration = 9 ms). There was no sen-
sory evoked response in the left median,
ulnar, radial, and sural nerves. EMG of the left
leg was performed, which showed active and
chronic denervation in the distal leg muscle
(Table 1).

He was taken off revusiran in July
2016. He was getting physical therapy for
strength and gait training. Three months
later, he reported not much change in his
symptoms including weakness, imbalance,
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and difficulty manipulating objects with his
hands. He continued to have numbness in
his fingers and distal legs. Neurological
examination showed worsening of weak-
ness in extremities (distal > proximal). He
was continued on IVIG. Nerve and muscle
biopsies were performed.

The right gastrocnemius muscle biopsy
showed a neurogenic abnormality including
numerous, grouped atrophic fibers (Fig. 1A),
composed of type I or type II fibers, with
small areas of fiber type grouping (data not
shown). In addition, several target fibers
were present (data not shown). Amyloid de-
posits were detected by Congo red (Fig. 1B)
and thioflavin S (data not shown) in the intra-
muscular vascular walls, but not in the endo-
mysium. No inflaimmation, myonecrosis,
regeneration, or other abnormal cytological
changes were observed (data not shown).

The right sural nerve biopsy showed a
patchy, but overall severe, loss of both large
and small myelinated fibers (Fig. 1C). A tri-
chrome stain of a longitudinally sectioned fas-
cicle highlights abundant endoneurial fibrosis
(Fig. 1D, blue) interspersed among relatively
rare nerve fibers (Fig. 1D, red). Teased fiber
analysis revealed segmental demyelination
(74.5% of all analyzed fibers), segmental re-
myelination (21.8%), and myelin wrinkling
(1.8%), leaving only 1.8% of the fibers with
normal morphology. Wallerian degeneration
was not particularly evident (Fig. 1E). Myelin
debris (Fig. 1F, arrows) was encountered in
the endoneurium, occasionally in the macro-
phages. Relatively often, thinly myelinated or
unmyelinated fibers are seen, many of
which are surrounded by thin, elongated
Schwann cell processes (Fig. 1G). Although
Schwann cytoplasmic
granuloreticular/crystalline inclusions were
not revealed by electron microscopy, rare
enlarged mitochondria were identified in
the axons and Schwann cells (Fig. 1H). Amy-
loid deposits were detected within the epi-
neurial vascular walls, but not in the
endoneurium. Immunofluorescence staining
for IgG, IgM, IgA, kappa light chain, lambda

cell lamellar or

light chain, C3d, and C5b-9 showed no

pathologic deposition along the nerve sheath.
Immunohistochemically, rare CD3(+) T cells
were present in the endoneurium and epi-
neurium, but no CD20(+) B cells were de-
tected (data not shown).

Two later, he reported
improvement in handling objects with his
hands, in the context of continued treatment
with IVIG, with some improved sensation in
the extremities. There was no worsening of
balance and strength in the extremities. He
improve, with improved
strength, and was able to return to his job
as a handy man. His Rasch-built Overall
Disability Scale (R-ODS) improved from 16
to 32, after 16 months of treatment with
IVIG.

months

continued to

DISCUSSION

In this report, we describe the clinico-
pathologic features of a severe demyelinating
neuropathy in a patient with Thr60Ala trans-
thyretin amyloidosis treated with revusiran,
which might have been relevant, at least in
part, to the demyelinating aspect of this
neuropathy. In general, the relative contribu-
tion of medications may be difficult to tease
out in many patients with chronic neuropa-
thy.!7 Our patient’s first neurologic evalua-
tion was at age 68, at which time he did
not exhibit any notable symptoms of periph-
eral neuropathy, except for borderline reduc-
tion in vibration sense in his toes. He was
treated with revusiran for 16 months, and
developed markedly impaired gait and
decreased sensation in his hands and feet by
age 71, when the sural nerve biopsy was per-
formed and showed a chronic and active,
severely demyelinating neuropathy with axo-
nal loss.

In our patient’s biopsy, no amyloid
deposition was histologically detectable in
the endoneurium or endomysium (although
it was detected in the vessel walls). In gen-
eral, amyloid is reported to be seen in
approximately 90% of nerve biopsies from
patients with transthyretin amyloidosis.!®
The pattern of amyloid deposition in the

Copyright © 2019 The Author(s). Published Wolters Kluwer Health, Inc.
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biopsied nerve may reflect sampling issues.
Alternatively, it may raise the possibility that
revusiran treatment itself played a role, inde-
pendently or combined with progression of
the amyloid neuropathy, in the development
of demyelination in this particular case. Pa-
tients with transthyretin amyloidosis usually
present with an axonal polyneuropathy, with
occasional
Cases of atypical transthyretin-related familial
amyloid polyneuropathy in patients with
transthyretin mutations, other than Thr60Ala,
such as Val30Met, Ser77Thr, Ala91Ser, and
Ile107Val have been initially misdiagnosed
with chronic inflammatory demyelinating
polyneuropathy and typically had 1 or 2
demyelinating findings on nerve conduction
studies®18:21-24, however, in their reports,
the analyzed nerve biopsies did not show
prominent demyelination.?? Furthermore, a
patient with a Vall22Ile mutation presented
clinically with multifocal demyelinating
mononeuropathies, but no evidence of demy-
elination or remyelination was seen in the
sural nerve biopsy from this patient.?> Our
patient, however, had widespread demyelin-
ating findings on electrodiagnostic studies
and also improved in neuropathy impairment
and function after treatment with IVIG.
Drug-associated demyelinating neuropa-
thies generally can be classified into 2 main
categories, based on their proposed mecha-
nism of action: immune mediated and direct
toxicity. Tumor necrosis factor-alpha in-
hibitors, interferon alpha, tacrolimus, and pro-
cainamide modulate the immune system. It has
been suggested that they may activate T cells
or induce an antigen response to cause demy-
elination (reviewed in Refs. 26 and 27). In our
case, however, significant lymphocytic in-
filtrates were not identified in the nerve biopsy,
and immunofluorescence staining for IgG, IgM,
IgA, kappa light chain, lambda light chain, C3d,
and C5b9 showed no pathologic deposition
along the nerve sheath. On the other hand,
amphiphilic drugs such as amiodarone, chloro-
quine, and perhexiline may cause Schwann cell
toxicity in the absence of an immune response
(reviewed in Refs. 28 and 29). Characteristic

segmental demyelination.?19-20

membrane inclusions develop in Schwann cell
lysosomes in patients treated with these drugs
(reviewed in Ref. 30). Neither lamellar nor
granuloreticular/crystalline  inclusions
seen in Schwann cells of our patient (Figs.
1C, G, H). The identification of a demyelinating
neuropathy associated with bortezomib treat-
ment3! suggests that additional mechanisms
may underlie toxin-induced demyelinating neu-
ropathy. In potential support of a direct effect
on the Schwann cell, transthyretin is expressed
in Schwann cells.3?33 Given the mechanism of
action of revusiran, several possibilities may be
envisioned in this case, including a direct effect
of dramatically lowering wild-type transthyre-
tin, offtarget transcript silencing, and satura-
tion of the RNA-induced silencing complex,
which may impede the silencing of other
genes.3* Alternatively, the GalNAc moieties
linked to revusiran may have induced demye-
lination because Guillain-Barre syndrome has
been reported in a subset of patients treated
with exogenous gangliosides.3> The neurologic
improvement of patients with patisiran,'> a
similar RNAi that lacks the GalNac label, pro-
vides support for this mechanism.

In this report, we have presented a
case of demyelinating neuropathy in a
patient with a transthyretin-related heredi-
tary amyloidosis treated with revusiran.
This severe demyelinating neuropathy may
represent an unusual aspect of transthyretin
amyloid neuropathy. However,
raises a question that revusiran treatment
could be playing a role, at least in part, in
the demyelinating features. Additional stud-
ies are needed to elucidate the link
between revusiran and demyelinating neu-
ropathy, and its pathomechanism in periph-
eral demyelination. In vitro experiments
and animal models may provide further
insight into the mechanisms by which
revusiran may modulate myelination.

were

it also

REFERENCES

1. Adams D, Suhr OB, Hund E, et al; European Network
for TTR-FAP (ATTReuNET). First European consen-
sus for diagnosis, management, and treatment of
transthyretin familial amyloid polyneuropathy. Curr
Opin Neurol. 2016;29(suppl 1):514-S26.

www.jcnmd.com

Journal of

CLINICAL
NEUROMUSCULAR
DISEASE

Volume 20, Number 3
March 2019



Journal of

CLINICAL
NEUROMUSCULAR
DISEASE

Volume 20, Number 3
March 2019

6.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Zanazzi et al

. Planté-Bordeneuve V, Kerschen P. Transthyretin

familial amyloid polyneuropathy. Handb Clin Neu-
rol. 2013;115:643-658.

. Mathis S, Magy L, Diallo L, et al. Amyloid neuropathy

mimicking chronic inflammatory demyelinating pol-
yneuropathy. Muscle Nerve. 2012;45:26-31.

. Koeppen AH, Mitzen EJ, Hans MB, et al. Familial

amyloid polyneuropathy. Muscle Nerve.
733-749.

1985;8:

. Wallace MR, Dwulet FE, Conneally PM, et al. Bio-

chemical and molecular genetic characterization
of a new variant prealbumin associated with heredi-
tary amyloidosis. J Clin Invest. 1986;78:6-12.

Benson MD, Wallace MR, Tejada E, et al. Hereditary
amyloidosis: description of a new American kindred
with late onset cardiomyopathy. Appalachian amy-
loid. Arthritis Rbeum. 1987;30:195-200.

. Staunton H, Dervan P, Kale R, et al. Hereditary amy-

loid polyneuropathy in north west Ireland. Brain.
1987;110:1231-1245.

. Staunton H, Davis MB, Guiloff RJ, et al. Irish (Done-

gal) amyloidosis is associated with the transthyreti-
nALAGO (Appalachian) variant. Brain. 1991;114:
2675-2679.

Sattianayagam PT, Hahn AF, Whelan CJ, et al. Cardiac
phenotype and clinical outcome of familial amyloid
polyneuropathy associated with transthyretin alanine
60 variant. Eur Heart J. 2012;33:1120-1127.

Carr AS, Pelayo-Negro AL, Evans MR, et al. A study of
the neuropathy associated with transthyretin amy-
loidosis (ATTR) in the UK. J Neurol Neurosurg
Psych. 2016;87:620-627.

Holmgren G, Steen L, Ekstedt J, et al. Biochemical
effect of liver transplantation in two Swedish pa-
tients with familial amyloidotic polyneuropathy
(FAP-met30). Clin Genet. 1991;40:242-246.

Benson MD, Waddington-Cruz M, Berk JL, et al. In-
otersen treatment for patients with hereditary trans-
thyretin amyloidosis. N Engl | Med. 2018;379:22-31.
Adams D, Gonzalez-Duarte A, O’Riordan WD, et al.
Patisiran, an RNAi therapeutic, for hereditary trans-
thyretin amyloidosis. N Engl ] Med. 2018;379:11-21.

Zimmermann TS, Karsten V, Chan A, et al. Clinical
proof of concept for a novel hepatocyte-targeting
GalNAc-siRNA conjugate. Mol Ther. 2017;25:71-78.

Gillmore JD, Falk RH, Maurer MS, et al. Phase 2,
open-label extension (OLE) study of revusiran, an
investigational RNAi therapeutic for the treatment
of patients with transthyretin cardiac amyloidosis.
Orphbanet J Rare Dis. 2015;10(suppl 1):021.
Mullard A. RNAI hits another rut. Nat Rev Drug Dis-
cov. 2016;15:738.

Pratt RW, Weimer LH. Medication and toxindnduced
peripheral neuropathy. Semin Neurol. 2005;25:204-216.

Planté-Bordeneuve V, Ferreira A, Lalu T, et al. Diag-
nostic pitfalls in sporadic transthyretin familial amy-
loid polyneuropathy (TTR-FAP). Neurology. 2007;69:
693-698.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Said G. Familial amyloid polyneuropathy: mecha-
nisms leading to nerve degeneration. Amyloid.
2003;10(suppl 1):7-12.

Mariani LL, Lozeron P, Théaudin M, et al; French
Familial Amyloid Polyneuropathies Network (COR-
NAMYL) Study Group. Genotype-phenotype correla-
tion and course of transthyretin familial amyloid
polyneuropathies in France. Ann Neurol. 2015;78:
901-916.

Koike H, Kawagashira Y, Iijima M, et al. Electrophys-
iological features of late-onset transthyretin Met30
familial amyloid polyneuropathy unrelated to
endemic foci. J Neurol. 2008;255:1526-1533.

Cappellari M, Cavallaro T, Ferrarini M, et al. Variable
presentations of TTR-related familial amyloid poly-
neuropathy in seventeen patients. J Peripber Nerv
Syst. 2011;16:119-129.

Gibani M, Hoare J, Whelan CJ, et al. Hard to swallow:
atypical transthyretin amyloid neuropathy mistaken
for CIDP. Pract Neurol. 2014;14:354-356.

Lozeron P, Mariani LL, Doet P, et al. Transthyretin
amyloid polyneuropathies mimicking a demyelinat-
ing polyneuropathy. Neurology. 2018;91:e143-e152.
Briemberg HR, Amato AA. Transthyretin amyloidosis

presenting with multifocal demyelinating mono-
neuropathies. Muscle Nerve. 2004;29:318-322.

Stiibgen JP. Drug-induced dysimmune demyelinating
neuropathies. J Neurol Sci. 2011;307:1-8.

Vilholm O], Christensen AA, Zedan AH, et al. Drug-
induced peripheral neuropathy. Basic Clin Pharma-
col Toxicol. 2014;115:185-192.

Pulipaka U, Lacomis D, Omalu B. Amiodarone-
induced neuromyopathy: three cases and a review
of the literature. J Clin Neuromuscul Dis. 2002;3:97-
105.

Manji H. Drug-induced neuropathies. Handb Clin
Neurol. 2013;115:729-742.

Bilbao JM, Schmidt RE. Toxic neuropathies. In: Bil-
bao JM, Schmidt RE, eds. Biopsy Diagnosis of Periph-
eral Neuropathy. 2nd ed New York, NY: Springer;
2015:355-374.

Thawani SP, Tanji K, De Sousa EA, et al. Bortezomib-
associated demyelinating neuropathy—clinical and
pathologic features. J Clin Neuromuscul Dis. 2015;
16:202-209.

Murakami T, Ohsawa Y, Sunada Y. The transthyretin
gene is expressed in human and rodent dorsal root
ganglia. Neurosci Lett. 2008;436:335-339.

Murakami T, Ohsawa Y, Zhenghua L, et al. The trans-
thyretin gene is expressed in Schwann cells of
peripheral nerves. Brain Res. 2010;1348:222-225.

Klironomos FD, Berg J. Quantitative analysis of com-
petition in posttranscriptional regulation reveals a

novel signature in target expression variation. Bio-
Dbys J. 2013;104:951-958.

Latov N, Koski CL, Walicke PA. Guillain-Barré syn-
drome and parenteral gangliosides. Lancet. 1991;
338:757.

Copyright © 2019 The Author(s). Published Wolters Kluwer Health, Inc.



