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Abstract: Rare diseases are increasingly recognized as a global public health priority. 
Governments worldwide currently provide important incentives to stimulate the discovery 
and development of orphan drugs for the treatment of these conditions, but substantial 
scientific, clinical, and regulatory challenges remain. Tafamidis is a first-in-class, disease- 
modifying transthyretin (TTR) kinetic stabilizer that represents a major breakthrough in the 
treatment of transthyretin amyloidosis (ATTR amyloidosis). ATTR amyloidosis is a rare, 
progressive, and fatal systemic disorder caused by aggregation of misfolded TTR and 
extracellular deposition of amyloid fibrils in various tissues and organs, including the heart 
and nervous systems. In this review, we present the successful development of tafamidis 
spanning 3 decades, marked by meticulous laboratory research into disease mechanisms and 
natural history, and innovative clinical study design and implementation. These efforts 
established the safety and efficacy profile of tafamidis, leading to its regulatory approval, 
and enabled post-approval initiatives that further support patients with ATTR amyloidosis. 
Keywords: amyloidosis, cardiomyopathy, heart failure, transthyretin, treatment, Vyndaqel/ 
Vyndamax

Introduction
Rare diseases have an extensive impact on public health, despite their relatively low 
prevalence, and development of safe and effective treatments for rare disease is 
increasingly recognized as a global priority.1–3 Rare diseases are designated as 
conditions occurring in fewer than 200,000 people in the USA4 and 5 per 10,000 
people in the EU.5 Development of new therapies for rare diseases poses unique 
challenges, particularly from a clinical and regulatory perspective. To help mitigate 
the inherent difficulties, governments worldwide have enacted legislation to stimu-
late research and investment for orphan drugs targeting rare diseases.6,7 

Nonetheless, orphan drug discovery and development remains a daunting, risk- 
laden process, requiring substantial financial resources, incisive decision-making, 
and ingenuity to overcome obstacles related chiefly to minimal and, in some 
instances, lack of precedence in trial design and previously defined endpoints, 
small patient populations, and limited natural history of disease information.8 

Despite improvements in rare disease awareness, knowledge of pathophysiology, 
and legislative support, 95% of rare diseases do not have an approved treatment 
available in the USA.9 Among the orphan drugs identified and investigated to date, 
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only a small fraction successfully emerge from rigorous 
testing in preclinical and clinical studies to gain regulatory 
approval each year.

The introduction of tafamidis, a first-in-class transthyr-
etin (TTR) kinetic stabilizer, marked a critical break-
through in the pharmacologic treatment of transthyretin 
amyloidosis (ATTR amyloidosis) with cardiomyopathy 
(ATTR-CM) or polyneuropathy (ATTR-PN). This rare 
systemic disorder is characterized by the extracellular 
aggregation of native and/or variant TTR into several 
distinct structures, including amyloid fibrils, which deposit 
in various tissues and organs.10 The discovery and devel-
opment of tafamidis for ATTR amyloidosis relied on 
a combination of meticulous laboratory investigation into 
the biological and chemical mechanisms underlying TTR 
aggregation, an innovative clinical development program, 
and determination and perseverance to support develop-
ment of a treatment for patients with this rare disease.11

In this review, we highlight challenges associated with 
drug development in rare diseases and describe the trans-
lational success story of tafamidis. We identify research 
milestones that led to the development of the TTR kinetic 
stabilizer and its rational structure-based design. We sum-
marize the essential findings of the pivotal tafamidis clin-
ical trials that established the safety and efficacy profile of 
the drug and resulted in its regulatory approval for the 
treatment of ATTR-PN outside the US, and more recently, 
ATTR-CM in the US and globally. Finally, we present the 
ongoing work and challenges associated with rare disease 
amelioration in a population-driven health system.

Drug Development in Rare Diseases
Rare diseases such as ATTR amyloidosis often lead to 
premature death, have a debilitating impact on patients’ 
physical functioning, ability to work, and quality of life 
(QoL), and place a heavy emotional and financial burden 
on families.12,13 Historically, therapeutic advances in rare 
diseases have been impeded by a poor understanding of 
their pathophysiology and natural history, and the high 
cost and complexity of conducting clinical investigations 
for diseases that affect small populations.14

Advances
Legislative and Regulatory Incentives
Nearly 40 years ago, the US Congress passed the Orphan 
Drug Act to encourage drug/biologic development for the 
treatment of rare diseases.12 Subsequently, other govern-
ments worldwide similarly granted greater priority to rare 

disease investigation and the development of orphan 
drugs.15 Moreover, drug regulatory authorities in some 
countries have established designations (eg, fast-track 
and breakthrough therapy designations in the USA; 
Sakigake status in Japan) that allow for expedited devel-
opment and review of select medications used for life- 
threatening diseases with an unmet medical need that 
demonstrate substantial benefit over existing therapies 
early in their clinical development. In the USA and else-
where, tafamidis was granted orphan drug designation as 
well as fast-track and breakthrough therapy designations, 
and priority review, expediting the regulatory submission, 
review, and approval for this novel agent.

Obstacles
Despite the regulatory programs intended to incentivize 
and support new treatments for rare diseases, many chal-
lenges remain in both the preclinical and clinical phases of 
rare disease research.12

Limited Knowledge Base
Identification and characterization of appropriate in vitro 
and/or animal models for preclinical studies may be hin-
dered by limited knowledge of disease pathophysiology 
and/or genetics. For clinical research, limited information 
and a poor understanding of the natural history of the 
disease makes selection of study endpoints difficult, and 
often impedes identification of the patient population best 
suited for assessment. These obstacles undoubtedly had an 
impact on the development of tafamidis, as the natural 
progression of ATTR amyloidosis and contributing envir-
onmental and genetic factors were not well understood 
when its clinical trial program was initiated.

Low Clinical Trial Enrollment
According to research conducted by the Tufts Center for 
the Study of Drug Development (CSDD), patient recruit-
ment for rare disease clinical trials is more challenging 
than for non-rare disease clinical trials due to substantially 
higher rates of screening and randomization failure.16 

Approximately 81% of screened patients were ineligible 
to enroll and 56% failed to be randomized in rare disease 
clinical trials, versus 57% and 36% of patients that fell 
into the categories in non-rare disease trials.

Several factors can hamper recruitment of patients for 
randomized controlled clinical trials of orphan drugs, 
including the small and widely dispersed patient popula-
tions affected, and disease heterogeneity. Patients with rare 
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diseases frequently receive various misdiagnoses over sev-
eral years before a correct diagnosis is determined, 
increasing their disease burden and rendering some 
patients ineligible for clinical studies because of advanced 
disease.17,18 Due to the low prevalence of rare diseases, 
a greater number of study sites are often needed globally 
to ensure adequate enrollment of even small numbers of 
patients, which may require additional support measures to 
reduce the burden of participation, eg, support for travel 
and/or lodging—all investments made without guarantee 
of success. Finally, there may be competing clinical trials 
for the same rare disease patients, limiting an already 
small number of patients eligible to enroll.

Establishing a Suitable Trial Design
Designing trials with clinically appropriate methodology, 
including diagnostic procedures, dose(s), safety/efficacy 
endpoints, and a statistical analysis plan, is also particu-
larly challenging for rare diseases. Determining appropri-
ate diagnostic criteria for study eligibility and endpoints/ 
outcomes for measuring treatment response for rare dis-
ease research is often complicated by the absence of 
accepted guidelines, validated prognostic factors, or indi-
cators of disease progression. Limited patient numbers 
often preclude conduct of dose-ranging studies to charac-
terize dose–response relationships useful for dose selection 
in future studies. In addition, efficacy endpoints must be 
selected that are clinically meaningful and in compliance 
with regulatory requirements for product approval; vali-
dated efficacy endpoints are not usually available for rare 
diseases. These endpoints may require analysis using inno-
vative statistical methodology to compensate for the inclu-
sion of relatively small patient populations. Maurer et al 
used the novel Finkelstein–Schoenfeld statistical method 
to analyze data for the primary endpoint in the pivotal 
tafamidis clinical trial in ATTR-CM to enable a robust 
analysis with the study’s relatively small sample size 
(detailed below).19

Drug Development Cost
The economic burden associated with rare disease drug 
development is an additional possible deterrent, but few 
cost studies have been conducted. In one report, the clin-
ical costs associated with developing orphan drugs were 
estimated to be half those associated with non-orphan 
drugs.20 Using publicly available drug cost data, 
Jayasundara et al estimated that the out-of-pocket and 
capitalized (10.5% per year over the clinical phase testing 

and regulatory approval period) clinical costs of each 
approved orphan drug were $166 million and 
$291 million in 2013 US dollars (or $202 and 
$354 million in 2020 US dollars), respectively.20 

However, the investigators acknowledged that additional 
research is needed to address factors that may substantially 
increase these costs, such as longer development timelines 
and lower probability of success for orphan drugs. Based 
on the Tufts CSDD research, the overall clinical and 
regulatory duration (ie, investigational new drug applica-
tion to approval decision) for rare diseases is approxi-
mately 4 years longer than that for all diseases.16 The 
prolonged timelines associated with orphan drug develop-
ment can potentially increase costs.

Systemic ATTR Amyloidosis: An 
Overview
ATTR amyloidosis is a rare, progressive, fatal disease 
caused by TTR misfolding, and aggregation and deposi-
tion of amyloid fibrils in the extracellular space of many 
tissues and organs, leading to end-organ degeneration. 
Strong genetic and pharmacologic evidence supports the 
amyloid hypothesis, ie, that TTR aggregation causes the 
death of post-mitotic tissue and is a critical triggering 
factor in the pathogenesis of ATTR amyloidosis–based 
degenerative diseases.21–23 The pathogenesis of ATTR 
amyloidosis is associated with the destabilization of the 
tetrameric TTR protein. Tetramer dissociation is the rate- 
limiting step in TTR aggregation, which also requires 
subsequent monomer misfolding for misassembly to pro-
duce soluble misfolded TTR aggregates and insoluble 
aggregates, including amyloid fibrils (Figure 1).

In patients with autosomal dominant hereditary (or 
variant) ATTR amyloidosis (ATTRv), TTR tetramer desta-
bilization is caused by the incorporation of pathogenic 
variant subunits into TTR heterotetramers, otherwise com-
posed of wild-type TTR subunits. More than 150 TTR 
gene variants have been linked to amyloidosis in ATTRv, 
with varying degrees of penetrance and different tissue 
tropism.24–26 Depending on the variant, ATTRv can pre-
sent as a principal cardiomyopathy (ATTR-CM), a primary 
sensory, motor, and autonomic polyneuropathy (ATTR- 
PN), or a mixed phenotype that has cardiac and neurologic 
manifestations.27,28 In patients with wild-type ATTR amy-
loidosis (ATTRwt), aging-associated tetramer dissociation, 
misfolding, and aggregation of TTR occurs in the absence 
of a genetic variant.29 Other genetic and/or environmental 
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contributors to ATTRwt remain poorly understood, as does 
the tissue tropism. ATTRwt typically affects the heart and 
autonomic nervous system, particularly in older males, 
increasing the risk of cardiomyopathy, diastolic dysfunc-
tion, arrhythmias, and heart failure, but may also cause 
damage in other tissues/organs.

Although ATTR amyloidosis has been considered 
a rare disease, growing evidence suggests that the disease 
(particularly ATTRwt) may be more common than pre-
viously recognized. The prevalence of ATTRv varies by 
region due to allele frequencies that fluctuate by geo-
graphic distribution. Based on a comprehensive literature 
review, Schmidt et al estimated that hereditary ATTR-PN 
has a global prevalence of 10,186 persons (range, 
5526–38,468).30 In two recent cohort studies, the reported 
prevalence of the Val122Ile (p.Val142Ile) pathogenic var-
iant, the most common in the USA, was approximately 3% 
among African Americans,31,32 but disease penetrance is 

still unknown.33 Importantly, this genetic variant was 
found to be significantly associated with heart failure in 
carriers of either African or Hispanic/Latino ancestry.32 

Regions with endemic ATTRv have been reported in 
Japan, Portugal, Sweden, Cyprus, and Majorca, but the 
disease is now documented in 29 countries worldwide, 
including China, India, parts of Europe, and the USA.34

The prevalence of ATTRwt, the most common form of 
ATTR amyloidosis and an increasingly recognized cause 
of heart failure, has been difficult to establish. In a study of 
patients >60 years of age who had heart failure with 
preserved left ventricular ejection fraction and left ventri-
cular wall thickness ≥12 mm, ATTRwt was identified by 
radionuclide scintigraphy in approximately 13% of 
screened patients.35 Based on prospectively assessed myo-
cardial biopsies conducted in patients with heart failure 
with preserved ejection fraction, Hahn et al recently 
reported a prevalence of ATTR cardiac amyloidosis of 

Figure 1 The TTR amyloidogenic cascade. When destabilized by TTR pathogenic variants, the tetrameric protein TTR dissociates into monomers that misfold and 
misassemble into aggregates, including amyloid fibrils associated with transthyretin amyloidosis. 
Abbreviation: TTR, transthyretin.
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10%, with ATTRwt observed in ~7%.36 Recently, in 
a cohort of patients with heart failure and increased myo-
cardial wall thickness (intraventricular septum >14 mm), 
approximately 20% of patients had ATTRwt when 
screened with radionuclide imaging.37 In autopsy studies, 
the reported frequency of ATTRwt deposits has ranged 
from 10% to 25% of elderly patients.38–41

In clinical practice, both hereditary and sporadic forms 
of ATTR amyloidosis are challenging to identify, primarily 
due to the wide range of possible symptoms that poten-
tially involve multiple organs.42 ATTR-CM has been 
shown to be frequently misdiagnosed, or its diagnosis 
delayed until late in the disease course, because of low 
disease awareness/misperceptions of the disease and clin-
ical features that overlap with more common etiologies of 
heart failure.17,43 The expectancy that ATTR-CM predo-
minantly occurs in men may reduce clinicians’ suspicion 
of the disease in women. In a recent literature review,44 

among over 4500 patients with ATTR-CM, 17% were 
women; the proportions of women with variant ATTR- 
CM (29%) and undefined disease (18%) were higher 
than that of women with wild-type ATTR-CM (9%). 
Importantly, in the referenced review, some cardiac struc-
tural/functional differences, including lower interventricu-
lar septal and posterior wall thickness and higher left 
ventricular ejection fractions, were observed in women 
versus men across all ATTR-CM subtypes. Left ventricular 
wall thickness >12 mm is a recommended threshold for 
ATTR-CM diagnosis in both sexes, suggesting that women 
may be underdiagnosed as a result of their smaller cardiac 
anatomy. Additional research is warranted to better eluci-
date these differences and inform the identification of 
these patients in clinical practice.

The natural progression of ATTR amyloidosis is also not 
well documented. Nearly a decade ago, Ruberg et al pro-
spectively evaluated morbidity and mortality in 29 patients 
with wild-type and Val122lle (p.Val142Ile) variant ATTR- 
CM in the Transthyretin Amyloidosis Cardiac Study 
(TRACS).45 They found no differences between patients 
with ATTRwt and ATTRv in clinical characteristics, biomar-
ker levels, or echocardiographic variables at baseline. 
However, after approximately 16 months, patients with 
ATTRwt had significantly lower rates of mortality (22% vs 
73%) and cardiovascular hospitalization (28% vs 64%) than 
patients with ATTRv. In patients with ATTRwt and ATTRv, 
median survival from diagnosis was approximately 3.6 and 
2.2 years, respectively. Similarly, in untreated patients with 
ATTRwt and ATTRv cardiomyopathy, median overall 

survival was recently estimated to be 3.6 and 2.5 years, 
respectively, after diagnosis.46,47

Until the introduction of tafamidis, treatment options avail-
able for ATTR amyloidosis were limited to symptomatic 
management or liver and/or heart transplantation. Because 
the liver produces more than 90% of TTR circulating in the 
bloodstream,48 liver transplantation is a disease-modifying 
treatment for ATTRv. Liver transplantation is effective at 
slowing disease progression and improving survival in patients 
with the inherited form of the disease, particularly when 
performed in those with early-onset Val30Met (p.Val50Met) 
hereditary ATTR-PN.49–52 However, in a subset of patients 
with ATTRv with both cardiac and neurologic manifestations, 
this surgical approach failed to prevent the progression of 
amyloid cardiomyopathy, potentially because circulating wild- 
type TTR continues to be deposited on existing variant TTR 
substrate, even in the absence of circulating variant TTR.53,54 

Liver transplantation is also associated with a first-year mor-
tality rate of approximately 10%, due to vascular fragility in 
patients with ATTR amyloidosis, and the risk of complications 
in transplant patients overall and substantial chronic immuno-
suppression-related morbidity.50,52,55

Patients with ATTR amyloidosis involving severe car-
diomyopathy may undergo combined liver and heart trans-
plantation or heart transplant alone.56–58 However, as with 
single-organ transplant, the benefits of liver/heart surgery 
can be offset by the risk of perioperative morbidity and 
mortality and the adverse effects of chronic 
immunosuppression.50–52 As a result, heart transplantation, 
with or without combined liver transplantation, is gener-
ally considered a viable option primarily for selected 
patients with advanced ATTR-CM.33,59 The limitations of 
organ transplantation and the scarcity of donor organs 
highlighted the need for development of pharmacologic 
therapies that block the amyloid cascade in patients with 
ATTR amyloidosis, and the need for early diagnosis and 
treatment to prevent advanced refractory disease.

Research Milestones in the 
Development of TTR Kinetic 
Stabilizers
Findings from a broad network of studies played a critical 
role in the development of small molecules such as tafa-
midis designed to halt the progression of ATTR amyloi-
dosis (Figure 2).19,60–68 TTR (formerly called prealbumin) 
is a tetrameric protein that transports holo-retinol binding 
protein in the bloodstream and is a minor carrier of the 
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thyroid hormone thyroxine (T4) in the blood.69–71 In 
humans, most thyroid hormone is transported by albumin 
or thyroid-binding globulin in the blood, which leaves 
most T4-binding sites on TTR unoccupied.72,73 Although 
TTR is the major T4 carrier in the brain, most of the TTR 
tetramer is unliganded in the brain due to the T4 to TTR 
tetramer stoichiometry. These observations were important 
to the development of kinetic-stabilizing agents capable of 
binding to TTR at the unoccupied T4 binding sites.

In Portuguese families, in the early 1990s, Coelho et al 
observed that some carriers of the Val30Met (p.Val50Met) 
pathogenic variant either had no symptoms of ATTR-PN 
or had uncharacteristically mild symptoms.74 Gene 
sequencing studies revealed that these individuals were 
compound heterozygotes expressing the disease-causing 
Val30Met (p.Val50Met) variant on one allele and 
a Thr119Met (p.Thr139Met) variant on the second allele 
(instead of wild-type TTR), conferring protection against 
ATTR-PN.74 Incorporation of Thr119Met (p.Thr139Met) 
subunits into tetramers otherwise comprised of disease- 
associated subunits increased the kinetic stability of the 
tetramer, which slowed tetramer dissociation and sup-
pressed disease.61,62,74,75 It was subsequently discovered 
that the dissociation barrier (ie, the energy required for the 
formation of misfolded monomers) increased proportion-
ally with each Thr119Met (p.Thr139Met) subunit incorpo-
rated into a tetramer, demonstrating that increasing the 
kinetic barrier associated with misfolding can stabilize 

the native tetramer state and slow or prevent TTR aggre-
gation, thus ameliorating ATTR amyloidosis.76

Based on a thorough investigation into the mechanisms 
underlying TTR aggregation, researchers were able to establish 
that dissociation of the native TTR tetramer was the slowest 
and first step of the aggregation cascade or process.61,62,76–82 

The observed efficiency of TTR aggregation after TTR mono-
mer misfolding also helped focus drug discovery on blocking 
TTR aggregation before rate-limiting tetramer dissociation.83 

This milestone led to the hypothesis that small-molecule ligand 
stabilization could prevent TTR dissociation into monomers 
and thereby block all TTR misfolding and aggregation, includ-
ing amyloid fibril formation. Thus, the concept of TTR small- 
molecule “kinetic stabilizers” emerged, ie, small molecules 
capable of selectively binding to native TTR tetramer over 
the dissociative transition state, slowing tetramer dissociation 
dramatically, to inhibit TTR aggregation. Importantly, the 
kinetic stabilizer strategy is conservative, in that its clinical 
success does not require an understanding of which aggregate 
structure(s) are driving the degenerative phenotypes, because 
kinetic stabilizer treatment reduces the concentration of all 
misfolded TTR structures and aggregates derived from newly 
synthesized TTR.

Drug Design
Based on the kinetic stabilization observations, a strong ratio-
nale was constructed for the development of small-molecule 
kinetic stabilizers that bind to the largely unoccupied T4 

Figure 2 Timeline of the major translational milestones in the development of the TTR kinetic stabilizer tafamidis. Superscript numbers refer to references. 
Abbreviations: ATTR-ACT, Tafamidis in Transthyretin Cardiomyopathy Clinical Trial; ATTR, amyloidosis, transthyretin amyloidosis; ATTR-CM, transthyretin amyloid 
cardiomyopathy; ATTR-PN, transthyretin amyloid polyneuropathy; qd, once daily; THAOS, Transthyretin Amyloidosis Outcomes Survey; TTR, transthyretin.
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binding pockets and stabilize the native TTR tetramer as 
potential pharmacotherapy to prevent the progression of 
ATTR amyloidogenesis.76 Structure-based design and bio-
chemical assays were used to iteratively improve the potency 
of the kinetic stabilizers in several structurally distinct small- 
molecule families or chemotypes that inhibited TTR aggrega-
tion by kinetically stabilizing the tetrameric energetic ground 
state of TTR.62,76,84,85 The prioritization of candidate kinetic 
stabilizers was based on assessments of stabilizer performance 
under denaturing conditions,62 TTR aggregation inhibition as 
a function of kinetic stabilizer concentration under acidic 
conditions,76,78,79,84 and the degree of selective binding of the 
kinetic stabilizer to TTR in human plasma.86

Candidate TTR kinetic stabilizers from repurposing efforts 
included several nonsteroidal anti-inflammatory drugs 
(NSAIDs), such as flufenamic acid, diflunisal, meclofenamic 
acid, and mefenamic acid.68,85,87 However, NSAID activity 
was considered potentially detrimental in candidate TTR 
kinetic stabilizers because cyclooxygenase inhibition should 
be avoided in patients with ATTR-CM, who often have renal 
blood flow impairment.85 In addition, the risk of serious gas-
trointestinal, renal, and cardiac toxicity with chronic use of 
NSAIDs, particularly in aging populations with other medical 
conditions, weighed against their development for the treat-
ment of ATTR amyloidosis.88

Medicinal chemistry and structure-activity data on 
novel kinetic stabilizer chemotypes focused attention on 
the benzoxazole carboxylic acids. The benzoxazole deri-
vative 2-(3,5-dichloro-phenyl)-benzoxazole-6-carboxylic 
acid, or tafamidis, was identified as an oral candidate 
capable of substantially slowing the rate-limiting step in 
the TTR amyloid cascade and was selected for clinical 
development.89 Tafamidis lacked NSAID activity, and 
exhibited an acceptable toxicity profile and no thyroid- 
related metabolic effects.89

Tafamidis Pharmacodynamic/ 
Pharmacokinetic Studies
In nonclinical in vitro and ex vivo experiments, tafamidis 
bound with high selectivity and affinity, and negative 
cooperativity, to recombinant wild-type TTR and both 
wild-type and variant forms of TTR in human 
plasma.89,90 This compound was shown to dose- 
dependently kinetically stabilize TTR under denaturing 
and physiological conditions.85 Tafamidis exhibited com-
parable potency in inhibiting tetramer dissociation of wild- 
type native TTR and a broad range of TTR variants, 

including the two most common amyloidogenic variants, 
Val30Met (p.Val50Met) and Val122Ile (p.Val142Ile).89

Tafamidis was shown to stabilize TTR variants ex vivo 
using an immunoturbidometric assay in nonclinical and clin-
ical studies.89 Evidence from nonclinical studies suggested that 
a tafamidis:TTR stoichiometry of 1–1.5:1 was sufficient to 
stabilize TTR and reduce TTR tetramer dissociation in 
human plasma.91 In two Phase 1, randomized, double-blind, 
ascending dose tolerance studies conducted in healthy volun-
teers receiving single oral doses of tafamidis (up to 120 mg or 
480 mg), increasing plasma tafamidis:TTR stoichiometry was 
associated with increases in mean percent TTR stabilization.91 

In an ex-vivo study, the immunoturbidometric assay was used 
to compare tetrameric TTR stability in plasma samples from 
patients with ATTR amyloidosis in the absence or presence of 
tafamidis.91 Tafamidis increased the stability of the native 
tetrameric structure of all but 1 of the 27 amyloidogenic, non- 
Val30Met (p.Val50Met) and non-Val122Ile (p.Val142Ile) TTR 
variants analyzed. Finally, a >73% reduction in TTR tetramer 
dissociation rate was observed in patients with ATTRwt treated 
with tafamidis 20 mg orally once daily versus untreated age- 
matched controls; in the tafamidis-treated patients, the tafami-
dis concentration in plasma was strongly correlated with the 
rate of tetramer dissociation.90

In addition to the ability to bind TTR tetramers with 
high affinity and selectivity to slow TTR tetramer disso-
ciation, tafamidis needed to demonstrate appropriate phar-
macokinetic properties prior to investigation in clinical 
trials. In clinical investigations conducted in healthy 
volunteers, tafamidis meglumine 20 mg administered 
orally, once daily, as soft gelatin capsules exhibited 
a favorable pharmacokinetic profile.91,92

The Tafamidis Clinical Trial 
Program
A brief review of the efficacy and safety profile of tafa-
midis demonstrated in Phase 2 and 3 clinical investigations 
is provided in this section, with additional information on 
the studies’ methodology and efficacy outcomes summar-
ized in Table 1.

Transthyretin Amyloid Polyneuropathy
In 2011, in the EU, tafamidis became the first medication 
approved for the treatment of patients with ATTR-PN based 
on the clinical efficacy/safety profile demonstrated in poly-
neuropathy clinical trials.93 It is currently approved as treat-
ment for this disease in more than 40 countries worldwide.94 
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Table 1 Summary of Methods and Results from Phase 2/3 Clinical Studies of Tafamidis in Patients with ATTR-PN and ATTR-CM

Study/Design/Duration Major Eligibility Criteria Population/Baseline 
Characteristics

Efficacy Outcomes

Merlini et al, 201395

● Open-label, single-treatment-arm
● 12 mo

● Biopsy-confirmed amyloidosis
● Non-Val30Met (p.Val50Met),  

non-Val122Ile (p.Val142Ile) TTR 

pathogenic variant
● Neuropathy (autonomic and/or per-

ipheral) and/or cardiomyopathy 

(KPS ≥50)

● Tafamidis, n = 21
● Age, y, median (range): 

64.3 (56.9–70.8)
● NIS-LL score, mean (SD): 

27.6 (24.7)
● TQoL, mean (SD): 47.8 

(35.1)

● TTR tetramer stabilization, % pts (95% CI):

○ Wk 6: 94.7 (74.0–99.9)

○ Mo 12: 100 (80.5–100)
● NIS-LL score, change, mean (SD), BL to mo 12: 

2.7 (6.2) [95% CI: –0.4 to 5.8]
● TQoL, change, mean (SD), BL to mo 12:  

0.1 (18.0) [95% CI: –8.9 to 9.0]

Coelho et al, 201260

● Randomized, placebo-controlled, 

double-blind
● 18 mo

● Biopsy-confirmed amyloidosis
● Val30Met (p.Val50Met) TTR patho-

genic variant
● Neuropathy (autonomic or periph-

eral) and cardiomyopathy (KPS ≥50)

● ITT

○ Tafamidis, n = 64

○ Placebo, n = 63
● EE (n = 87)

○ Tafamidis, n = N/A

○ Placebo, n = N/A
● Age, y, median (range):

○ Tafamidis: 35.5 (31–44)

○ Placebo: 34.0 (29–47)
● NIS-LL score, mean (SD):

○ Tafamidis: 8.4 (11.4)

○ Placebo: 11.4 (13.5)
● TQoL, mean (SD):

○ Tafamidis: 27.3 (24.2)

○ Placebo: 30.8 (26.7)

● TTR tetramer stabilization, % pts (95% CI):

○ Wk 8:

◾ Tafamidis: 98.4 (95.3–100)

◾ Placebo: 6.7 (0.4–13.0); P < 0.0001

○ Mo 18:

◾ Tafamidis: 97.9 (93.9–100)

◾ Placebo: 0.0 (0–0); P < 0.0001
● NIS-LL score, <2-point increase, BL to mo 18, % 

pts (95% CI):

○ ITT population:

◾ Tafamidis: 45.3 (33.1–57.5)

◾ Placebo: 29.5 (18.1–41.0); P = 0.068

○ EE population:

◾ Tafamidis: 60.0 (45.7–74.3)

◾ Placebo: 38.1 (23.4–52.8); P = 0.041
● TQoL, LS mean change (95% CI), BL to mo 18, 

points:

○ ITT population:

◾ Tafamidis: 2.0 (–2.6 to 6.6)

◾ Placebo: 7.2 (2.6–11.9); P = 0.116

○ EE population:

◾ Tafamidis: 0.1 (–5.8 to 6.0)

◾ Placebo: 8.9 (2.8–15.0); P = 0.045

Maurer et al, 2015104

● Open-label, single-treatment-arm
● 12 mo

● Val122Ile (p.Val142Ile) or wild-type 

ATTR-CM confirmed by:

○ Amyloid deposits on cardiac and 

non-cardiac biopsy

○ Left ventricular wall thickness 

>12 mm on echocardiography

● Tafamidis, n = 35
● Age, y, median (range): 

76.7 (68.7–86.5)
● TTR genotype

○ Val122Ile (p.Val142Ile),  

n = 4

○ Wild-type, n = 31
● NYHA classification,  

% pts:

○ Class I: 16.1

○ Class II: 80.6

○ Class III: 3.2
● Duration of symptoms, 

mo, median (range): 55.6 

(6.4–348.9)
● Age at symptom onset, y, 

median (range): 74.0 

(62.0–85.0)

● TTR tetramer stabilization, % pts (95% CI):

○ Wk 6: 96.8 (83.3–99.9)

○ Mo 6: 90.0 (73.5–97.9)

○ Mo 12: 89.3 (71.8–97.7)
● Preserved NYHA classification status at mo 12, 

n/N (%): 20/28 (71.4)
● Clinical progression at mo 12, n/N (%):  

15/31 (48.4)

(Continued)
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A better understanding of the natural history of the polyneuro-
pathy phenotype allowed testing in this population first, while 
knowledge of ATTR-CM was evolving. Moreover, testing of 
a 20-mg dose of tafamidis preceded testing of higher doses as 
more information was obtained on potential dose-dependent 
effects on TTR tetramer stabilization.

In a Phase 2, open-label, single-treatment-arm study, 21 
patients with ATTRv due to non-Val30Met (p.Val50Met) 
pathogenic variants (excluding Val122Ile [p.Val142Ile]) 
received tafamidis 20 mg once daily for 12 months.95 TTR 
was stabilized in 95% of 19 patients with evaluable data after 6 
weeks of treatment, and 100% of 17 patients with non-missing 
data after 12 months. Mean changes in the health-related QoL 
from baseline to months 6 and 12 were negligible, and overall 
nutritional status was maintained over the 12-month treatment 
period, with some variation between months 6 and 12.

In the pivotal double-blind trial (ClinicalTrials.gov iden-
tifier: NCT00409175), 128 patients with early-stage 
Val30Met (p.Val50Met) disease were randomized to receive 

tafamidis 20 mg or placebo for up to 18 months.60 

A significant difference between tafamidis and placebo was 
not achieved for the coprimary efficacy endpoints in the 
primary analysis of the intent-to-treat population 
(Figure 3A, 3B). Based on these results, tafamidis was denied 
regulatory approval in the USA. However, in this study, 
patients receiving tafamidis had a significant reduction in 
neurologic deterioration at both months 12 and 18 compared 
with patients receiving placebo (Figure 3C). At month 18, 
tafamidis-treated patients had 52% less neurologic deteriora-
tion than patients who received placebo. The latter clinical 
benefits were sufficient to warrant approval of the drug by 
regulatory authorities in the EU, Japan, and other countries. 
The incidences of serious adverse events and adverse events 
leading to discontinuation from the study were similar in the 
tafamidis and placebo groups over this time period 
(Table 2A). It is worth noting that the selection of endpoints 
for this study, which was among the first randomized con-
trolled studies conducted in a population with this rare 

Table 1 (Continued). 

Study/Design/Duration Major Eligibility Criteria Population/Baseline 
Characteristics

Efficacy Outcomes

Maurer et al, 201519 

(ATTR-ACT)
● Randomized, placebo-controlled, 

double-blind
● 30 mo

● Variant or wild-type ATTR-CM con-

firmed by:

○ Amyloid deposits on cardiac and 

non-cardiac biopsy

○ TTR precursor protein on 

immunohistochemical analysis, 

scintigraphy, or mass spectrome-

try (wild-type ATTR-CM)
● Cardiac involvement confirmed by:

○ Left ventricular wall thickness 

>12 mm on echocardiography

○ History of heart failure

○ NT-proBNP level ≥600 pg/mL

○ 6-min walk-test distance >100 m

● mITT

○ Tafamidis (pooled),  

n = 264

○ Placebo, n = 177
● Age, y, median (range):

○ Tafamidis: 75 (46–88)

○ Placebo: 74 (51–89)
● TTR genotype

○ ATTRv

◾ Tafamidis, n = 63

◾ Placebo, n = 43

○ Wild-type, n = 31

◾ Tafamidis, n = 201

◾ Placebo, n = 134
● NYHA classification,  

% pts

○ Class I

◾ Tafamidis: 9.1

◾ Placebo: 7.3

○ Class II

◾ Tafamidis: 61.4

◾ Placebo: 57.1

○ Class III

◾ Tafamidis: 29.5

◾ Placebo: 35.6

● Hierarchical combination of all-cause mortality 

and frequency of CV-related hospitalization (pri-

mary analysis)

○ Tafamidis superior to placebo (P < 0.001)
● Pts alive at mo 30, %

○ Tafamidis: 70.5

○ Placebo: 57.1
● Pts with CV-related hospitalizations, %

○ Tafamidis: 52.3

○ Placebo: 60.5
● CV-related hospitalizations, no. per y

○ Tafamidis: 0.48

○ Placebo: 0.70

Abbreviations: ATTR-ACT, Tafamidis in Transthyretin Cardiomyopathy Clinical Trial; ATTR-CM, transthyretin amyloid cardiomyopathy; ATTR-PN, transthyretin amyloid 
polyneuropathy; ATTRv, variant transthyretin amyloidosis; BL, baseline; CI, confidence interval; CV, cardiovascular; EE, efficacy evaluable; ITT, intent-to-treat; KPS, Karnofsky 
Performance Status score; LS, least-squares; mITT, modified intent-to-treat; mo, month; N/A, not available; NIS-LL, Neuropathy Impairment Score in the Lower Limbs; NT- 
proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; pts, patients; SD, standard deviation; TQoL, Total Quality of Life score from the 
Norfolk Quality of Life-Diabetic Neuropathy questionnaire; TTR, transthyretin; wk, week; y, year.
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disease, was based on the limited natural history information 
available at the time, including estimates of disease progres-
sion and clinically meaningful treatment effects. The out-
comes from this study and evolving understanding of the 
disease substantially informed the design of other ATTR 
amyloidosis treatment trials.

Patients who continued to receive tafamidis in an open- 
label extension (ClinicalTrials.gov identifier: NCT00791492) 
had stable rates of change in scores measuring neurologic 
function and QoL over 30 months.96 Patients switching from 
placebo to tafamidis showed significant reductions in neuro-
logic and QoL deterioration in the extension trial, but treat-
ment benefits were not as great as in patients who initiated 

tafamidis earlier. Adverse event rates were similar in both 
groups, and no patients died during the extension study or 
had adverse events that were life-threatening or led to study 
discontinuation.

Evidence from open-label extension studies providing 
data from up to 8.5 years of treatment (ClinicalTrials.gov 
identifiers: NCT00409175, NCT00791492, NCT00630864, 
and NCT00925002) has further supported the sustained ben-
eficial effects of tafamidis in delaying disease progression 
and demonstrates tafamidis tolerability in ATTR-PN.98–100 

Additionally, evaluation of mortality in patients receiving 
long-term tafamidis therapy in prospective interventional 
trials showed approximately 75% and 85% of patients with 

Figure 3 (A) Proportion of NIS-LL respondersa at month 18 in the ITTb and EE populations. (B) LS mean (±SE) change from baseline to month 18 in the TQoL score from 
the Norfolk QoL-DN in the ITTb and EE populations. (C) LS mean (±SE) changes from baseline at months 6, 12, and 18 in the NIS-LL in the ITT population.90,97 aResponse = 
increase of <2 in the NIS-LL overall score. bProportion of NIS-LL responders and LS mean change from baseline in TQoL score at month 18 in the ITT population were 
coprimary endpoints of the study. 
Abbreviations: EE, efficacy evaluable; ITT, intent-to-treat; LS, least-squares; NIS-LL, Neuropathy Impairment Score in the Lower Limbs; Norfolk QoL-DN, Norfolk Quality 
of Life-Diabetic Neuropathy questionnaire; SE, standard error; TQoL, Total Quality of Life score from the Norfolk QoL-DN.
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ATTR-PN caused by non-Val30Met (p.Val50Met) and 
Val30Met (p.Val50Met) pathogenic variants were alive at 8 
and 9 years, respectively, after receiving their first tafamidis 
dose.99 None of the 11 deaths reported in the latter analysis 
were related to tafamidis treatment; four of the deaths 
occurred following liver transplantation.

When comparing survival among patients with 
Val30Met (p.Val50Met) ATTR-PN treated with tafamidis 
or undergoing liver transplantation to untreated controls in 
an observational multihospital cohort study, Coelho et al 
found that both tafamidis and surgery provided survival 
benefits compared with natural disease progression.101 

Tafamidis was associated with a significant reduction in 
mortality risk of 63% versus liver transplantation in 
patients with early-onset disease. In a recent study com-
paring the effects of tafamidis and liver transplantation in 
patients with hereditary ATTR-PN, patients receiving 
treatment with tafamidis had significantly longer overall 
survival compared with those undergoing surgery.102

Transthyretin Amyloid Cardiomyopathy
Tafamidis is the first pharmacotherapy approved to treat 
patients with wild-type or hereditary ATTR-CM, with approval 
in the USA and Japan received in 2019, and the EU in 2020. 
Currently available for the treatment of ATTR-CM in nearly 50 
countries worldwide, tafamidis is the only pharmacotherapy 
shown to reduce all-cause mortality and cardiovascular-related 
hospitalizations in patients with ATTR-CM.103

Evidence of its safety and efficacy in ATTR-CM was 
provided in Phase 2 and 3 clinical trials. In a post hoc analysis 
of findings from the aforementioned Phase 2, open-label 
ATTR-PN study,95 Damy et al assessed the efficacy and safety 
of tafamidis 20 mg daily, administered for 12 months, on 
cardiac structure and function in 21 patients with non- 
Val30Met (p.Val50Met) and non-Val122Ile (p.Val142Ile) 
disease.104 At baseline, a majority of patients presented with 
signs/symptoms of cardiac involvement, including New York 
Heart Association (NYHA) class II heart failure (n = 11), 
conduction abnormalities (n = 13), N-terminal pro-B-type 
natriuretic peptide (NT-proBNP) >300 pg/mL (n = 14), and/ 
or interventricular septal thickness >12 mm (n = 17); mean left 
ventricular ejection fraction was 60.3% in this study popula-
tion. During the 12-month tafamidis treatment period, patients 
had no clinically meaningful deterioration in conduction, left 
ventricular thickness, or left ventricular systolic or diastolic 
function, and NT-proBNP levels were stable. Moreover, echo-
cardiographic and electrocardiographic findings showed no 
clinically relevant changes with tafamidis over time. The 
cardiac findings from this Phase 2 tafamidis trial in patients 
with ATTR-PN provided critical information and momentum 
for the development of additional ATTR-CM studies.

In a Phase 2, open-label trial conducted in 35 patients 
with early-stage wild-type ATTR-CM (ClinicalTrials.gov 
identifier: NCT00694161), tafamidis 20 mg daily was 
administered for 12 months to evaluate its safety and 
efficacy in altering disease progression.105,106 This was 
the first clinical assessment of tafamidis in patients with 
ATTR amyloidosis nearly exclusively of the cardiac phe-
notype. Patients had a median disease duration of 
56 months, and 97% had mild-to-moderate heart failure 
(NYHA class I–II). During the treatment period, 89% of 
patients achieved TTR stabilization and 71% had pre-
served NYHA functional status. After 12 months, 10% 
had discontinued tafamidis prematurely, 6% died, 23% 
were hospitalized due to cardiovascular events, and 48% 
demonstrated clinical progression. Tafamidis was 
generally well tolerated, with no significant increase in 

Table 2 Adverse Events Reported by Treatment Group in Pivotal 
Randomized Controlled Trials of Tafamidis in (A) ATTR-PN60 and 
(B) ATTR-CM (ATTR-ACT)19

(A) ATTR-PN

Adverse Event No. of Patients (%)

Tafamidis 
(n = 65)

Placebo 
(n = 63)

≥1 adverse event 60 (92.3) 61 (96.8)

≥1 serious adverse event 6 (9.2) 5 (7.9)

Discontinued treatment 

due to adverse event

4 (6.2) 3 (4.8)

(B) ATTR-CM (ATTR-ACT)

Adverse Event Pooled Tafamidis 
(n = 267)

Placebo 
(n = 177)

≥1 adverse event 260 (98.5) 175 (98.9)

≥1 serious adverse event 199 (75.4) 140 (79.1)

≥1 severe adverse event 164 (62.1) 114 (64.4)

Discontinued treatment 

due to adverse event

56 (21.2) 51 (28.8)

Temporarily discontinued 

due to adverse event

53 (20.1) 46 (26.0)

Note: All adverse events were treatment emergent (all causality). 
Abbreviations: ATTR-ACT, Tafamidis in Transthyretin Cardiomyopathy Clinical 
Trial; ATTR-CM, transthyretin amyloid cardiomyopathy; ATTR-PN, transthyretin 
amyloid polyneuropathy.
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NT-proBNP or clinically relevant changes in echocardio-
graphic findings observed.

To further evaluate the effect of tafamidis on survival 
in earlier-stage ATTR-CM, Sultan et al compared survival 
data from tafamidis-treated patients in the above- 
mentioned open-label trial105 with those from untreated 
patients with ATTR-CM in the TRACS population,45 

excluding patients with NYHA class ≥III to ensure 
patients had comparable baseline disease severity.106 In 
this post hoc analysis, patients with either wild-type or 
Val122Ile (p.Val142lle) genotypes treated with tafamidis 
had a significantly longer time to death than untreated 
patients. These encouraging findings suggested the need 
for further exploration of tafamidis in a larger controlled 
clinical study of patients with ATTR-CM.

In the pivotal, randomized controlled Tafamidis in 
Transthyretin Cardiomyopathy Clinical Trial (ATTR-ACT; 
ClinicalTrials.gov identifier: NCT01994889), Maurer et al 
compared the safety and efficacy of tafamidis (20 mg and 
80 mg daily) versus placebo after 30 months of treatment in 
441 patients with wild-type and variant ATTR-CM.19 

Investigation of the effects of the tafamidis 80 mg dose in 
this study was supported by two salient findings from previous 
studies conducted in healthy volunteers: first, the 80 mg dose 

was shown to provide near maximal TTR stabilization;91 

and second, a supratherapeutic dose of tafamidis 400 mg 
was shown to be well tolerated.107 The 20 mg and 80 mg 
tafamidis dose groups were pooled and compared with pla-
cebo for analysis of primary and secondary efficacy endpoints. 
This pooling of the active treatment groups was conducted in 
agreement with US and EU regulatory authorities to address 
the small number of patients with this rare disease.

The primary analysis from ATTR-ACT utilized the 
Finkelstein–Schoenfeld statistical method, which demon-
strated that tafamidis treatment was superior to placebo in 
reducing the hierarchical combination of all-cause mortality 
and frequency of cardiovascular-related hospitalization over 
30 months (Figure 4). This statistical method was selected 
because it increases the power and sensitivity of analyses of 
smaller patient populations and prioritizes assessment of 
mortality while also addressing morbidity.108

In addition, treatment with tafamidis reduced the risk of 
all-cause mortality and cardiovascular-related hospitalization 
by 30% and 32%, respectively, versus placebo.19 The number 
needed to treat with tafamidis to prevent one death was seven 
and a half over the 2.5-year treatment period, and the number 
needed to treat to prevent one hospitalization per year was 
four. These benefits were consistent across the prespecified 

Figure 4 All-cause mortality and frequency of cardiovascular-related hospitalizations (primary efficacy analysis) in patients with ATTR-CM treated with tafamidis versus 
placebo in ATTR-ACT.19 The combined primary endpoint was hierarchically assessed using the Finkelstein–Schoenfeld method. P < 0.001. 
Abbreviations: ATTR-ACT, Tafamidis in Transthyretin Cardiomyopathy Clinical Trial; ATTR-CM, transthyretin amyloid cardiomyopathy.
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subgroups analyzed in ATTR-ACT (ie, 80 mg vs 20 mg dose; 
ATTRv vs ATTRwt; and NYHA class I or II vs class III), 
except the frequency of cardiovascular-related hospitaliza-
tions was higher with tafamidis than placebo in patients with 
NYHA class III. The investigators speculated that the higher 
hospitalization rate in the latter subgroup of tafamidis-treated 
patients was a consequence of their longer survival during 
a period of more severe disease. Thus the greatest benefits 
were observed when tafamidis was administered earlier in 
the course of the disease. Overall, patients in the tafamidis 
group also demonstrated significant reductions in the decline 
of functional capacity, health status, and QoL compared with 
those in the placebo group. Similar incidence and types of 
adverse events were reported across the pooled tafamidis and 
placebo groups in the study (Table 2B).

In ATTR-ACT, median overall survival was not 
reached in either the placebo or pooled tafamidis treatment 
groups; 57.1% and 70.5% of patients in these groups, 
respectively, survived at 30 months. Therefore, a survival 
extrapolation analysis was conducted to estimate patients’ 
median overall survival beyond the study’s 30-month 
duration.109 According to this extrapolation analysis, con-
ducted based on National Institute for Health and Care 
Excellence technical support guidelines, the estimated 
median overall survival was 17.5 months longer with 
tafamidis compared with placebo.109

ATTR-ACT was not designed to assess the relative effi-
cacy of each tafamidis dose. However, the efficacy of the 
individual tafamidis 20 mg and 80 mg doses was recently 
assessed over a longer treatment period in a combined ana-
lysis of 30-month data from ATTR-ACT19 and interim data 
from the ongoing, open-label, long-term extension of ATTR- 
ACT110 (ClinicalTrials.gov identifiers: NCT01994889; 
NCT02791230). In ATTR-ACT, both tafamidis doses sig-
nificantly reduced the combination of all-cause mortality 
and cardiovascular-related hospitalizations over 30 months 
versus placebo.19 After a median of 51 months’ follow-up, 
patients initially treated with tafamidis 80 mg had 
a significantly reduced risk of all-cause mortality compared 
with those initiated on the 20-mg dose.110

Development of a Single Capsule 
Tafamidis Formulation
After its regulatory approval for ATTR-PN in 2011, tafamidis 
was available as 20-mg tafamidis meglumine capsules. In 
ATTR-ACT, patients received tafamidis in doses of 20 mg 
(tafamidis meglumine 1 × 20 mg and 3 × placebo) or 80 mg 

(tafamidis meglumine 4 × 20 mg).19 Because the 80-mg tafa-
midis dose was under investigation (and subsequently 
approved in several countries) for the treatment of ATTR- 
CM, researchers sought to develop a single tafamidis meglu-
mine 80-mg capsule for patient convenience. However, tech-
nical limitations (ie, concentration-dependent gelling in 
aqueous media) precluded the development of this formula-
tion. Other single, solid, oral dosage formulations were there-
fore evaluated as more convenient options to the tafamidis 
meglumine 80-mg dose.

The tafamidis 61-mg free acid capsule formulation was 
selected on the basis of pharmacokinetic/safety results from 
several single-dose tafamidis studies, and simulations con-
ducted to select the appropriate dose. This formulation is 
currently approved for the treatment of ATTR-CM in the EU, 
USA, and in many other countries worldwide. The tafamidis 
meglumine salt and free acid formulations have the same 
bioactive moiety (tafamidis) and biologic effects. In an open- 
label, multiple-dose, Phase 1 study, tafamidis 61-mg free acid 
capsules were shown to be bioequivalent (as measured by area 
under the concentration–time profile and maximum observed 
concentration) to tafamidis meglumine 80-mg (4 × 20-mg) 
capsules after 7 days of repeated oral dosing under fasted 
conditions in healthy volunteers.111 Both formulations also 
demonstrated an acceptable safety/tolerability profile in this 
population, with no serious adverse events or deaths reported. 
Importantly, as described above, in the ongoing open-label, 
long-term extension study of ATTR-ACT (ClinicalTrials.gov 
identifier: NCT02791230), all patients were successfully tran-
sitioned from tafamidis 80 mg or 20 mg (after a median of 39 
months) to the new, single-capsule tafamidis free acid 61 mg 
formulation.110

Real-World Evidence
Many reports on ATTR amyloidosis have been published 
from studies conducted in a small number of centers within 
a single country because of the rare nature of the 
disease.112–120 Rare disease registries allow for the investiga-
tion of disease states and treatments in a real-world setting 
over longer periods of follow-up in generally larger and more 
heterogeneous global populations.121 The Transthyretin 
Amyloidosis Outcomes Survey (THAOS; ClinicalTrials. 
gov identifier: NCT00628745), established in 2007, is the 
largest ongoing, global, longitudinal observational survey of 
patients with ATTR amyloidosis, including both inherited 
and wild-type disease, and asymptomatic patients with TTR 
mutations. The primary objective of this survey is to better 
understand and characterize the natural history of ATTR 
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amyloidosis by studying a large and heterogeneous patient 
population. THAOS is currently the largest global database 
on ATTR amyloidosis, with findings that have reinforced the 
genetic and phenotypic heterogeneity of the disease 
worldwide.22,122–124

THAOS also provides data for real-world analyses of 
the safety and effectiveness of treatment for ATTR amy-
loidosis. As part of a comprehensive safety summary of 
tafamidis in ATTR-PN, safety was evaluated in 661 
patients in THAOS who were treated with tafamidis 
20 mg/day (data cut: 3 January 2017).125 Data suggested 
that tafamidis was generally safe and well tolerated; after 
exposure to tafamidis for a mean of 28 months, 38% and 
15% of patients experienced treatment-emergent adverse 
events and treatment-emergent serious adverse events, 
respectively. In an effectiveness analysis of data from 
THAOS (data cut: 6 January 2015), Mundayat et al com-
pared outcomes in 252 tafamidis-treated patients with 
a predominantly neurological phenotype (93% with 
Val30Met [p.Val50Met]) with those in 167 matched 
untreated patients over a 2-year period.126 Tafamidis- 
treated patients had significantly lower rates of deteriora-
tion in neurologic function and in worsening of QoL than 
untreated patients, suggesting a slower rate of disease 
progression. Seven deaths occurred in the untreated 
group, and no deaths occurred in the tafamidis-treated 
group. The real-world evidence from THAOS is consistent 
with findings from tafamidis clinical trials,60,96 supporting 
the overall safety and effectiveness of this first-in-class 
kinetic stabilizer in ATTR-PN.

As evidence from real-world studies accrues, data will 
also become available on the use of tafamidis in ATTR 
amyloidosis with cardiac manifestations. Among the first 
examples is a recent retrospective observational study of 
patients with ATTR-CM treated with tafamidis at the 
Oregon Health & Science University.127 In this real- 
world population, clinical outcomes, including mortality 
rates, were found to be comparable to those previously 
reported in ATTR-ACT.19

Discussion
Knowledge of ATTR amyloidosis has advanced over the 
past several decades, but unanswered questions about its 
pathophysiology, etiology, natural history, and prevalence 
have presented unique challenges and risks when consider-
ing drug development and clinical trial design. Although 
discovery of the complex underlying mechanisms of ATTR 
amyloidosis has involved decades of detailed investigation, 

it is far from complete. However, researchers’ identification 
of TTR tetramer dissociation as the rate-limiting step in 
ATTR amyloidogenesis proved to be a critical break-
through, leading to the hypothesis that a small-molecule 
kinetic stabilizer could be developed to slow tetramer dis-
sociation, stop the aggregation of newly biosynthesized 
TTR, and halt disease progression. This mechanistic labora-
tory research culminated in the discovery of tafamidis, the 
TTR kinetic stabilizer rationally and precisely designed to 
arrest the amyloid cascade in patients with TTR amyloido-
sis. As summarized in this review, an extensive series of 
laboratory and clinical research programs and regulatory 
milestones subsequently paved the way for the clinical 
success of this novel treatment (Figure 2; Table 1).

Important insights have been gained from the pioneering 
work involved in the discovery and development of tafamidis, 
including the need to adopt a tenacious and thoughtful 
approach to the clinical trial program that keeps pace with 
research findings on the disease itself. Knowledge garnered 
from facing and overcoming obstacles informed not only 
tafamidis trial design and conduct but also helped provide 
a roadmap for future experimental agents in rare diseases. 
For example, the original protocol of the ATTR-ACT study 
was amended to include radionuclide scintigraphy for eligibil-
ity assessment based on evolving diagnostic recommenda-
tions. This non-invasive scanning technique subsequently 
became more commonly used as its high sensitivity and spe-
cificity in diagnosing ATTR-CM was confirmed in both clin-
ical research and practice settings. In addition, collaboration 
with patient advocacy groups and genetic testing companies 
were important to support and ensure recruitment of sufficient 
numbers of participants with ATTR amyloidosis in tafamidis 
clinical trials, which will continue to strengthen research initia-
tives for subsequent generations of amyloidosis therapies.

Clinicians and health systems have typically focused on 
conditions affecting large populations, allowing rare diseases 
to remain unrecognized until they have progressed to late 
stages. To help facilitate the early, rapid, and accurate identi-
fication of ATTR-CM, the Amyloidosis Research Consortium 
published diagnostic recommendations in 2019, including 
“red flag” signs and symptoms and a detailed diagnostic algo-
rithm for patients with suspected disease.63 The advantages of 
noninvasive myocardial scintigraphy in the diagnosis of 
ATTR-CM—high specificity and sensitivity for ATTR-CM, 
imaging simplicity, ease of access, and lower cost versus 
endomyocardial biopsy—support broader use of this techni-
que, which is expected to improve diagnosis, and potentially 
lead to earlier diagnosis of the disease.63 Moreover, work is 
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ongoing on artificial intelligence and machine learning models 
using electronic health records and imaging technologies cap-
able of identifying patients at risk of having ATTR-CM.128 

These models may eventually be used to increase the index of 
suspicion of ATTR-CM to support prompt diagnosis of the 
disease in the clinical practice setting. Finally, educational 
initiatives and research/decision support tools are in develop-
ment for systematic adoption by health systems to help ensure 
that patients with rare diseases such as ATTR-CM are not 
overlooked.

Despite newly available diagnostic algorithms, imaging 
modalities, technological innovations, and population health 
initiatives, there remains a need for greater awareness of 
ATTR amyloidosis among clinicians and patients, and more 
informed screening to identify at-risk patients and ensure ear-
lier identification and use of a disease-modifying treatment. 
The availability of pharmacologic treatments such as tafamidis 
will encourage clinicians to consider ATTR amyloidosis in 
their differential diagnoses when patients present with possible 
manifestations of amyloid disease, improving the formerly 
very poor prognosis associated with this rare disease.
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