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Transthyretin (TTR) amyloidosis (ATTR amyloidosis) is a mul-
tisystemic, multigenotypic disease resulting from deposition
of insoluble ATTR amyloid fibrils in various organs and tissues.
Although considered rare, the prevalence of this serious disease
is likely underestimated because symptoms can be non-specific
and diagnosis largely relies on amyloid detection in tissue biop-
sies. Treatment is guided by which tissues/organs are involved,
although therapeutic options are limited for patients with late-
stage disease. Indeed, enthusiasm for liver transplantation for
familial ATTR amyloidosis with polyneuropathy was dampened
by poor outcomes among patients with significant neurological
deficits or cardiac involvement. Hence, there remains an unmet
medical need for new therapies. The TTR stabilizers tafamidis and
diflunisal slow disease progression in some patients with ATTR
amyloidosis with polyneuropathy, and the postulated synergis-
tic effect of doxycycline and tauroursodeoxycholic acid on dis-
solution of amyloid is under investigation. Another therapeutic
approach is to reduce production of the amyloidogenic protein,
TTR. Plasma TTR concentration can be significantly reduced with
ISIS-TTR,,, an investigational antisense oligonucleotide-based
drug, or with patisiran and revusiran, which are investigational
RNA interference-based therapeutics that target the liver. The
evolving treatment landscape for ATTR amyloidosis brings hope
for further improvements in clinical outcomes for patients with
this debilitating disease.

Key words: Amyloidosis, cardiomyopathies, polyneuropathies, RNA
interference, therapeutics, transthyretin

Introduction

Transthyretin (TTR) amyloidosis (ATTR amyloidosis) is charac-
terized by the deposition of amyloid fibrils, derived from TTR
protein, in various organs and tissues (1). TTR is predomi-
nantly produced by hepatocytes and circulates as a homotetra-
meric complex that functions as a transporter for thyroxine and

Key messages

o ATTR amyloidosis is a serious disease with substantial
morbidity and a poor prognosis, although it is likely
underdiagnosed due to the non-specific symptoms of the
disease and a heavy reliance on biopsy testing.

o Currently available treatments for ATTR amyloidosis are
designed to reduce levels of mutant T'TR, or stabilize the
normal confirmation of the TTR protein, although these
therapies are not effective in all patients.

e A range of novel treatment options that target both
mutant and wild-type TTR are under development (e.g.
antisense oligonucleotide-based drugs, RNA interference
therapies), which are expected to improve outcomes for
patients with ATTR amyloidosis.

vitamin A (2). However, TTR monomers can undergo a major
conformational transformation to aggregate in a highly or-
dered and abnormal amyloid fibril form (3); TTR in its amyloid
conformation is referred to as ATTR throughout this article.
Deposition of wild-type (wt) ATTR typically occurs in older
patients, giving rise to wt-ATTR amyloidosis, formerly known
as senile systemic amyloidosis (4). Mutations in the TTR gene
give rise to variants that destabilize the tetramer such that TTR
can more readily undergo the conformational change to amy-
loid, and these genetic changes underlie the various hereditary
ATTR amyloidosis (h-ATTR amyloidosis) clinical syndromes.
Some 100 amyloidogenic TTR mutations have been recognized,
the distribution of which varies in geography and disease
presentation (5,6).

ATTR is derived either wholly from wt TTR in non-hereditary
disease or from a mix of variant and wt TTR in hereditary forms.
However, in both cases the deposition of this protein at vari-
ous sites within the body gives rise to a multisystemic disorder.
Hereditary ATTR amyloidosis has traditionally been described
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according to whether the predominant clinical manifestation
is neuropathy (h-ATTR amyloidosis with polyneuropathy) or
cardiomyopathy (h-ATTR amyloidosis with cardiomyopathy).
In clinical practice, however, a wide range of overlapping
phenotypes are recognized, not only among patients with differ-
ent mutations but also among those with the same mutation. In-
deed, the majority of TTR mutations give rise to a mixed clinical
phenotype, where both neurologic and cardiac impairments are
present (6). The disease phenotype has an impact on mortality:
patients with dominant neuropathy have a median survival from
diagnosis of 5-15 years (7-9), whereas h-ATTR amyloidosis
with cardiomyopathy is associated with a poorer survival of
2.5-4 years (10). Furthermore, substantial impairment in quality
of life (QoL) is associated with both disease phenotypes (11,12).

The purpose of this article is to review the key aspects of the
diagnosis and natural history of ATTR amyloidosis and, with
reference to clinical studies of both approved and investigational
therapies, describe the evolving treatment landscape for this
disease.

Search strategy and selection criteria

References for this review were identified by a hand search of the
PubMed database (January 1981-September 2014). The search
terms used were ‘transthyretin amyloidosis, “TTR amyloidosis,
‘TTR-FAP, ‘TTR-FAC,, “TTR amyloidosis treatment, ‘diflunisal;
and ‘tafamidis. The abstract listings of the XIIIth (2012) and
XIVth (2014) International Symposia on Amyloidosis and the
European Society of Cardiology Congress 2014 were searched
for data on treatments for ATTR amyloidosis. References were
also hand chosen from the bibliographies of identified articles.
Only papers published in English or with English translations
were reviewed.

Diagnosis and disease assessment

Diagnosis of ATTR amyloidosis is hindered by a lack of awareness
among clinicians, and further complicated by the presentation of
this disease with a variety of non-specific clinical features. For
example, thickened ventricular walls identified on echocardiogra-
phy in older patients with cardiac symptoms are readily attributed
to hypertrophic cardiomyopathy caused by a sarcomeric disease
or hypertension, and the possibility of ATTR amyloidosis may
not be pursued. The type of amyloidosis may also be misdefined,
as characteristic echocardiographic appearances in patients with
ATTR amyloidosis may be attributed to immunoglobulin light
chain (AL) amyloidosis if monoclonal gammopathy is present.
Monoclonal gammopathy is a common incidental finding in
older patients, thus increasing the likelihood of this misdiag-
nosis (13). Polyneuropathy itself is associated with numerous
conditions, including diabetes mellitus, and the heterogeneity of
clinical phenotypes that mimic other causes of peripheral neu-
ropathy is a further diagnostic challenge (14,15). The difficulties
in recognition of the disease can lead to a considerable delay in
the diagnosis of ATTR amyloidosis; a mean interval of 4 years
from symptom onset to diagnosis has been reported for h-ATTR
amyloidosis with polyneuropathy (16), and periods of up to
8 years have been described in patients with h-ATTR amyloidosis
with cardiomyopathy (17,18).

Patients with progressive axonal peripheral neuropathy of
unknown origin, especially those with autonomic neuropathy
(e.g. erectile dysfunction, orthostatic hypotension, or constipa-
tion alternating with diarrhea) in the absence of diabetes, should
raise suspicion of ATTR amyloidosis with polyneuropathy.

Investigations of the autonomic and somatic nervous system by
orthostatic tests, sympathetic skin tests, or heart rate variability,
as well as quantitative sensory testing and electrophysiological
analysis, have value for tracking disease progression, but are less
frequently used for initial diagnosis (1). The gold standard for
diagnosis is identification of amyloid deposits in a tissue sample,
which can be detected by histologic staining with Congo red.
Fat pad or labial salivary gland biopsies have been promoted for
diagnosis, with reported sensitivity in expert hands of 73%-83%
(19,20) and up to 92% in Portuguese patients with h-ATTR
amyloidosis with polyneuropathy (21). Biopsies of the gastro-
intestinal tract are similarly informative for this form of ATTR
amyloidosis. However, non-cardiac tissues often lack amyloid
deposits in patients with suspected ATTR amyloidosis with car-
diomyopathy, in whom endomyocardial biopsy may be the only
way to gain histologic confirmation (22). Patients with amyloid
diseases can have patchy distribution of amyloid deposits in
their tissues, notably within the nerves in cases with significant
neuropathy, such that examination of multiple samples may be
necessary before a confident diagnosis of ATTR amyloidosis can
be made (22,23). As mentioned above, it is important to distin-
guish ATTR amyloidosis from other amyloid diseases, especially
AL amyloidosis, which can be achieved through identification
of the precursor protein using techniques such as Western blot-
ting of amyloid tissue extract, immunohistochemical staining of
tissue sections, or proteomic analyses of laser-dissected amyloid
material (24-26). Analysis of ATTR deposits has also revealed
an association between fibril subunit size and clinical features: in
patients with ATTR amyloidosis with the TTR Val30Met muta-
tion, full-length TTR subunits were associated with neuropathy
but not cardiomyopathy, whereas a mixture of truncated and
full-length peptides was present in patients with cardiomyopa-
thy (25). Truncated peptides were also detected in most patients
with ATTR amyloidosis and cardiomyopathy who had mutations
other than Val30Met, and in all patients with wt-ATTR amyloi-
dosis tested to date (27).

Sequencing of the TTR gene can reliably detect the mutations
associated with h-ATTR amyloidosis (28), and genetic testing is
therefore a crucial component in supporting a diagnosis. Genetic
testing alone, however, is not sufficient to make a diagnosis, given
that a positive result neither confirms the presence of amyloid nor
excludes the individual from having a different type of amyloid
disease. The specificity of gene testing depends, in part, on the
prevalence and penetrance of the trait in the population, which
is generally poorly defined. However, a high prevalence in cer-
tain geographic areas and populations (e.g. northern Sweden and
individuals of African descent (29,30)) makes the broad applica-
tion of this diagnostic approach questionable. Prenatal and adult
predictive genetic testing can easily and accurately be performed
in individuals at risk of h-ATTR amyloidosis, but expert genetic
counseling is mandatory (28). Pre-implantation genetic testing
has been developed in major endemic regions (31,32). However,
individuals with a positive genetic test should be made aware of
the variable penetrance of the disease, which is generally lower
in non-endemic regions, and the differences in age of symptom
onset (33-35).

A simple clinical staging system for h-ATTR amyloidosis with
polyneuropathy was developed in an endemic area of Portugal
(familial amyloidosis with polyneuropathy (FAP) staging system),
which classifies patients as stage 0 (asymptomatic), stage I (those
with symptoms who are ambulatory but do not require assis-
tance), stage II (those who are ambulatory but require assistance),
and stage III (wheelchair- or bed-bound patients with advanced
disease). The polyneuropathy disability (PND) score is another



simple staging system whereby patients are categorized into four
stages according to their degree of walking disability (36): stage
I (sensory disturbances but with preserved walking capabil-
ity); stage II (impaired walking ability without need for a stick);
stage III (walking only with the help of one stick (IIIA) or two
sticks (IIIB)); and stage IV (wheelchair- or bed-bound).

Several non-invasive tests are useful to support the diagno-
sis of ATTR amyloidosis with cardiomyopathy. These include
echocardiography, electrocardiography (ECG), cardiac mag-
netic resonance imaging (CMRI), and nuclear scintigraphy. Ven-
tricular wall thickening (i.e. intraventricular septum thickness
>12 mm) with normal ejection fraction and reduced longi-
tudinal strain identified by echocardiography and/or low QRS
voltage recorded by ECG are strong signals for cardiac amyloi-
dosis (37,38), although in some cases the ECG may be normal
or even show increased voltage (39). CMRI has a much greater
diagnostic yield than echocardiography for recognizing cardiac
amyloidosis, as it produces a characteristic appearance on late
gadolinium enhancement due to the infiltration of myocardial
interstitial space by amyloid deposits. Recently, CMRI with T1
mapping was shown to be highly effective in the identification of
both AL and ATTR amyloid in the heart (40). Another sensitive
and complementary imaging method that is gaining widespread
use is scintigraphy, with the technetium isotopes technetium-
99m-3,3-diphosphono-1,2-propanodicarboxylic acid  (*™Tc-
DPD) (41-43) and technetium-99m-pyrophosphate (*™Tc-PYP)
(44). These techniques were originally developed for bone assess-
ment but have demonstrated remarkable diagnostic accuracy in
patients with ATTR amyloidosis with cardiomyopathy. Both of
these tracers localize strongly to the heart in this type of amy-
loidosis, whereas localization is usually weaker and less frequent
in cardiac AL and other types of amyloidosis. In light of current
knowledge, a **™Tc-DPD or *™Tc-PYP scan that shows no or mi-
nor uptake in the heart argues strongly against a patient having
clinically significant cardiac ATTR amyloid deposition.

Disease characteristics and natural history

The prevalence of h-ATTR amyloidosis with polyneuropathy is
estimated at approximately 10,000 patients worldwide, or one in
1 million habitants (45), with onset of this disease occurring at
any stage of life from early adulthood (6). Val30Met is the most
common TTR mutation in patients with h-ATTR with polyneu-
ropathy, especially in countries with the highest prevalence, for
example Portugal, France, Sweden, and Japan (46); prevalence
may reach 1 in 1000 in endemic areas in Portugal, Japan, and
Sweden. In the early stages of h-ATTR with polyneuropathy,
neuropathy manifests as neuropathic pain or numbness in the
hands and feet. As the disease progresses, the sensory deficit
extends to the arms and thighs, and then to the anterior trunk
(1,47). Hand involvement, including weakness, sensory impair-
ment, and reduction in fine motor skills, was also observed in
the vast majority of patients with h-ATTR amyloidosis with
polyneuropathy in a recent study (15). Disease characteristics
can vary according to the specific mutation involved; for example
patients with Tyr78Phe tend to present with predominant motor
neuropathy (48). Age at onset and gender also influence disease
characteristics (49,50). With prolonged disease duration, motor
skills deteriorate such that walking becomes increasingly diffi-
cult (51), and patients with late-stage disease generally display
significant and often life-threatening autonomic neuropathy,
with gastrointestinal impairment, weight loss, and cachexia.
Hereditary ATTR amyloidosis with polyneuropathy can
progress quickly following the onset of symptoms, with a rapid
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increase in Neuropathy Impairment Score (NIS) frequently ob-
served. In the phase III clinical trial of diflunisal, mean NIS had
increased by 10.1 points and 23.2 points at years 1 and 2, respec-
tively, in patients receiving placebo (52). Supporting these data,
a larger, multinational, cross-sectional study of 283 patients with
h-ATTR with polyneuropathy (stage I-III FAP, with median NIS
of 32) reported a progression rate of 14.3 points/year (23). In the
latter study, the increase in NIS correlated with PND score and
FAP stage, validating it as a measure of disease progression (23).
NIS was also used to assess patient impairment according to time
of disease onset: median NIS was higher in the cohort of patients
with late-onset versus early-onset Val30Met h-ATTR amyloi-
dosis with polyneuropathy (59.6 versus 9.0, respectively) (23).
However, the difference between these cohorts is likely related
to the emphasis placed by the NIS score on motor impairment,
and the scoring system has thus been subsequently refined for
h-ATTR with polyneuropathy by development of the modified
NIS plus seven nerve tests (mNIS + 7) (47). Analyses of patient
characteristics have also extended from monitoring of disease
burden to the investigation of symptoms that are associated with
survival. In this regard, modified body mass index (mBMI; BMI
multiplied by serum albumin level to compensate for edema)
value has demonstrated a strong correlation with survival in
Swedish patients with ATTR amyloidosis with Val30Met, and
also with survival after liver transplantation (36,53). In addition,
mean heart rate (54) and the combination of septal thickening
and diastolic dysfunction (55) have been independently identified
as prognostic indicators in patients with ATTR amyloidosis with
the Val30Met mutation.

The prevalence of h-ATTR amyloidosis with cardiomyopathy
is estimated at over 40,000 patients worldwide, although it is
likely that both wt- and h-ATTR cardiac amyloidosis are cur-
rently underdiagnosed. Indeed, an autopsy study in elderly Finn-
ish patients revealed that amyloid deposits were present in 25%
of patients aged 80-85 years (56). Cardiac ATTR was also found
on autopsy in 5% of patients with heart failure and preserved
ejection fraction (57), suggesting that amyloidosis is not an
uncommon causative factor for this very prevalent clinical syn-
drome. Wt-ATTR amyloidosis with cardiomyopathy is most of-
ten diagnosed in elderly men (58), but it can occur in women and
occasionally in individuals younger than 60 years. Accumulation
of amyloid in the heart leads to ventricular wall thickening and
diastolic dysfunction, arrhythmias, and ultimately intractable
heart failure (59). Val122Ile TTR is the most common genetic
variant globally associated with h-ATTR amyloidosis with car-
diomyopathy, although it is largely restricted to the black popula-
tion. Atrial and ventricular arrhythmia, bradycardia, advanced
heart block, and congestive heart failure (CHF) may be especially
frequent in the black population (18). Clinical features may differ
according to the TTR genotype, although confirmatory studies to
date have been relatively small. For example, normal QRS volt-
ages appear to be more common in patients with wtATTR rather
than h-ATTR amyloidosis with cardiomyopathy. Data on the rate
of progression of ATTR amyloidosis with cardiomyopathy are
limited, although rapid disease progression can occur. Signifi-
cant increases in myocardial mass were reported over 1 year of
observation in one study (8), and the Transthyretin Amyloidosis
Cardiac Study (TRACS) reported decreases in 6-minute walk-
ing distance (mean reduction of 25.8 m every 6 months) and left
ventricular (LV) ejection fraction over 18 months (10).

The genotype of patients with ATTR amyloidosis with
cardiomyopathy may also be associated with outcome, with poor-
er survival observed in patients with variant TTR versus those
with wt-ATTR amyloidosis. In TRACS, patients with h-ATTR
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amyloidosis with cardiomyopathy and the Val122Ile mutation
had shorter median survival than those with disease associ-
ated with wt TTR (25.6 versus 43.0 months, respectively) (10).
A more recent single-center observational study supported the
deleterious impact of the TTR Val122Ile mutation, with earlier-
onset disease and a shorter time from diagnosis to death or or-
thotopic heart transplant reported in patients with variant versus
wt TTR (36.4 versus 66.5 months, respectively) (60). The impact
of non-Val122Ile mutations on outcomes may be less severe, with
an overall median survival of approximately 41 months among
a series of patients with the TTR Thr60Ala mutation (7). Other
factors that have been associated with prognosis in patients with
h-ATTR amyloidosis with cardiomyopathy include N-terminal
pro-brain natriuretic peptide (BNP) concentration, New York
Heart Association (NYHA) stage, cardiac output, and pericardial
effusion (61).

Evolution of therapies

Symptomatic relief

Relief of symptoms remains of utmost importance. For example,
in patients with h-ATTR amyloidosis with polyneuropathy, con-
trol of peripheral (e.g. pain, trophic ulceration) and autonomic
(e.g. gastrointestinal symptoms, hypotension) neuropathy is key
to improving QoL (62). Prophylactic pacemaker implantation
may also be valuable for patients with h-ATTR with polyneu-
ropathy and conduction disorders, with major cardiac events
prevented in a quarter of patients during a 45-month mean
follow-up (63). Symptomatic relief and stabilization of fluid
balance are extremely important in patients with ATTR amyloi-
dosis with cardiomyopathy because heart transplantation may
not be a treatment option in these often older patients. A key
goal of supportive care in patients with cardiac involvement is
the reduction of filling pressure, which can be achieved with
loop diuretics. However, caution is necessary as excessive re-
duction in filling pressure results in reduced cardiac output and
hypotension; current recommendations suggest prescription of
loop diuretics at very low doses either daily or every other day.
Other cardiac manifestations include dysrhythmias, for example
tachycardia or bradycardia, and atrial fibrillation, which can be
relieved pharmacologically or through insertion of a permanent
pacemaker (18). Many drugs commonly used in other types of
heart failure may not be beneficial in amyloidosis, and may ac-
tually exacerbate symptoms. Special care is recommended for
agents (including digoxin, dihydropyridine calcium channel
blockers, and vasodilators) whose distribution may be affected
by binding to amyloid fibrils (64,65). Caution should also be
taken with inhibitors of cyclic guanosine monophosphate used
for erectile dysfunction, as these may worsen hypotension and
could potentially prompt syncope, arrhythmias, or cardiac ar-
rest (66).

Liver transplantation (1990s onwards)

Liver transplantation remains the first-line treatment option
offered to patients with early-stage h-ATTR amyloidosis with
polyneuropathy in Japan (1), although not recently in France or
Portugal (67). The rationale for this procedure is to remove the
major source of genetically variant TTR in the plasma, replacing
it with the wt protein of the donor. The concentration of variant
TTR has been reduced by 98% in patients following orthotopic
liver transplantation (68,69). This surgical intervention has been
shown to increase patient survival significantly (53,70,71), and
prevents progression of neuropathy in the majority of patients

with the TTR Val30Met mutation (68,72). Follow-up studies have
indicated regression of visceral amyloid deposits (73,74), but the
course of amyloid deposition in nerves is less clear. The outcome
of liver transplantation is influenced by various patient charac-
teristics, including age, severity of disease at the time of surgery,
and mutation type. For example, the 5- and 10-year survival rates
are markedly worse among patients with mutations other than
Val30Met compared with the Val30Met change (75,76). In ad-
dition, the utility of liver transplantation is limited by restricted
donor availability, patient eligibility (including age <70 years),
and the risk of adverse events (AEs).

The capacity of liver transplantation to halt progressive
neuropathy is best supported in patients with the Val30Met
mutation (68,77), although this is not necessarily accompanied
by an improvement in QoL (1). Deposition of wtATTR in pe-
ripheral tissues may still continue following liver transplanta-
tion (78,79), which is thought to account for the progression of
cardiomyopathy that occurs in many patients, especially those
with non-Val30Met mutations (80-82). Progression of cardiac
amyloidosis following liver transplantation does not seem to oc-
cur in patients with Val30Met TTR mutations and early-onset
disease; it has been proposed that this favorable situation is as-
sociated with ATTR amyloid fibrils that are composed of full-
length TTR peptides (83). Unfortunately, this phenomenon may
be restricted to patients with this particular mutation, in whom
cardiac involvement is unusual other than in late-onset cases.
Liver transplantation does not prevent progression of amyloid
in the eye or in the central nervous system because TTR is pro-
duced locally at these particular sites (84).

Liver transplantation is associated with a variety of risks,
with 1-year mortality rates of 7%-25% reported for patients
with h-ATTR amyloidosis with polyneuropathy (62,72,85-87).
In particular, the risk of hepatic artery thrombosis appears
greater in transplant patients with h-ATTR amyloidosis with
polyneuropathy, with an incidence approximately 8-fold higher
thanin patients with otherindications (88). The requirement for
long-term immunosuppressive agents, for example ciclosporin
and tacrolimus, can also be problematic for patients after liver
transplantation. Of note are the increased risk of post-surgical
infection (68,72) and long-term issues with chronic renal fail-
ure and diabetes, which are observed in 30% and 10%-20% of
patients, respectively, 10 years after liver transplantation (62).
Contrasting data have been published with respect to renal
function, with a long-term study in Swedish patients with h-
ATTR amyloidosis with polyneuropathy suggesting that liver
transplantation may in fact arrest the progression of kidney
damage (89). Post-transplant lymphoproliferative disorder
can also be a fatal complication (90), but overall the long-term
outcomes for patients with ATTR following liver transplanta-
tion are comparable to those for patients with other diseases in
which this procedure is performed (53).

Combined heart and liver transplantation is a possibility for
patients with severe h-ATTR amyloidosis with cardiomyopathy
and mutations associated with extra-cardiac amyloid disease
(91),although this procedure has onlybeen performedin a small
number of patients. Such surgery carries substantial risk, yet
some studies have reported outcomes similar to those obtained
followed isolated heart transplantation for other indications
(92,93). Of note, cardiac transplantation alone for patients
with wt or Val122Ile-mutant TTR amyloidosis with cardiomy-
opathy has generated encouraging long-term outcomes, with
5-year survival similar to that observed after general heart
transplantation in a UK study (17,94).



Era of targeted therapies and new and potential
medicines

The outcome of liver transplantation has ultimately proved
disappointing for patients with Val30Met TTR and more severe
disease, as well as for the majority of patients with other TTR
mutations. A new era of targeted medicines was initiated ap-
proximately 10 years ago (Figure 1), and these novel therapeutic
strategies are discussed below.

TTR tetramer stabilizers

TTR tetramer stabilizers are agents designed to stabilize the
normal circulating tetrameric form of TTR, and hence are
hypothesized to prevent the protein from dissociating and
undergoing conformational change that leads to its aggregation
as amyloid. Tafamidis and diflunisal, which have both been shown
to stabilize TTR through interaction with the thyroxine binding
site of the tetramer, are discussed.

Tafamidis

Tafamidis has been demonstrated to increase the stability of the
TTR protein in vitro, based on data from an immunoturbidime-
tric assay. Immunoturbidimetry involves measuring the TTR
tetramer concentration in plasma samples before and after de-
naturation; these data are then extrapolated to generate percent
TTR stabilization. This is a complex, non-physiologic assay that
is unsuitable for monitoring the pharmacodynamics of tafamidis
in the clinic. More recently a subunit exchange technique has
been proposed for quantifying the stability of endogenous TTR
in plasma, which has demonstrated a correlation between TTR
tetramer stability and tafamidis concentration (95).

Tafamidis treatment for h-ATTR amyloidosis with polyneu-
ropathy was assessed in the randomized, double-blind, placebo-
controlled phase II/III Fx-005 trial, which included patients with
the TTR Val30Met mutation and stage I neuropathy (Table I) (96).
In patients with evaluable data at 18 months, treatment response
(<2-point increase in NIS in the lower limbs (NIS-LL; range
0-88)) was significantly higher in the tafamidis arm com-
pared with the placebo arm (60% versus 38%, respectively;
P = 0.041). Least-squares mean change from baseline in Norfolk
QoL-Diabetic Neuropathy total (TQoL) score was also sig-
nificantly better for tafamidis versus placebo (0.1 versus 8.9,
respectively; P=0.045). However, in the intention-to-treat
population, the differences in treatment response (45% in
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the tafamidis arm versus 30% in the placebo arm) and TQoL
(2.0 versus 7.2, respectively) were not statistically significant
between the study groups (study did not meet its co-primary
end-points). However, a trend towards benefit in the tafamidis
group remained in the extension study. The discontinuation rate
was higher than expected in this trial, primarily due to patients
undergoing liver transplantation, which impacted on the ability
of the trial to achieve statistical significance in the co-primary
end-points. Tafamidis was generally well tolerated, with a similar
incidence of AEs between the active and control treatment groups.
However, urinary tract infections and diarrhea were more com-
mon in the tafamidis treatment group than the placebo group.

This study provided no indication that the disease process
could be reversed by tafamidis treatment. Indeed, the sum-
mated seven nerve tests normal deviate score, NIS-LL score, and
muscle weakness increased steadily in the 12-month open-label
extension of this study, indicating disease progression (107).
Similar data were also recently reported from a Portuguese
single-center 12-month study of tafamidis in 103 patients with
stage I FAP. Here, the response rate (NIS change <2 points
across 1 year) was 64%, although an increase in mean NIS score
from baseline to 6 and 12 months was observed across the whole
study population (108).

While tafamidis may slow disease progression in the major-
ity of patients with the Val30Met TTR mutation and early-stage
disease, this treatment may be less effective in more advanced
disease. In an early-access program for tafamidis in patients with
Val30Met-mutant late-onset disease, 77% of whom had walking
disability, deterioration of either NIS score or disability was ob-
served in 93% of patients after 1 year of treatment (99). Indeed,
the rate of increase in NIS-LL was unaltered during the first
6 months of tafamidis treatment compared to before treatment.

Tafamidis has also been investigated in 21 patients with non-
Val30Met TTR mutations in a single-arm open-label study (97).
This study met its primary end-point of biochemical stabilization
of TTR in 95% of patients. Exploratory analyses demonstrated
no clinical worsening of health-related QoL or mBM]I, although
worsening of neurologic function (i.e. increases in NIS, NIS-LL,
and upper leg NIS) was observed at 1 year of treatment (97).
Survival rates at 15 years with tafamidis have been estimated
as 87% and 78% for patients with Val30Met and non-Val30Met
mutations, respectively (109).

Based on the results of the Fx-005 trial, tafamidis at a dose of
20 mg administered orally once daily was approved in Europe for
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Table I. Key clinical data for novel agents in clinical development of TTR amyloidosis.

Treatment  Study design Patient population End-points Key efficacy data Key safety data
Tafamidis ~ « Phase II/III « Biopsy-confirmed o Phase II/III co-primary e NIS-LL responders with Taf Similar incidence of AEs
randomized amyloid deposits end-points: NIS-LL vs. PBO: ITT population: and SAEs (Taf, 9% vs.
controlled trial (96) « Val30Met mutation response (< 2-point 45.3% vs. 29.5% (P = PBO, 8%) in both
o Treatment: Taf 20 mg & Stage I ATTR-FAP decrease); change in 0.068), EE population: treatment arms
QD or PBO for « Aged 18-75 years TQoL 60.0% vs. 38.1% (P= 0.041) e Urinary tract infections
18 months e n= 128 (Taf = 65; « OLE objectives: » TQoL change in Taf vs. PBO: and diarrhea more
« 12-month OLE: PBO = 63) long-term safety and ITT population: 2.0 vs. 7.2 common in Taf arm vs.
remain on Taf or efficacy (P= 0.116), EE population: PBO arm
switch to Taf 0.1 vs. 8.9 (P= 0.045) » No new safety signals with
o OLE: gradual increases in long-term treatment
NIS-LL and muscle
weakness to month 30
« Open-label, « Biopsy-confirmed o Primary end-point: * 94.7% achieved TTR « Most common AEs were
single-arm phase IT TTR amyloidosis TTR stabilization at stabilization at week 6 falls (24%), diarrhea
study (97) « TTR mutation other week 6 compared with « Worsening of neurologic (24%), and extremity pain
o Treatment: Taf 20 mg than Val30Met or baseline function (NIS score) at (19%)
QD for 12 months Val122Ile month 12 o SAEs reported in 4 patients
o Aged 18-75 years « No clinical worsening
en=21 of TQoL or mBMI at
month 12
« Open-label single- « TTR amyloid « Primary end-points: * 97.1% achieved TTR « SAEs reported in 11% of
treatment phase II cardiomyopathy and phase II: TTR stabilization at week 6 patients in phase II study
study (98) NYHA classification stabilization at week 6; « Estimated median survival of ~ and 6% in phase III study;
o Treatment: Taf 20 mg of I/IT phase III: long-term 48.2 months from first dose 1 patient discontinued due
QD for up to « TTR mutation other safety and efficacy data of tafamidis to SAE
12 months than Val1221le « NYHA classification stable to
o OLE: treatment to « Aged > 40 years month 3
60 months o Phase II, n =35;
phase III, n =31
« Prospective, » Symptomatic patients e Primary end-point: * 93% of patients deteriorated 45% reported AEs, all
non-randomized trial with ATTR-FAP disease progression on disability or NIS except 1 in the first
(99) « Val30Met mutation parameters 6 months
o Treatment: Taf 20 mg Stage =11: 77% « Severe GI toxicities in
QD for up to en=29 3 patients in first
12 months 6 months
Diflunisal ~ « Randomized, « Biopsy-confirmed o Primary end-point: o Mean NIS + 7 score o AEs in musculoskeletal
double-blind phase amyloid deposits and change in NIS + 7 at increased by 25.0 in PBO (8% vs. 19%) and general
III study (52) mutant TTR 2 years group and 8.7 in Dif group disorders (7% vs. 19%)
o Treatment: Dif 250 mg « Clinically detectable o Mean SF-36 physical and categories more frequent
or PBO BID for neuropathy mental scores improved in in the Dif vs. PBO group
2 years o Aged 18-75 Dif group, deteriorated with e« Similar proportion of SAEs
« Any disease stage PBO in both arms
o n=130 (Dif n=64; « No significant reduction in « Discontinuation due to
PBO n=66) LV wall thickness or AEs in 4 patients in the
longitudinal strain in Dif arm and 2 in the PBO
patients with cardiac arm
involvement compared with
PBO
« Short-term, single- « Biopsy-proven cardiac « Changes in LVEE LV« No significant change in « Stable hematologic and
arm open-label study amyloidosis mass cardiac structure (LV mass) hemodynamic parameters
(100) « mutant ATTR or « Changes in or function (EF) at mean during treatment
o Treatment: Dif 250 mg  wt-ATTR disease hemoglobin, follow-up of 0.9 years « Non-significant 6%
BID en=13 creatinine, mBMI decrease in eGFR
Doxycycline o Phase II open-label » Symptomatic « Primary end-point: « Response rate of 46% (6/13) e Four patients discontinued
plus study (101) ATTR-FAP/FAC or response rate in patients with neuropathy treatment due to
TUDCA . Treatment: SSA (<2-point increase in  « Response rate of 75% (18/24)  doxycycline-related GI
doxycycline 100 mg  « NYHA class <1II NIS-LL in patients in patients with events, and 1 due to rash
BID; TUDCA 250 mg « Aged = 18 years with neuropathy; cardiomyopathy on limbs
TID « Patients with liver <30% or <300 pg/mL . No significant changes in « Persistent mild redness of
transplant were increase in NT- mBMI or QoL hands and face
eligible proBNP in patients
en= 40 with cardiomyopathy)
ISIS-TTRy, Phase I study (102) « Healthy volunteers « Safety, PK, PD « Dose-dependent reductions  « No SAEs reported

o Treatment: ISIS-
TTR, 50-400 mg or
PBO as single or

multiple doses

o Three subjects for
each ISIS-TTRg
single-dose cohort

« Eight subjects for each
ISIS-TTR,
multiple-dose cohort

in serum TTR with
ISIS-TTRg, >50 mg

» Mean reduction of ~80% by
day 22 with ISIS-TTR,_ 300
and 400 mg dosing

« TTR knockdown evident
at = 10 weeks after
cessation of ISIS-TTR
in 200-400 mg groups

« Most common AEs were
injection-site pain and
somnolence with single
doses

« No significant laboratory
abnormalities

(Continued)
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Treatment  Study design Patient population End-points Key efficacy data Key safety data
Patisiran « Dose-escalation « Healthy volunteers « Safety, PK, PD « Dose-dependent reductions ~ « No SAEs reported
phase I study (103) en=17 in serum TTR with « Most common AE was
« Treatment: single-dose Pat>0.01 mg/kg skin erythema (Pat, 46%;
Pat 0.01-0.5 mg/kg » Mean maximal TTR PBO, 50%)
or PBO knockdown of ~90% with « No significant laboratory
single dose of Pat abnormalities
0.3-0.5 mg/kg
« TTR knockdown evident
at = 8 after single-dose
patisiran at doses
=0.15 mg/kg
» Open-label dose- « Diagnosis of ATTR « Safety, PK, PD » Dose-dependent reductions  « Majority of AEs of
escalation phase II amyloidosis. Any in serum TTR following mild-to-moderate
study (104) TTR mutational two doses of Pat intensity
« Treatment: two doses status >0.01 mg/kg « SAEs observed in 1 patient
of Pat 0.01-0.3 mg/kg « Co-administration of o Mean maximal TTR at 0.3 mg/kg dose
Q4W and 0.3 mg/kg Dif or Taf permitted knockdown of ~85% with « No significant laboratory
Q3w « Stage I or II disease two doses of Pat 0.3 mg/kg abnormalities
« Aged 18-85 years » TTR knockdown unaffected  « Most common AEs were
en=29 by concurrent use of Dif or infusion-related reactions
Taf (10% overall)
« No accumulation of TTR « Knockdown of RBP and
siRNA after second dose of vitamin A correlated with
Pat circulating TTR
« Phase II OLE study « Maintained on study ~  Safety and tolerability =~ « Mean TTR knockdown at o All TEAEs mild to
(105) from dose-escalation of long-term dosing 80% level moderate in severity
« Pat 0.3 mg/kg Q3W phase « Neurologic impairment « Knockdown sustained over  « Infusion-related reactions
for up to 2 years en=27 (mNIS + 7, NIS), ~16 months in ~18% of patients
cardiac involvement,  « Decrease in mNIS + 7 of o SAEs in 3 patients
autonomic symptoms, 2.5 points at 12 months (unrelated to study drug)
QoL (EQ-5D), serum  » Minimal changes in EQ-5D No significant laboratory
TTR levels scores or clinical abnormalities
assessments at 12 months
Revusiran e Phase I dose- « Healthy volunteers « Safety, PK, PD « Dose-dependent TTR « No SAEs observed

escalation study (in
preparation)

« Treatment: Rev
1.25-10 mg/kg as
single or multiple
doses

» Open-label phase II
study (106)

» Rev 5 or 7.5 mg/kg,
daily X 5, then
weekly X 5

en=41

o ATTR amyloidosis
with cardiomyopathy

« Wt- or h-ATTR
amyloidosis

en=26

« Safety, PK, PD

knockdown with multiple
dosing of Rev

o Mean maximal TTR
knockdown of ~90% with
multiple dosing of Rev 7.5
or 10 mg/kg

o Serum TTR levels reduced
by ~90% with multiple
dosing

o TTR reductions similar in
patients with wt- or
h-ATTR amyloidosis

o Clinical measures typically
stable to day 90

« No significant laboratory
abnormalities

o Most common AEs were
mild-to-moderate
infusion-related reactions
(68% in multiple-dose
phase)

o All TEAEs of mild
intensity

« No treatment
discontinuations

« No significant laboratory
abnormalities

« Transient injection-site
reactions in 23% of
patients

AE = adverse event; ATTR = transthyretin (TTR) amyloidosis; BID =twice daily; Dif = diflunisal; EE = efficacy evaluable; EF = ejection fraction;
eGFR = estimated glomerular filtration rate; EQ-5D = EuroQol 5-Dimensions questionnaire; FAC = familial amyloidosis with cardiomyopathy; FAP = familial
amyloidosis with polyneuropathy; GI = gastrointestinal; h = hereditary; ITT = intent to treat; LV = left ventricular; LVEF = left ventricular ejection fraction;
mBMI = modified body mass index; mNIS + 7 = modified NIS plus seven nerve tests; NIS = Neuropathy Impairment Score; NIS + 7 = Neuropathy Impairment
Score plus seven nerve tests; NIS-LL = Neuropathy Impairment Score of the Lower Limbs; NT-proBNP = N-terminal pro-brain natriuretic peptide;
NYHA =New York Heart Association; OLE = open-label extension; Pat = patisiran; PBO = placebo; PD = pharmacodynamics; PK = pharmacokinetics;
Q3W =every 3 weeks; Q4W = every 4 weeks; QD = once daily; QuW = every n weeks; QoL = quality of life; RBP = retinol binding protein; Rev = revusiran;
SAE = serious adverse event; SF-36 = Medical Outcomes Study Short-Form (36-item) Health Survey; siRNA = small interfering RNA; SSA = senile systemic
amyloidosis; Taf = tafamidis; TEAE = treatment-emergent adverse event; TID = three times daily; TQoL = Norfolk Quality of Life-Diabetic Neuropathy total;

TTR = transthyretin; TUDCA = tauroursodeoxycholic acid; wt = wild type.

the treatment of stage I FAP. Tafamidis has become the first-line
treatment option for patients with early-stage h-ATTR amy-
loidosis with polyneuropathy in France (67). However, the US
Food and Drug Administration (FDA) did not grant regulatory
approval for tafamidis based on inadequate evidence of effective-
ness (FDA evaluation of tafamidis (110)).

Tafamidis has also been assessed in patients with wt- or
Val122lle-TTR associated ATTR amyloidosis with cardiomyo-

pathy in a single-arm, open-label phase II study (98). The pro-
portion of patients with cardiac function worsening (NYHA
criteria) increased after month 36, with deterioration in ap-
proximately 60% of patients by month 42. The estimated 5-year
survival rates were 86% from symptom onset and 45% from the
first dose of tafamidis. While the efficacy of tafamidis cannot be
determined in this single-arm study, tafamidis was generally well
tolerated in this relatively elderly patient population. An interna-
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tional, placebo-controlled, phase III trial of tafamidis in patients
with ATTR with cardiomyopathy is ongoing (NCT01994889).
Participants eligible for this study have a history of heart failure,
evidence of cardiac involvement by ECG, and the presence of
non-amyloid A or -ALamyloid deposits in biopsy tissues. Patients
who have received a prior heart transplant are excluded. The pri-
mary outcome measure is a combination of all-cause mortality
and the frequency of cardiovascular-related hospitalization after
30 months’ treatment with tafamidis (20 or 80 mg) compared
with placebo.

The impact of tafamidis on other body systems in patients
with h-ATTR amyloidosis with polyneuropathy has also been
assessed in a single-center Portuguese study suggesting that
this agent may reduce progression of nephropathy. Among
98 patients with Val30Met-mutant stage I FAP who received
tafamidis for 12 months, no significant changes were recorded
in creatinine concentration, and no new cases of albuminuria or
augmentations of the urinary albumin:creatinine ratio (UACR)
were observed (111). Additionally, in the 12 patients who had
proteinuria at baseline (UACR>300 mg/g), UACR decreased
significantly and a stable estimated glomerular filtration rate
(eGFR) was maintained. These data contrast with the anticipated
progression of nephropathy in untreated patients; however,
this was an uncontrolled study and thus precludes any de-
finitive judgment of the benefits of tafamidis treatment on renal
involvement.

Diflunisal

Diflunisal is a non-steroidal anti-inflammatory drug (NSAID)
that has been administered orally twice daily at a dose of
250 mg in clinical trials to patients with h-ATTR amyloidosis with
polyneuropathy. Although it is not licensed for the treatment
of ATTR amyloidosis, many patients with polyneuropathy have
lately been offered this agent off-label (112). Diflunisal has been
shown to increase the stability of TTR tetramers in vitro (113)
and in healthy subjects (114), but, as for tafamidis, it is not pos-
sible routinely to measure the magnitude of its pharmacodynamic
effects in patients.

In a randomized, placebo-controlled, phase III trial in
130 patients with h-ATTR amyloidosis with polyneuropathy (the
Diflunisal Trial), 24 months’ diflunisal treatment was associated
with a significantly smaller deterioration in NIS+ 7 (primary
end-point) compared with placebo (Table I) (52). Furthermore,
a greater proportion of patients in the diflunisal group showed
neurologic stability (<2-point increase in NIS+7) at 2 years
(29.7% versus 9.4%). Patients’ QoL, assessed using mean Medical
Outcomes Study Short-Form (36-item) Health Survey physical
and mental scores, also improved with diflunisal treatment, but
worsened in patients in the placebo arm (52). Compared with the
FX-005 tafamidis study, the diflunisal trial included patients with
more advanced disease (only 37.7% of the population in PND
stage I) and patients with Val30Met or non-Val30Met mutations.
Among patients randomized to receive diflunisal, only 58% com-
pleted the 2-year study treatment, and this high discontinuation
rate introduces some uncertainty about interpretation of the
results. Discontinuation was primarily due to disease progres-
sion (11/37 cases), which was less common with diflunisal than
placebo. Diflunisal was generally well tolerated, although events
from the musculoskeletal and general disorders classes occurred
more frequently in the active treatment group compared with
the placebo group. Separately, isolated cases of deterioration in
renal function or thrombocytopenia have been reported in small
studies of long-term diflunisal treatment in patients with h-ATTR
amyloidosis with polyneuropathy (115).

The tolerability of NSAIDs has mostly been assessed in patients
with rheumatic disease (i.e. patients without amyloidosis). This
large body of data indicates that NSAID usage is associated with an
increased risk of gastrointestinal AEs, cardiotoxicity, and/or renal
AEs (116-118). Indeed, NSAIDs are contraindicated in patients
with severe congestive heart failure (CHF) or renal insufficiency,
which may limit its value in patients with ATTR amyloidosis
with cardiac involvement. In the phase III study of patients with
h-ATTR amyloidosis with polyneuropathy, the incidences of
cardiac or renal events were similar in the diflunisal and placebo
groups (52), although two patients in the diflunisal group discon-
tinued due to gastrointestinal bleeding and CHE, respectively. As
some toxicities associated with NSAIDs are more pronounced
with prolonged treatment (119), long-term safety data for
diflunisal are needed in populations with ATTR amyloidosis.

The impact of diflunisal on cardiac measures was also assessed
in the phase III trial (52) of patients with h-ATTR amyloidosis
with polyneuropathy (120). Among the patients who had car-
diac involvement at baseline (approximately 50% of the total
number of patients included), 24 months™ diflunisal treatment
did not significantly reduce LV wall thickness or LV longitudinal
strain compared with placebo. However, in a subgroup analysis
of patients with abnormal BNP levels, the rate of increase in LV
wall thickness did appear to be slower with diflunisal treatment
compared with placebo. The efficacy and safety of diflunisal in
patients with cardiac amyloidosis have been explored in a single-
arm, open-label study of a small cohort of 13 patients with wt,
or TTR-variant cardiac ATTR amyloidosis (100). Diflunisal treat-
ment was generally well tolerated, and no significant changes in
cardiac structure were identified at a mean of 0.9 years’ follow-up.
A 6% reduction in glomerular filtration rate was observed in this
study with prolonged diflunisal treatment, and controlled stud-
ies are evidently required to determine whether diflunisal slows
progression of cardiac amyloidosis in some patients.

Doxycycline plus tauroursodeoxycholic acid

The therapeutic potential of doxycycline and tauroursodeoxy-
cholic acid (TUDCA) has been studied in a transgenic Val30Met
TTR mouse model, with the combination of these agents resulting
in a reduction in TTR amyloid deposition and associated tissue
markers (121). Although neither this nor any other experimental
system created to date has proved to be fully representative of
human ATTR amyloidosis, the safety of both of these long-used
oral drugs has been established in a variety of clinical settings,
providing confidence for investigating this therapeutic approach
in patients with ATTR amyloidosis.

Results of an open-label phase II study of doxycycline
(100 mg twice daily) plus TUDCA (250 mg three times a day)
in patients with ATTR amyloidosis (NCT01171859) were pre-
sented by Obici et al. at the XIVth International Symposium on
Amyloidosis (101). In this study, 60% of patients (24/40) completed
12 months of treatment; stable cardiac disease was observed in
75% of these patients (18/24) and stable neuropathy in 46% of
patients (6/13). The treatment was generally well tolerated,
although persistent mild skin redness was reported. Four patients
had discontinued by 12 months due to doxycycline-related gastro-
intestinal events. Additionally, an open-label, single-arm, phase I/
II study of doxycycline plus TUDCA in patients with either wt- or
h-ATTR amyloidosis with cardiomyopathy is currently recruiting
participants (NCT01855360).

TTR-lowering investigational treatments

Reduction in the supply of the respective amyloid fibril precur-
sor protein is a rationale for treatment in all types of amyloidosis.



This approach has been validated extensively in amyloid A and
AL types, in which it is associated with preservation or improve-
ment in amyloidotic organ function and improved survival
(13,122-124). In h-ATTR amyloidosis, liver transplantation has
been used to suppress production of the genetically variant amy-
loid-forming protein, but the inherent amyloidogenicity of the wt
TTR protein that replaces it has greatly limited its success. There are
two distinct pharmacologic methodologies in clinical development
that aim to reduce total TTR production: antisense oligonucleotide
(ASO)-based therapy, and RNA interference (RNAi) therapeutics.

ISIS-TTR,,

ASOs are short synthetic oligonucleotides that bind directly to
TTR messenger RNA (mRNA), leading to its degradation by
RNAase H. ISIS-TTRy, is an ASO-based therapy that causes
destruction of both wt and mutant forms of the TTR transcript
(125). In a mouse model expressing a mutant human form of
TTR, ISIS-TTR;, treatment reduced hepatic TTR mRNA and
serum TTR protein levels by up to 80% (125). Similar results were
observed in non-human primate models, with TTR mRNA and
serum TTR levels reduced by approximately 80% after 12 weeks’
treatment with ISIS-TTR _(126).

Currently, all reported clinical data for ISIS-TTR;_ are from
studies in healthy volunteers. In a phase I study, single doses
of ISIS-TTR, were well tolerated up to 400 mg, with the most
common AEs reported to be somnolence and injection-site
pain (126). Multiple dosing elicited a dose-dependent decrease
in plasma TTR levels, with reductions of approximately 80%
observed after 4 weeks’ treatment with the 300 and 400 mg doses
(102). TTR levels increased following cessation of ISIS-TTRy
dosing, with subjects monitored for up to 92 days after the first
drug administration (102).

ISIS-TTRy, has transitioned from phase I testing in healthy
volunteers to patients with h-ATTR amyloidosis with polyneu-
ropathy in an ongoing, randomized, double-blind, placebo-
controlled, phase II/III trial to evaluate the efficacy and safety of
prolonged treatment with ISIS-TTR, (NCT01737398). Patients
with stage I or II FAP will be randomized to receive ISIS-TTR
300 mg or placebo for 65 weeks (administered subcutaneously
three times in the first week, on alternate days, and then once
weekly for 64 weeks). Eligible patients have an NIS of 10-100
and require the aid of only one walking stick. Other key inclusion
criteria relate to liver function (aspartate transaminase (AST)
and alanine transaminase (ALT) levels<1.9 X upper limit of
normal (ULN), and bilirubin <1.5X ULN), renal function
(eGFR =45 mL/min/1.73 m?), and platelet count (> 100 cells/
mm?). The primary outcome measures are changes from baseline
in mNIS + 7 and TQoL score at 65 weeks. An open-label extension
study to assess the long-term safety and efficacy of this agent is
also planned (NCT02175004). ASO-based TTR-lowering therapy
is not currently in development for cardiac ATTR amyloidosis.

Patisiran (ALN-TTR02) and revusiran (ALN-TTRsc)

Patisiran and revusiran are investigational RNAi therapeutics in
clinical development for the treatment of ATTR amyloidosis. The
activity of these agents is based on delivery of a small interfering
RNA (siRNA) that binds to a conserved sequence in the TTR
mRNA common to both wt and all documented variants of TTR.
Through engagement of the RNAi-induced silencing complex,
the target mRNA is site-specifically degraded. Thus, synthesis of
both the mutant and wt TTR protein is reduced, providing the
potential to prevent amyloidosis and promote clearance of these
deposits. In preclinical models, significant regression of TTR
deposits in peripheral tissues was observed following RNAi-
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mediated TTR suppression, with regression correlated to serum
TTR concentration (127). The regression was superior to that
achieved with the TTR stabilizer tafamidis, which demonstrated
minimal effect (127). The major differences between patisiran
and revusiran relate to their route of administration and formu-
lation for delivery of RNAI to the liver, which are discussed in
more detail below.

Patisiran (ALN-TTRO02). Patisiran consists of an siRNA encap-
sulated in a lipid nanoparticle (LNP). Following intravenous
administration, the LNPs are opsonized by apolipoprotein E
(ApoE) and are delivered to the liver through interaction with
ApoE receptors expressed on hepatocytes (103). Patisiran was
generally well tolerated and demonstrated strong knockdown
(up to 94% achieved) in a phase I study in healthy volunteers
(103). This high level of TTR knockdown is comparable to the re-
duction in mutant T'TR achieved following liver transplantation.
Mild-to-moderate infusion-related reactions were reported, but
no significant changes in liver, renal, or hematologic assessments
were observed.

Patisiran was assessed in 29 patients with stage I or II
h-ATTR amyloidosis with polyneuropathy in a phase II open-
label, multidose, dose-escalation study (104). Patients with vari-
ous TTR mutations were recruited, with the Val30Met mutation
the most common (76% of patients). The maximum mean reduc-
tion in TTR level was 87% in patients who received patisiran
0.3 mg/kg every 3 weeks, with a maximum knockdown of 96%
attained in one individual in this dose group. The majority of AEs
reported were of mild or moderate intensity, and there were no
clinically relevant changes in liver function tests, renal function,
or hematologic parameters. Serious AEs were reported in two pa-
tients during the phase II study, with one patient discontinuing the
trial after a severe episode of nausea/vomiting. Patients receiving
TTR tetramer stabilizers were also eligible for this study, which
demonstrated that co-administration of tafamidis or diflunisal did
not compromise the knockdown efficiency of patisiran. Patients
in the phase II trial were eligible to continue treatment in an open-
label extension study, which is ongoing (NCT01961921) (128).
Initial analyses of the extension phase showed that patisiran treat-
ment achieved a sustained mean serum TTR knockdown at the
80% level for approximately 16 months, with mean knockdown
up to 88% attained between doses, and that extended patisiran
treatment was generally well tolerated. Neuropathy impairment
scores (e.g. NIS and mNIS+ 7 scores) and cardiac measures
(e.g. LV wall thickness and ejection fraction) were stable over
12 months of treatment in the extension study (105). In fact, mean
mNIS + 7 actually decreased by 2.5 points with 12 months’ pati-
siran treatment (105), in contrast to the 12- to 18-point increases
in this measure at 12 months estimated from previous studies of
patients with h-ATTR amyloidosis with polyneuropathy and a
similar baseline NIS (23,52,129).

A randomized, double-blind, placebo-controlled, phase III
trial of patisiran for h-ATTR amyloidosis with polyneuropa-
thy (APOLLO; NCT01960348) has been initiated and is cur-
rently recruiting patients. Patients will be randomized (2:1) to
18 months’ treatment with patisiran 0.3 mg/kg or placebo every
3 weeks. Eligible patients will have an NIS of 5-130 and may
have Val30Met or other TTR mutations. Patients must also have
adequate liver function (AST and ALT =2.5X ULN and total
bilirubin within normal limits), adequate renal function (serum
creatinine =< 1.5 X ULN), and a platelet count = 50,000 cells/mm?.
Prior use of diflunisal or tafamidis is also permitted. The primary
end-point of the study is the change from baseline in mNIS + 7
at 18 months.
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Revusiran (ALN-TTRsc). Revusiran is administered subcu-
taneously and consists of a TTR-targeting siRNA conjugated
to a triantennary N-acetylgalactosamine (GalNAc) ligand.
The GalNAc ligand binds to the asialoglycoprotein receptor
expressed on hepatocytes, such that this agent targets hepatocytes
(130,131). In non-human primate models, repeat dosing of re-
vusiran reduced TTR protein expression by approximately 80%
at doses as low as 2.5 mg/kg, although the agent was well toler-
ated up to 300 mg/kg (130). In preclinical assessments of multiple
doses in mice, a more potent and rapid knockdown of TTR was
achieved with twice-weekly revusiran 10 mg/kg compared with
twice-weekly TTR ASO 10 mg/kg, with a maximum knockdown
of almost 100% observed in 3-10 days for revusiran versus 70%
in 24 days following TTR ASO treatment (127). Additionally,
despite revusiran being present at 2-3-log lower levels in the liver
and kidney compared with the TTR ASO at the same dose level,
it achieved superior TTR knockdown, which may have positive
implications for the long-term safety profile of this agent.

In a phase I study in healthy volunteers, the safety and toler-
ability of revusiran were assessed following a single dose and
multiple dosing up to 5 weeks (130). Multiple dosing up to
10 mg/kg was generally well tolerated, although transient, mild-
to-moderate injection-site reactions were more frequent with
revusiran treatment than placebo. The mean reduction in se-
rum TTR levels with weekly dosing of revusiran 10 mg/kg was
92%, although up to 94% reduction of TTR was recorded in one
subject in this dose cohort. The effects of revusiran in patients
with ATTR amyloidosis with cardiomyopathy are under assess-
ment in a phase II pilot study (NCT01981837) with an open-label
extension phase, and in a phase III study in patients with h-ATTR
amyloidosis with cardiomyopathy that was initiated at the end
of 2014. Preliminary results for 26 patients in the phase II trial
revealed that serum TTR levels were reduced by approximately
90% with multiple dosing of revusiran over 5 weeks (106). The
level of TTR knockdown was similar in patients with h-ATTR
versus non-h-ATTR amyloidosis, and indeed comparable reduc-
tions in wt and variant TTR were observed in patients with the
Val122Ile mutation. In accordance with the data from the phase I
trial in healthy volunteers, revusiran was generally well tolerated
in these patients, with mild injection-site reactions the most com-
mon treatment-emergent AEs. Transient mild elevations in liver
function tests were reported in 15% of patients, but were resolved
with continued dosing, and no changes in any other laboratory
parameters were observed.

A pivotal, phase III, randomized, double-blind, placebo-con-
trolled trial of revusiran in patients with h-ATTR amyloidosis
with cardiomyopathy has recently been initiated (NCT02319005).
In this study (ENDEAVOUR), patients with a TTR mutation and
biopsy-confirmed amyloid deposition will be randomized 2:1 to
receive subcutaneous revusiran 500 mg (once daily for 5 days
then once weekly thereafter) or placebo for 18 months. The co-
primary end-points are the change from baseline in 6-minute
walk distance and the percentage reduction in TTR burden
between placebo- and revusiran-treated patients at 18 months.
All patients who complete this trial will be eligible to enroll in an
extension study.

Monoclonal antibodies

Endogenous antibodies against TTR have been reported in
patients with Val30Met-mutant ATTR amyloidosis. Higher anti-
body concentrations in patients with late-onset disease raise the
possibility that an immune response to misfolded TTR protein
may protect against amyloid formation (132). Amyloid deposits
can also be targeted by exogenous therapeutic antibodies. Serum

amyloid P component (SAP), which is present as a non-fibrillar
constituent of all amyloid deposits, is therefore an attractive target
in all types of amyloidosis. In preclinical murine models, anti-
bodies to SAP triggered the rapid clearance of extensive amyloid
deposits through a complement-dependent macrophage-mediat-
ed mechanism (133). A phase I study of an anti-SAP antibody
(GSK2398852), given in combination with an agent designed to
deplete SAP from the plasma (GSK2315698), has been initiated in
patients with systemic amyloidosis (NCT01777243). GSK2315698
cross-links pairs of SAP molecules in the serum, prompting re-
moval by the liver, so enabling the GSK2398852 antibody to target
SAP within amyloid deposits. Promisingly, the GSK2315698 SAP
depleter has also been administered as monotherapy to patients
with various types of systemic amyloidosis for prolonged periods
in an open-label study, and no accumulation of amyloid was
identified in any patient receiving this treatment (134). A phase I,
dose-escalation, open-label study of NEOD001 (NCT01707264),
a humanized monoclonal antibody that is claimed to target
various elements in the amyloidogenesis pathway, is also ongoing
in patients with AL amyloidosis.

Antibody-mediated clearance of amyloid deposits may also
hold potential for patients with ATTR amyloidosis, and this
approach could complement the other developmental treatments
that have the potential to inhibit ongoing amyloid formation.

Combination therapy

Based on the promising data reported with individual agents,
the additive, or synergistic potential of combination therapies
is tantalizing. Although liver transplant and pharmacotherapies
could be used in conjunction (e.g. drug therapy before or after
transplantation), there is a paucity of data regarding patients
who have received a transplant and other treatments. Prior liver
transplant has been an exclusion criterion in recent clinical trials
of some therapies (52,96), although small studies (2-3 patients)
suggest that tafamidis and diflunisal are tolerated after trans-
plantation (135,136). Analyses of pharmacotherapies in a liver
transplantation setting are therefore required.

The combination of tafamidis or diflunisal with patisiran ap-
pears generally well tolerated in patients with h-ATTR amyloi-
dosis with polyneuropathy, and knockdown of TTR is not com-
promised (104). Reduction in TTR production in combination
with TTR stabilization is therefore an enticing prospect. Another
sequence of therapy could be reduction of the amyloid load with
therapeutic monoclonal antibodies, accompanied or followed by
inhibition of TTR synthesis with RNAi- or ASO-based agents.
Any such combinations or treatment strategies will require exten-
sive testing in clinical trials.

Summary

ATTR amyloidosis is a rare hereditary, multisystemic, multi-
genotypic disease that severely compromises patients’ QoL and
is ultimately fatal. Current treatments are limited, and there
is an unmet medical need for new treatments that can halt or
reverse progression of amyloidosis and are effective across all
genotypes and disease stages. The current treatment pathway
for patients with ATTR amyloidosis with polyneuropathy is
depicted in Figure 2; yet, considering the progressive nature of
this disease, the schematic highlights the paucity of therapeutic
options available for patients with advanced symptoms. Of the
currently used treatments, liver transplantation is only recom-
mended in patients with early-stage h-ATTR amyloidosis with
polyneuropathy and does not improve neurologic symptoms.
Data suggest that TTR-stabilizing drugs may reduce progres-
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sion of polyneuropathy, although there are limited data to
describe their effects in patients with ATTR amyloidosis with
cardiomyopathy. Furthermore, tafamidis may be less effective in
patients with late-stage disease, and has yet to definitively dem-
onstrate efficacy in patients with non-Val30Met TTR mutations.
Doxycycline and TUDCA combination treatment is currently in
clinical development.

Other therapies have focused on preventing the production of
the amyloidogenic T'TR fibril precursor protein. ASO-based (ISIS-
TTRy,) and RNAi-based (patisiran and revusiran) therapeutics
have elicited potent, sustained knockdown of both mutant and
wt TTR in clinical trials. This is particularly encouraging since
substantial reduction in production of serum light chains using
chemotherapy has been shown to significantly improve survival
in AL amyloidosis (13). In addition, the ability readily to measure
serum TTR concentration in patients provides a simple measure
of activity compared with other treatments, such as TTR stabi-
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lizers. In preclinical comparisons with other treatments, RNAi
elicited superior regression of TTR protein deposits compared
with tafamidis, and more rapid and potent TTR knockdown
versus ASO-based treatment. The level of serum TTR was shown
to correlate with TTR protein regression in preclinical models
of h-ATTR with polyneuropathy (127), highlighting the strong
potential of this approach.

The evolution of targeted treatment options, potentially
including combinations of TTR stabilizers with TTR-lowering
agents and amyloid-clearing therapies, holds much promise
for improving the outcomes of patients with this debilitating
disease.
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