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ABSTRACT

Transthyretin (TTR)-related cardiomyopathy is an underdiagnosed cause of heart failure but
is increasingly recognised in various settings — from patients admitted with heart failure to
symptomatic aortic stenosis — and is rapidly becoming the most frequent form of systemic
amyloidosis. Following the recent publication of the landmark ATTR-ACT trial, that showed
tafamidis to be the first treatment to improve survival in patients with TTR-related cardiac
amyloidosis and heart failure, we reviewed the drug’s rationale, characteristics and evidence

supporting its use in TTR amyloidosis.
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Introduction

TTR amyloidosis (ATTR) is one of the two most frequent forms of systemic amyloidosis, the
second being primary light chain (AL)-related disease, that has a different pathogenesis,
natural history and treatment [1]. ATTR can be hereditary (ATTRm) or acquired (wild-type
or ATTRwt) with phenotypes that include familial amylodotic neuropathy (FAP), cardiac
amyloidosis and mixed phenotypes. Ocular, renal and meningeal involvement are infrequent
[2]. Tafamidis is the first disease-modifying drug approved for the treatment of FAP and
following the publication of the landmark ATTR-ACT trial [3], is now a potential therapy for
TTR-related cardiomyopathy. In this article we review the drug’s characteristics and the

evidence supporting its use in ATTR.

Transthyretin structure, function and fibrillogenesis

Transthyretin (TTR) is a protein encoded by a single gene (TTR) and is synthetized almost
exclusively by the liver (minimal amounts being produced by the retina and choroid plexus)
[4]. TTR circulates predominantly as a homotetramer, along with a very small amount of
dissociated monomers [5]. Each monomer comprises 127 amino acids arranged as 8 anti-
parallel B-pleated-sheet domains [6] and the tetramer has two distinct dimer-dimer interfaces,
the less stable of the two constituting the highly preserved thyroxine (T4)-binding site [5].
Circulating TTR transports retinol (and retinol-binding protein) and T4. While TTR is the
only protein to transport retinol, circulating T4 is mainly transported by albumin or thyroid-
binding globulin and <10% is transported by TTR [7]. On the other hand, TTR is the primary

T4 transporter in cerebrospinal fluid [8].

Pathogenesis of TTR amyloidosis

Amyloidogenesis begins with the rate-limiting dissociation of the TTR tetramer into dimers,
that rapidly dissociate into folded monomers. Partial monomer unfolding through a
thermodynamically favourable downhill process then leads to the formation of soluble
oligomers and polymerisation into amyloid fibrils [5,9,10] (Figure 1). The extracellular
deposition of these insoluble fibrils consisting of misfolded TTR with a B-sheet
conformation, leads to disruption of tissue structure and function. A cytotoxic effect of

misfolded TTR monomers and small aggregates may also be important in pathogenesis [11].



Both wild-type and mutated TTR can form amyloid deposits, suggesting that the protein is
innately prone to form B-pleated-sheet fibrils [12], but TTR mutations destabilise the TTR
tetramer and in some cases accelerate the rate of dissociation [13]. Age-related oxidative
stress has also been shown to destabilise TTR tetramers and has been suggested as one

mechanism underlying the development of acquired (wild-type) TTR amyloidosis [14].

Clinical Phenotypes in ATTR Amyloidosis

More than 120 amyloidogenic TTR mutations have been described, all inherited as autosomal
dominant traits with incomplete penetrance [6,15]. The most common TTR mutation is
V30M, that is endemic in parts of Portugal, Sweden and Japan and typically leads to a FAP
phenotype [16-18] . A number of TTR variants that cause an exclusively cardiac phenotype
have been described [19] including V1221, that has a high prevalence (3.4%) in African-
Americans, but appears to have a low penetrance [20]. Other than genotype [6,16-19,21,22]
geographic area, endemic vs non-endemic disease [23,24], sex [25], sex of transmitting

parent [16-18] and fibril type (full-length or fragmented) [26] all influence the phenotype.

In general, ATTRwt affects the elderly population, with a male predominance (80%) and is
characterised the presence of cardiomyopathy in absence of significant extracardiac

involvement, with the exception of carpal tunnel syndrome in 1/3 of patients [27,28].

Neurological involvement in ATTR leads to a sensorimotor polyneuropathy, that starts in the
lower extremities as small-fibre dysfunction and progressively ascends. Paraesthesiae and
dysaesthesiae are prominent, with or without pain, while motor involvement only occurs in
the more advanced phases of the disease [6]. Autonomic dysfunction is frequent, and leads to
dyshidrosis, bowel dysfunction (diarrhoea alternating with constipation and varying degrees
of weight loss and malnutrition), orthostatic hypotension, urinary retention or incontinence
and erectile dysfunction [6,21]. Central nervous system involvement is rare, but

leptomeningeal amyloid deposition is described in specific genotypes [6].

The spectrum of cardiac involvement in ATTR ranges from asymptomatic conduction disease
to severe cardiomyopathy with refractory heart failure. Infiltration of the conduction system
can lead to bundle-branch block, sino-atrial or A-V block. Myocardial infiltration leads to a
progressive left ventricular (LV) hypertrophy that can be concentric or asymmetric in
distribution [29]. Diastolic dysfunction is prominent with moderate or severe diastolic
dysfunction present around 80% of patients [30]. LV ejection fraction is typically normal or



mildly impaired but significant impairment of longitudinal function is constantly present,
with a typical sparing of the apex [30]. LV stroke volume is often reduced even with a normal
ejection fraction, due to a combination of small cavity size and diastolic dysfunction[31].
Thickening of the interatrial septum and A-V valves are often present (albeit rarely with

functional consequences), as are small pericardial effusions [30].

Treatment of TTR Amyloidosis

Until recently the major disease modifying treatment was orthotopic liver transplantation
(OLT) for patients with mATTR based on the rationale that TTR is almost exclusively
produced by the liver. OLT has been shown to slow or halt neurological disease progression
[32] but is limited by perioperative mortality up to 10% [33] and significant morbidity as well
as the consequences of long-term immunosuppression. A further important limitation to the
use of OLT is that cardiomyopathy can be a contraindication (unless a combined heart-liver
transplant is considered) as cardiac deposits of mutated TTR attract circulating wild-type
TTR with a seeding mechanism [34] that leads to a progression of the cardiomyopathy
despite the absence of circulating mutant TTR [35].

Tafamidis rationale and mechanism of action

In Portugal, where the V30M mutation responsible for a typical FAP phenotype is endemic,
some patients were noted to have an uncharacteristically mild phenotype. When genotyped,
they were found to be compound heterozygotes for the V30M mutation and another TTR
variant, T119M [36]. Subsequent studies showed that the T119M variant stabilises the TTR
tetramer [37], mitigating the effect of pathogenic mutations and leading to a milder
phenotype [38]. Circulating TTR tetramers are stabilised by binding to retinol or T4 [39], but
approximately half of the circulating TTR is not bound to a ligand. These observations
suggested that a molecule that could stabilise the TTR tetramer could lead to a clinical benefit
in ATTR patients.

Tafamidis is a benzoxazole carboxylic acid with no non-steroidal anti-inflammatory activity
(unlike other TTR stabilisers such as Diflunisal [40]), that binds selectively and with a high
affinity to the T4-binding site of TTR and bridges adjacent dimers [41]. It has been shown to

be a dose-dependent kinetic stabiliser of the weaker dimer-dimer interface of TTR tetramer



under denaturing conditions in vitro and ex vivo, in wild-type TTR and a number of different

mutations [41].

Circulating tafamidis is 99.9% bound to plasma proteins. When taken in fasting conditions, it
is rapidly absorbed, reaching peak plasma concentration in 2 hours; administration with food
reduces the rate, but not the extent of absorption. Mean half-life is approximately 59 hours

and a steady-state is reached after 14 days with a 20 mg once a day regimen [42].

There appears to be no induction or inhibition of tafamidis metabolism and it is probably
metabolised by glucuronidation. Patients with moderate liver dysfunction (Child-Pugh score
7-9) have a decreased systemic exposure due to higher fraction of unbound circulating drug,
however, these patients have lower levels of circulating TTR and no dose adjustment is

necessary. No dose adjustment is required in renal impairment or elderly patients [42].

Clinical trials: neuropathy

The Fx-005 study [43] was an 18-month randomised double-blind trial comparing tafamidis
20 mg OD to placebo in 128 early stage V30M patients. The co-primary endpoints were a
combination of response to treatment (defined as no appreciable increase in the Neuropathy
Impairment Score—Lower Limbs (NIS-LL) score from baseline) and change in a self-reported
quality of life questionnaire. In the intention to treat analysis, treatment with tafamidis did not
demonstrate a significant benefit in terms of NIS-LL response to treatment (45.3% vs 29.5%);
p=0.068) or quality of life. This was probably due to the a higher than expected drop-out rate
for OLT (21%) in both treatment arms, since these patients were all defined non-responders.
In a prespecified efficacy-evaluable population analysis (that considered the patients who
completed the 18-months protocol in the assigned treatment arm), more patients treated with
tafamidis were NIS-LL responders (60.0% vs 38.1%; p=0.041) and had a better-preserved
quality of life. Secondary endpoints also favoured tafamidis, since it was associated with less
neurologic progression, muscle weakness and small fibre function deterioration. Modified
body mass index (BMI*serum albumin, mBMI), a known prognostic factor in FAP [44],
improved in patients who received active treatment and worsened in the placebo arm. The
trial also documented a good safety profile for tafamidis as adverse events similar in the two

treatment groups.

Further evidence to support the use of tafamidis in FAP comes from the 12-month single

treatment open-label extension study of Fx-005 [45]. This found that patients who continued



on tafamidis maintained a slower disease progression and in patients who had previously
received placebo, the rate of disease progression declined, but those who had started
treatment earlier had a greater benefit. Another small single treatment open-label study
suggested that the benefits of tafamidis treatment extend to non-VV30M amyloidosis [46]. The
study included 8 different genotypes, all with some degree of cardiac involvement, and found
that tafamidis appeared to stabilise quality of life, mBMI, NT-proBNP and echocardiographic
parameters. Interim data from the long-term open label extension that includes patients from
Fx-005 and the non-V30M open-label study seem to confirm these findings up to 6 years [47]
and are consistent with the results from other small open-label single treatment studies
[48,49].

Using data from the Transthyretin Amyloidosis Outcomes Survey (THAQOS), 252 patients
with a predominantly neurological phenotype (>90% V30M) who were treated with tafamidis
were compared to matched, untreated patients up to 2 years from baseline. The analysis
showed less neurological progression in treated patients but could not demonstrate any
difference in survival or time-to-disease progression, probably due to the low number of
events [50].

Clinical trials: cardiomyopathy

Initial studies of tafamidis in cardiac amyloidosis were not encouraging. A phase Il open
label study investigating tafamidis in 35 patients with cardiac ATTR (mainly wild-type),
despite evidence of TTR stabilisation, half the patients showed signs of clinical progression
such as heart failure admission, syncope or atrial fibrillation [51]. However, a post-hoc
analysis that compared this cohort to patients from the TRACS registry [52] suggested a
better survival in patients treated with tafamidis [53]. Nevertheless, it must be noted that the
study has limitations in design and the TRACS patients used as historical controls were more

severely affected at baseline.

ATTR-ACT [3] was a phase Ill, three-arm, parallel design, placebo-controlled, double-blind,
randomized study that compared tafamidis 80 or 20 mg once daily or matching placebo with
a 2:1:2 ratio. To be eligible patients needed an invasive or non-invasive diagnosis of TTR-
related cardiac amyloidosis (defined as interventricular septal thickness >12mm on echo) and
evidence of heart failure with a prior hospitalisation or signs or symptoms requiring diuretic

treatment with NT-proBNP >600 pg/ml and 6-minute walk test distance >100 meters.



Important exclusion criteria included NYHA class 1V, severe chronic kidney disease
(GFR<25 mL/min/1.73 m?), severe malnutrition (MBMI <600 kg/m?-g/L) and prior OLT. Of
the 548 patients screened for the study, 441 were enrolled; median age was 75, 90% were
male, 76% had ATTRwt and 81% were Caucasian. Tafamidis was safe and well tolerated

with no differences in discontinuation and side-effects compared to placebo.

To investigate efficacy, along with a conventional Cox regression, the authors used a novel
statistical approach (Finkelstein-Schoenfeld method [54]), conceived to improve the analysis
of composite endpoints. This method considers the hierarchical importance of the endpoint
components (death > hospitalisation), as well as optimizing data analysis by including all the
endpoints met by a patient during follow up (e.g. 2 hospitalisations followed by death), and
not only the first as occurs in a Cox regression. For this method patients were stratified
according to genotype (ATTRm vs ATTRwt) and baseline NYHA class (I/11 vs I11) and each
patient in the treatment group was compared to each patient in the placebo group. For each
paired comparison, the patient who reached the death endpoint last is the winner, only if none
of the two patients reaches the endpoint is the hospitalisation endpoint analysed with the
same method. However, if the patient who does not reach the endpoint has a shorted follow
up than the patient who does, then no win is awarded, and the same applies when neither
reaches any endpoint. The trial results can therefore be expressed as a win ratio (total number

of treatment group wins / total number of placebo group wins).

In a hierarchical assessment of all-cause mortality followed by cardiovascular (CV)-related
hospitalisation, tafamidis (pooled 20 and 80mg treatment) was superior to placebo in the
primary analysis (win ratio 1.695, 95% CI 1.255-2.289; p<0.001). Analysing the endpoint
components separately by Cox regression, tafamidis reduced all-cause mortality (78/264,
29.5% vs. 76/177, 42.9%; hazard ratio 0.70; 95% CI 0.5-0.96) with survival curves separating
around 18 months (Figure 2), but also reduced the rate of CV-related hospitalizations (0.48 vs
0.70 hospitalizations per year; relative risk reduction 0.68; 95% CI 0.56-0.81). Treatment
effect was confirmed in the prespecified subgroup analysis, with one exception, tafamidis
increased CV-related hospitalisations in patients in NYHA class 11 at baseline. The authors
interpreted this finding as due to longer survival in patients treated with tafamidis leading to a
higher number on CV-related hospitalisations in patients with a severe cardiomyopathy at

baseline.

A positive effect of tafamidis was also confirmed in the secondary outcomes reducing the



decline in the 6-minute walk test distance a quality of life questionnaire score with

differences first visible at 6 months treatment.
Future perspective

Cardiac amyloidosis is undoubtedly underdiagnosed, but a growing awareness of the
condition and the possibility of a non-invasive diagnosis with bone-tracer scintigraphy [55]
are changing this. The number of mildly affected patients is therefore destined to grow
significantly. The coexistence of ATTR and aortic stenosis is of particular interest and initial
data suggest a worse prognosis in this subgroup [56-58], and this issue is being investigated
prospectively among elderly patients with severe aortic stenosis being considered for
intervention (ATTRact-AS study, NCT03029026).

Despite some concerns from the neuropathy trials, tafamidis was well-tolerated and
remarkably safe in ATTR-ACT. It will now become the benchmark for novel treatments in
ATTR. The drug however has yet to be licensed for the treatment of cardiomyopathy and
trials investigating other TTR stabilisers (Study of AG10 in Amyloid Cardiomyopathy,
NCT03458130) and the long-term safety of tafamidis (NCT02791230) are ongoing. Also, a
number of questions regarding its use patients with cardiomyopathy remain unanswered —
including use in asymptomatic patients and aortic stenosis — and will require dedicated

prospective trials.

Two recently published phase Il trials investigated agents that inhibit the hepatic synthesis of
TTR in ATTR polyneuropathy. Patisiran [59] and inotersen [60], both appear to be effective,
but patisiran has a better safety profile and may reverse myocardial involvement in the
subgroup of patients with cardiomyopathy [61]. Further evidence from dedicated
cardiomyopathy trials is needed. Future research may also address the possibility of
combination treatment with a stabilising agent such as tafamidis and inhibitors of TTR

synthesis.



FIGURE CAPTIONS

Figure 1: Transthyretin (TTR) amyloidogenesis is blocked by tafamidis-mediated

stabilization of tetrameric TTR. Reproduced with permission from Coelho et al [43].

Figure 2: Tafamidis reduced all-cause mortality in the ATTR-ACT trial. Reproduced with

permission from Maurer et al [3].



EXECUTIVE SUMMARY

Transthyretin structure, function and fibrillogenesis

Transthyretin (TTR) is a protein encoded by a single gene (TTR) and is synthetized
almost exclusively by the liver.
TTR circulates predominantly as a homotetramer and transports retinol and thyroxine

(T4). 1t is the only protein to transport retinol, as well as <10% of circulating T4.

Pathogenesis of TTR amyloidosis

The dissociation of the TTR tetramer into dimers is the rate-limiting step of
amyloidogenesis.

From monomers, the protein unfolds through a thermodynamically favourable
downhill process leading to the formation of soluble oligomers and polymerisation
into amyloid fibrils with a B-sheet conformation.

Along with disruption of tissue structure and function, a cytotoxic effect of misfolded
TTR monomers and small aggregates may also be important.

TTR is innately prone to form B-pleated-sheet fibrils but TTR mutations and age-

related oxidative stress have been shown to destabilise the TTR tetramer.

Clinical Phenotypes in TTR Amyloidosis

TTR mutations are inherited as autosomal dominant traits with incomplete penetrance.
In hereditary TTR-related amyloidosis (ATTRm), phenotype is related to genotype,
sex, geographic area, endemic vs non-endemic disease, sex of transmitting parent and
fibril type (full-length or fragmented).

The acquired form of the disease (wild-type or ATTRwt) affects the elderly, with a
male predominance (80%) and is characterised by cardiomyopathy in absence of
significant extracardiac involvement.

Neurological involvement leads to a sensorimotor polyneuropathy, with a prominent
sensory component, motor involvement in the advanced phases and frequent
autonomic dysfunction.

Cardiac involvement leads to conduction disease and a progressive left ventricular
hypertrophy, with prominent diastolic dysfunction and a typically normal or mildly

impaired ejection fraction.



Treatment of TTR Amyloidosis

e Orthotopic liver transplantation (OLT) slows or halts neurological disease progression
in ATTRm but is limited by perioperative mortality and morbidity, long-term

immunosuppression, and importantly cardiomyopathy can be a contraindication.

Tafamidis rationale and mechanism of action

e A specific TTR variant stabilises the TTR tetramer and is responsible for a milder
phenotype in some ATTRm patients by mitigating the effect of pathogenic mutations.

e TTR tetramers are stabilised by binding to retinol or T4 and approximately half of the
circulating TTR is not bound to a ligand.

e Tafamidis binds selectively and with a high affinity to the T4-binding site of TTR and
bridges adjacent dimers. It is a dose-dependent stabiliser of the weaker dimer-dimer

interface in vitro and ex vivo.
Clinical trials: neuropathy

e Inan 18-month randomised double-blind trial comparing tafamidis to placebo in 128
early stage with neurological ATTRm due to the V30M mutation, treatment with
tafamidis did not demonstrate a significant benefit in terms of a neuropathy score or
quality of life.

e This was probably due to the a higher than expected drop-out rate for OLT and in a
prespecified efficacy-evaluable population analysis tafamidis increased the rate of
responders according to neuropathy score with a better-preserved quality of life.

e The use of tafamidis in neurological ATTRm is also supported to some degree by data
from an open-label extension study, a small single treatment open-label study in non-
V30M patients, as well as data from the Transthyretin Amyloidosis Outcomes Survey
(THAQS) registry.

Clinical trials: cardiomyopathy

e ATTR-ACT was a randomized controlled double-blind that compared tafamidis to
placebo in 441 patients with TTR-related cardiac amyloidosis and evidence of heart
failure.

e Tafamidis was safe, well tolerated, and reduced all-cause mortality with survival
curves separating around 18 months (Figure 2), as well as reducing the rate of

cardiovascular-related hospitalizations.
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