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Abstract

Transthyretin-cardiac amyloidoses (ATTR-CA) are an underdiagnosed but increasingly 

recognized cause of heart failure. Extracellular deposition of fibrillary proteins into tissues due to 

a variety of inherited transthyretin mutations in ATTRm or due to advanced age in ATTRwt 

eventually leads to organ failure. In the heart, amyloid deposition causes diastolic dysfunction, 

restrictive cardio-myopathy with progressive loss of systolic function, arrhythmias, and heart 

failure. While traditional treatments have consisted of conventional heart failure management and 

supportive care for systemic symptoms, numerous disease-modifying therapies have emerged over 

the past decade. From organ transplantation to transthyretin stabilizers (diflunisal, tafamidis, 

AG-1), TTR silencers (ALN-ATTR02, ISIS-TTR(Rx)), and degraders of amyloid fibrils 

(doxycycline/TUDCA), the potential for effective transthyretin amyloid therapy is greater now 

than ever before. In light of these multiple agents under investigation in human clinical trials, 

clinicians should be familiar with the systemic cardiac amyloidoses, their differing 

pathophysiology, natural histories, and unique treatment strategies.
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Introduction

The systemic cardiac amyloidoses (CA) are an uncommon but underdiagnosed cause of 

heart failure [1]. While the general mechanism of extracellular deposition of fibrillary 

proteins leading to tissue and organ dysfunction characterizes all amyloid entities, there are 

at least three different pathophysiologic substrates for cardiac amyloidosis, each with 

differing natural histories and therapies [2]. In light-chain (AL) cardiac amyloidosis, fibrils 

are comprised of immunoglobulin light chains produced by a clonal population of plasma 

cells. Treatment involves chemotherapeutic agents aimed at eradicating the 

hyperproliferative plasma cell and at times bone marrow transplantation to repopulate a 

healthy cellular lineage. In contrast, in the transthyretin-related cardiac amyloidoses (ATTR-

CA), misfolded monomers and dimers of normally tetrameric transthyretin protein (TTR) 

from either mutant TTR (ATTRm, also known as familial amyloid cardiomyopathy) or wild-

type TTR (ATTRwt, also known as senile systemic amyloidosis) deposit in the myocardium 

and lead to diastolic and systolic dysfunction, arrhythmias, restrictive cardiomyopathy, and 

clinical heart failure. Systolic dysfunction can also occur in later stages of the disease, 

particularly in ATTRwt (see manuscript on Pathogenesis of TTR Amyloid by Liao et al., for 

further details).

Clinical features of ATTRwt and ATTRm are unique and have been differentiated over the 

past three decades both from AL CA and from each other. ATTRm is caused by >100 

delineated mutations in the TTR gene. These are inherited in an autosomal dominant fashion 

and manifest with varying geographic distribution and phenotypic expression. The true 

prevalence of ATTRm is not known, but in the USA, the most common TTR mutation is the 

substitution of valine for isoleucine at position 122 (V122I). ATTRm V122I is present 

almost exclusively in African–Americans with an allele frequency ranging 3–3.9 % [3, 4], 

whereas in parts of Europe and Japan, the V30M allele is endemic [5]. The clinical 

presentation in ATTRm differs according to the underlying mutation (Fig. 1) with a 

predominately cardiac phenotype for V122I and L111M, predominate neuropathic 

phenotype for V30M, and a mixed phenotype for E89Q and T60A. However, genotype–

phenotype correlations are also influenced by several other factors including age of onset 

(e.g., early versus late V30M, the latter of which is associated with a more severe cardiac 

phenotype), endemic region of origin (which can be associated with earlier onset of disease 

and a more predominant neurologic phenotype), as well as gender, maternal or paternal 

inheritance [6], and other not yet delineated factors. Interestingly, in ATTRm owing to the 

V30M mutation, female gender may be protective against myocardial involvement described 

in an Italian study of 98 patients although the mechanism is not clear [7]. The reasons for 

these genotype–phenotype correlations have yet to be fully elucidated.
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In addition to mutation-specific cardiologic or neurologic predominant phenotypes, a 

relationship exists between age of disease onset and development of cardio-myopathy. For 

example, in patients with the V30M mutation, early-onset disease manifests with peripheral 

neuropathy, also known as familial amyloid polyneuropathy (FAP), while late-onset disease 

usually presents with a concomitant cardiomyopathic phenotype. Symptomatic conduction 

disturbances may require permanent pacemaker (PPM) implantation [8]. In advanced 

systemic disease, ATTRm may lead to gastrointestinal, autonomic, renal, and pulmonary 

involvement. The most common causes of mortality are cardiomyopathy, malnutrition, and 

infections occurring approximately 10–15 years after disease onset [9]. Quality of life in 

symptomatic patients with ATTRm is also severely impaired relative to age-matched non-

amyloid controls [10].

While patients with a cardiac phenotype typically have higher left ventricular (LV) septal 

wall thickness compared with neurologic and mixed phenotypes [11], those with ATTRm 

V122I have more advanced cardiac dysfunction at diagnosis despite the availability of 

genetic testing, which should theoretically facilitate early diagnosis [12]. Another theory has 

suggested that specific amyloid fibril composition may correlate with symptoms [13]. 

Among patients with ATTRm V30M, those with fragmented ATTR (type A) tend to have 

late-onset cardiomyopathy, while those with intact ATTR (type B) have early-onset and less 

myocardial involvement. Indeed, the current dichotomiza-tion of patients into a 

predominately cardiac, neurologic, or mixed phenotype may be an oversimplification as 

emerging data suggests that neurologic involvement is found in what was previously thought 

of as a pure or exclusive cardiac phenotype [14].

While ATTRm can affect individuals of all ages, ATTRwt is a disorder predominately 

affecting elderly men. On average, ATTRwt patients are older than ATTRm patients at the 

time of diagnosis [12]. Compared to AL amyloidosis in which development of heart failure 

can be rapid, cardiomyopathy in ATTRwt progresses slower even though LV wall thickness 

is greater. Thus, despite an older age and more thickened myocardium at presentation, 

indicative of more amyloid deposition, heart failure in ATTRwt is typically less severe and 

patients survive longer than those with AL, generating the hypothesis of additional toxicity 

attributed specifically to circulating light chains (LC) in the latter disorder [15–17]. Indeed, 

infusion of LC obtained from AL patients with severe cardiac involvement into 

Langendorff-perfused isovolumically contracting mouse hearts results in marked 

impairment of ventricular relaxation with preservation of contractile function compared to 

saline controls [18]. Direct injection of LC into zebrafish results in impaired cardiac 

function, pericardial edema, and increased cell death with eventual 100 % mortality relative 

to LC control samples isolated from multiple myeloma patients [19]. Replication of these 

studies in ATTR-CA would determine whether TTR amyloid fibrils contribute directly to 

disease pathogenesis independent of extracellular fibril deposition.

Other clinical features distinguish ATTR from AL CA. Compared with patients with AL, 

those with ATTR have a higher incidence of carpal tunnel syndrome, lower likelihood of 

renal disease, and are typically less symptomatic despite greater wall thickness and lower 

ejection fractions. In African–American patients older than 60 years of age, CA is more than 

two times more likely to be caused by ATTR than AL [20]. However, many clinical features 
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of ATTR and AL overlap and therefore should not be used alone to distinguish between 

amyloid subtypes, particularly given differences in treatment strategies, outcomes, and 

potential harm that can be caused from receiving the wrong treatment [21].

Outcomes in ATTR-cardiac amyloidosis

Morbidity and mortality

The largest prospective, longitudinal investigation to date, the Transthyretin Amyloid 

Cardiac Study (TRACS) assessed the progression of ATTR-cardiac amyloidosis. Patients 

were monitored every 6 months for up to 2 years and demonstrated high morbidity and 

mortality in 29 ATTRwt and ATTR V122I patients [20]. At baseline, no differences in 

clinical characteristics, biomarkers, or echo parameters were noted between ATTRwt and 

ATTRm groups. However, after only 15 months, there were 11 deaths and 1 cardiac 

transplant, with higher mortality and cardiovascular hospitalizations among patients with 

ATT-Rm. A summary of survival among various other studies of ATTR-CA according to 

subtype is shown in Table 1.

Among the largest and most recent studies, median survival from time of diagnosis in 

ATTR-cardiac amyloidosis lies between 25 and 41 months [3, 12, 16, 17]. When broken 

down by subtype in the TRACS study, median survival from time of diagnosis was 

approximately 25 months in ATTRm and 43 months in ATTRwt. Common causes of death 

in the TRACS study included heart failure, sudden death, and sepsis. Hospitalizations were 

about twice as frequent in ATTRm as ATTRwt patients, with the most common reason 

being congestive heart failure followed by arrhythmias and need for pacemaker 

implantation. Univariate predictors of mortality included disease duration, heart rate ≥70 

beats/min, baseline stroke volume, LVEF <50 %, and ATTRm status. Measurements at 6-

month increments demonstrated marked disease progression: mean 6-min hall walk 

(6MHW) declined by 25.8 m, NT pro-BNP increased 1,816 pg/mL, and LVEF fell by 3.2 %. 

Overall, disease progressed over a short period of time in TRACS with substantial morbidity 

and mortality in ATTR-CA, particularly due to V122I, which is relevant given its high 

prevalence in African–Americans.

Atrial fibrillation, thromboembolic complications, and consideration for anticoagulation

The overall prevalence of atrial fibrillation in ATTR-CA estimated from the TRACS was 64 

% and was at least three times more prevalent in ATTRwt compared with ATTRm [20]. 

While the presence of atrial fibrillation on baseline ECG was not associated with survival in 

this population, intracardiac thrombosis leading to thrombo-embolism contributes 

significantly to mortality [22]. In addition to blood stasis in atrial fibrillation, 

endomyocardial damage and endothelial dysfunction from amyloid deposition are thought to 

lead subsequently to hypercoagulability and contribute to intracardiac thrombosis, although 

data to support this are limited [23, 24]. In a study of 116 autopsy specimens and explanted 

hearts with cardiac amyloidosis, ATTR cases demonstrated a high frequency of intracardiac 

thrombosis (16 %) and fatal embolic events (8 %) when compared with non-amyloid 

controls who displayed none, although these complications were notably higher in AL cases 
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(51 and 26 %, respectively). Most intracardiac thrombi were localized to either the left or 

right atrium.

A follow-up study employed transthoracic (TTE) and transesophageal echocardiography 

(TEE) to investigate the prevalence of intracardiac thrombosis and response to 

anticoagulation in cardiac amyloidosis [25]. While only 64 % of the patients studied were in 

atrial fibrillation, 18 % of patients with ATTR had intracardiac thrombi compared to 35 % in 

AL. Multivariate analysis showed that LV diastolic dysfunction and low left atrial 

appendage emptying velocity were, in addition to atrial fibrillation, independently associated 

with intracardiac thrombosis. These observations fit the hypothesis that a combination of 

systolic and diastolic ventricular dysfunction and chronic amyloid infiltrate in the atria lead 

to atrial mechanical dysfunction [26], atrial enlargement, and blood stasis [27]. Such atrial 

mechanical dissociation at least partially explains why some cardiac amyloid patients 

develop atrial thrombosis even while in sinus rhythm [26].

Risk for intracardiac thrombosis can be lowered with anticoagulation [25], but in general, 

the risk assessment for thrombosis and subsequent decision for anticoagulation in CA should 

not be based upon the CHADS2-VASC score alone [28]. Rather, the decision for 

anticoagulation ought to reflect a careful comprehensive clinical assessment of high-risk 

features specific to the CA patient. Early screening for intracardiac thrombosis and 

preemptive initiation of anticoagulation is recommended in CA for patients with AL subtype 

or for ATTR with concomitant thromboembolic risk factors including atrial fibrillation, 

advanced LV diastolic dysfunction, lower left atrial appendage emptying velocity, elevated 

heart rate, and increased right ventricular (RV) wall thickness reflecting more advanced 

amyloid deposition with poor RV diastolic function and consequent stasis [29]. Anecdotally, 

many amyloid centers have also recommended considering anti-coagulation in patients in 

normal sinus rhythm based on poor atrial function reflected by low atrial velocities on 

Doppler mitral inflow. Novel oral anticoagulants (NOACS) have been employed for 

thromboembolic risk reduction, but no studies to date have compared them head to head 

with warfarin in this population.

Prognostic stratification

Echocardiographic variables for cardiac amyloidosis

Emerging echocardiographic indices of LV structure and function among the cardiac 

amyloidoses are noteworthy. Despite initial preservation of ejection fraction, standard 

measures of LV function and strain rate assessed by speckle-tracking imaging worsen as 

wall thickness increases regardless of subtype [17]. Longitudinal strain (LS) is impaired in 

ATTRwt and AL amyloidoses compared with ATTRm, but notably, LS is preserved at the 

apex independent of amyloid subtype or degree of wall thickening. The utility of strain rate 

imaging is also seen in its incremental ability over traditional tissue Doppler 

echocardiography to identify a group of patients with probable subclinical cardiac 

amyloidosis [30]. When assessed by two-dimensional speckle-tracking imaging (STI), 

longitudinal strain was a negative predictor of survival in CA patients [17]. Another novel 

measure of myocardial function, myocardial contraction fraction (MCF) [31], shows 

promise in prognosticating survival in cardiac amyloidosis. Defined as the ratio of stroke 
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volume to myocardial volume, higher MCF has been associated with improved survival in 

patients with cardiac amyloidosis [32].

Biomarkers

Given the progressive nature of CA and its high lethality in advanced stages, biomarkers are 

needed for differentiation between amyloid subtypes, monitoring disease progression, 

response to therapy, and prognosticating outcomes. Cardiac biomarker trends according to 

the natural history of CA are proposed in Fig. 2. As a diagnostic tool, cardiac biomarkers 

along with clinical features can be useful in differentiating between amyloid subtypes. An 

N-terminal pro-brain natriuretic peptide (NT pro-BNP) level ≤1,430 pmol/L and older age at 

diagnosis ≥70 years have been associated with ATTRwt and can help distinguish it from AL 

cardiac amyloidosis [16].

Cardiac biomarkers, similar to genotype, are also useful in that they are associated with 

specific amyloid phenotypes. Among symptomatic patients in the Transthyretin Amyloid 

Outcomes Survey (THAOS), the first global multicenter longitudinal study of ATTR 

pooling data from nearly 1,000 patients with ATTRm and ATTRwt CA from 19 countries 

[10], brain natriuretic peptide (BNP) and troponin I were significantly elevated in cardiac 

and mixed phenotype groups compared with the neurologic phenotype [11]. In another 

THAOS registry study that categorized ATTR-CA patients by interventricular septal wall 

thickness (IVST—normal, mild, moderate, and severe), patients with moderately and 

severely increased thickness tended to be older men with cardiac symptoms, a history of 

heart failure with higher BNP values, conduction abnormalities, low voltage, and pathologic 

Q waves on electrocardiogram (ECG) [33]. However, other biomarkers including body mass 

index (BMI), modified body mass index (mBMI, product of BMI and serum albumin to 

correct for water weight) [34], heart rate, troponin I or T, or the presence of a pacemaker did 

not seem to differ between IVST categories.

Several retrospective studies have also elucidated the prognostic role of biomarkers in 

ATTR-CA. In patients with ATTRwt, baseline factors associated with worse outcome have 

included a positive troponin T, the presence of a pacemaker, and New York Heart 

Association (NYHA) class IV symptoms [16]. Significant predictors of mortality and 

progression to orthotopic heart transplantation (OHT) were elevated troponin T, BNP, and 

depressed systolic function with ejection fraction (EF) ≤35 %, with the strongest 

independent predictor being troponin T [35]. In multivariable analysis, depressed systolic 

function (e.g., reduced EF) was an independent predictor of mortality and OHT. Death 

among patients who did not receive OHT was predicted by lower estimated glomerular 

filtration rate (eGFR), higher serum potassium level, higher BNP, elevated troponin I, and 

higher New York Heart Association (NYHA) class III or IV [12]. The cardiac biomarkers 

tro-ponin T and BNP had less utility as predictors of hospitalization [35].

Supportive non-disease-modifying therapies for ATTR-cardiac amyloidosis

General principles for non-disease-modifying therapy of amyloid cardiomyopathy include 

symptom management, maintenance of euvolemia, avoidance of polypharmacy particularly 

Castaño et al. Page 6

Heart Fail Rev. Author manuscript; available in PMC 2015 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in elderly patients, avoidance of medications that may cause symptomatic hypotension, and 

consideration of pacemaker therapy for symptomatic conduction disturbances (Table 2).

Diuretics

Diuretics including aldosterone antagonists and bioavailable loop diuretics along with salt 

restriction are the mainstay of traditional heart failure therapy in CA. However, patients with 

advanced cardiomyopathy can often develop diuretic resistance mediated by high central 

venous pressure and low stroke volume. As the disease progresses and blood pressure falls, 

there is an increased risk of syncope from a low blood pressure, and in this scenario, use of 

midodrine may be helpful.

Heart failure drug intolerances

Patients with advanced cardiac amyloidosis often have low baseline blood pressures as a 

result of decreased stroke volume and may become intolerant to several traditional heart 

failure therapies including angiotensin-converting enzyme inhibitors (ACEi), angiotensin 

receptor blockers (ARBs), and beta blockers (BBs) owing to symptomatic hypotension. 

These drug classes should generally be avoided in CA but if needed, they should be titrated 

with extreme caution.

Avoidance of calcium channel blockers

Calcium channel blockers (CCBs) are relatively contrain-dicated due to the high sensitivity 

observed in patients with CA. The affinity of TTR amyloid fibrils for various bone-seeking 

technetium-based radionucleotides is thought to be calcium-related, which may suggest a 

potential mechanism for CCB sensitivity [36], as increased binding of calcium channel 

blockers to amyloid fibrils promotes hyperphysiologic effects including high-degree heart 

block and profound negative inotropic effects with resulting shock. Non-dihydropyridine 

calcium channel blockers (e.g., verapamil and diltiazem in particular) should be avoided in 

CA patients with hypertension and for rate control in those with atrial fibrillation.

Caution with digoxin

Patients with CA can also be highly sensitive to digoxin, which may cause abrupt cardiac 

rhythm disturbances or sudden death [37, 38]. An in vitro study demonstrated that isolated 

amyloid fibrils bind digoxin with a striking degree of affinity with the majority of fibrils 

binding after only 15 min [39]. A homogenate of cardiac muscle that contained amyloid 

deposits bound digoxin significantly more than a normal cardiac muscle homogenate 

confirmed by positive indirect immunofluorescence with antibody to digoxin. This 

interaction may play some role in the sensitivity to digoxin observed in some patients with 

CA. Selective binding of digoxin to amyloid fibrils may enhance the severity of disturbances 

in the myocardium previously attributed to amyloid fibrillary deposits. In general, caution 

with digoxin administration in patients with CA is recommended, but the adverse effects of 

digoxin are not as severe as with non-dihydropyridine calcium channel blockers.
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Considerations for pacemaker and cardioverter–defibrillator implantation

Permanent pacemakers

Cardiac autonomic dysfunction and progressive conduction disease are common in ATTR-

CA, including those with FAP due to ATTR V30M [40]. Among patients with advanced 

FAP in Sweden, up to 50 % had reduced heart rate variability and 20 % had undetected 

atrial arrhythmias. In a larger study in over 100 FAP patients, more than 50 % had abnormal 

24-h ECG recordings [5]. Conduction disturbances in this population do not seem to be 

related to IVS thickness indicating that the distribution and extent of infiltration of the heart 

by amyloid is heterogeneous and related to other factors such as gender, age of onset, and 

damage to the autonomic nervous control of cardiac function. Overall, due to the high 

incidence of conduction disturbances, Holter monitoring may be considered even in the 

absence of a thickened myocardium by TTE.

The need for implantation of a permanent pacemaker (PPM) has been reported in 25 % of 

patients with ATTRm due to V30M within an 11-year period after disease onset [41] and in 

as high as 36 % of ATTRm V122I and 43 % of ATTRwt [12]. The majority of arrhythmias 

necessitating PPM are high-degree conduction block, symptomatic bra-dycardia, and atrial 

fibrillation with slow ventricular responses. In a large series of patients with FAP V30M 

with conduction disturbances who underwent electrophysiology studies, prophylactic PPMs 

were implanted for HIS-ventricular (HV) interval ≥70 ms, >55 ms associated with fascicular 

block, first-degree atrioventricular block (AVB), or Wenckebach anterograde point ≤100 

bpm [42]. Patients who did not receive a PPM were typically younger and had less severe 

cardiac involvement than those who received a PPM for a class I/IIa indications or 

prophylactically. Over a 45-month follow-up, permanent AVB was observed in as high as 

25 % of patients suggesting that prophylactic PPM prevented a substantial number of 

potentially symptomatic events.

However, pacemaker implantation in cardiac amyloidosis caries some risk. Placement of a 

pacemaker lead through the tricuspid valve apparatus can cause tricuspid regurgitation, 

increase CVP, resulting in reduced right ventricular output and concomitant declines in 

stroke volume in ATTR-CA patients who already have advanced diastolic dysfunction and 

are preload dependent. Additionally, in retrospective analyses, PPM implantation has not 

been associated with a significant change in the likelihood of dying or in time to death [12]. 

In fact, the presence of PPM at baseline has been associated with worse survival in ATTRwt 

compared with AL [16], though this does not necessarily prove causality given that patients 

with conduction abnormalities necessitating a PPM are at higher risk to begin with for 

sudden cardiac death. Therefore, the presence of a PPM is more likely a marker of advanced 

disease and subsequent shorter survival after diagnosis. A multicenter study is needed to 

determine the long-term survival benefit of PPM implantation in ATTR-CA.

In the meantime, we recommend adherence with class I indication practice guidelines for 

PPM implantation such as sinus node dysfunction (SND) with documented symptomatic 

bradycardia or chronotropic incompetence, third-degree and advanced second-degree AVB 

associated with symptomatic bradycardia, and/or chronic bifascicular block [43]. But for 

class IIa, indications such as asymptomatic second-degree AVB or asymptomatic type II 
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second-degree AVB with a narrow QRS where practice guidelines in the general population 

would deem PPM implantation to be reasonable, a candid conversation with ATTR-CA 

patients about the lack of supporting evidence is recommended.

There may be a role for biventricular pacing to mitigate reductions in stroke volume 

observed in CA. Decreased heart rate variability in FAP appears to be associated with 

shortened LV filling time and prolonged total isovolumic time reflecting ventricular 

dyssynchrony despite normal QRS complex [44]. Additionally, ATTR-CA patients often 

become pacemaker dependent. Chronic RV pacing in addition to well-established autonomic 

disturbances and baseline ventricular dyssynchrony can lead to further reductions in stroke 

volume and resulting symptoms. Correction of such disturbed ventricular function by 

cardiac resynchronization therapy with a biventricular device may reduce symptoms, though 

additional research in this area is needed.

Implantable cardioverter–defibrillators

Implantable cardioverter–defibrillator (ICD) therapy is not generally advised in cardiac 

amyloidosis but may play a role in specific patients. Traditionally, AL cardiac amyloidosis 

has carried a dismal prognosis with median survival less than 1 year once patients present 

with heart failure [45]. Therefore, due to the direct conflict with practice guidelines 

recommending ICD placement for the primary prevention of sudden cardiac death (SCD) in 

patients with a life expectancy greater than 1 year, ICDs typically are not implanted in 

advanced AL CA [43]. In addition, sudden cardiac death in patients with CA has often been 

attributed to electromechanical dissociation rather than to a primary arrhythmic cause [45–

47], which further argues against the role for ICD in this population.

While an association between CA and ventricular arrhythmias is known and several small 

case series have reported successful defibrillation in individual patients with ICDs [47–50], 

overall survival benefit from ICD therapy in this population has not been demonstrated. A 

study in which malignant ventricular arrhythmias were present in the majority of 34 sampled 

patients with ATTR (88 % ATTRwt, 12 % ATTRm V122I) demonstrated that the presence 

of NSVT on 24-h Holter monitor recordings does not confer worse survival [51]. Given the 

absence of a convincing survival benefit, there is no clear indication for primary prevention 

ICD implantation in ATTR-cardiac amyloidosis at this time. Careful risk/benefit analysis is 

recommended in CA patients who might specifically benefit from an ICD, which include 

those with outpatient telemetry monitoring demonstrating a high burden of NSVT or 

sustained VT, and patients listed for OHT [52]. The decision to implant a secondary 

prevention ICD should similarly be individualized.

Organ transplantation for ATTR-cardiac amyloidosis

Liver transplantation

Because 95 % of TTR protein is produced by the liver, orthotopic liver transplantation 

(OLT) has been employed in ATTRm to replace amyloidogenic mutant with wild-type TTR 

and theoretically arrest amyloid formation [34]. The first liver transplant for ATTRm was 

performed in Sweden in 1990 on a patient with the V30M mutation with an encouraging 

result [53, 54]. In the modern era, the majority of OLTs are performed in patients with a 
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primary neuropathic phenotype, most commonly due to the V30M mutation [34, 55]. In 

these patients, OLT is typically considered a preventative measure before the development 

of painful lower extremity sensorimotor neuropathy or multiple organ involvement 

including the gastrointestinal tract, kidneys, heart, and autonomic nerves that would impair 

functional status and outcomes [56–58].

Survival after transplantation in V30M patients is approximately 75 % at 5 years [34]. Risk 

factors that should be taken into account during candidate selection reflect evidence of 

systemic disease and include modified BMI <600 (direct contraindication), the presence of 

malnutrition in combination with bile acid malabsorption and severe autonomic denervation, 

and predisposition to thrombosis given the known complication of hepatic artery thrombosis 

after OLT [59]. Further complicating OLT outcomes are an increasing number of reports of 

progressive amyloidosis after transplant. Normal wild-type TTR from the transplanted liver 

can buildup on already deposited mutant TTR present at the time of transplantation in the 

heart and nerves, leading to amyloid cardiomyopathy or progression of polyneuropathy [60–

62]. The precise mechanism for the development of cardiomyopathy after OLT is unknown, 

but one group proposed that ATTR fibril type may play a role. Patients with fragmented 

type A ATTR fibrils developed heart failure and reduced EF after OLT, while those who 

had intact type B ATTR did not deteriorate to the same degree [63]. Additionally, OLT does 

not prevent the development of heart arrhythmias necessitating PPM implantation, 

suggesting that amyloid already deposited in the conduction system at the time of OLT 

independently contributes to arrhythmia after transplantation regardless of suppression of 

mutant TTR synthesis [41].

Patients who undergo OLT should therefore have routine cardiac evaluations with yearly 

electrocardiograms and biomarkers as well as evaluation for a progressive peripheral 

neuropathy with a neurologist. Given the drawbacks of OLT (e.g., risk for hepatic artery 

thrombosis, recurrent amyloid deposition, and long-term immunosup-pression-related 

diabetes, dyslipidemia, infection, renal failure, and malignancies), it is recommended that it 

be reserved for patients with amyloidosis who are young, with early manifestations and a 

neuropathic mutation, as it typically takes decades for disease to occur in the heart, which is 

typically longer than the mean survival after OLT.

Domino liver transplantation

Patients born with ATTRm generally do not develop clinical symptoms until at least their 

third decade of life and given variations in disease penetrance; some allele carriers may 

never become symptomatic. Long disease latency subsequently led to the idea that rather 

than discarding an otherwise well-functioning ATTRm liver, it could be used in the organ 

sharing pool for sequential transplantation into a different patient. The first domino liver 

transplant was performed in Quimbra, Portugal and has since gained popularity [64–66]. No 

amyloid disease or deposits on biopsy specimens were reported in the first recipients of 

domino amyloid livers within 3.5 years after transplantation, but several groups have since 

reported de novo amyloidosis within 10 years post-transplantation [67, 68]. Emerging data 

suggest that most domino liver recipients eventually develop amyloidosis, the timing of 

which is dependent of several factors including type of mutation, age of recipient, and other 
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yet undefined factors. Therefore, as the experience of domino liver transplantation 

continues, we recommend that all amyloid liver recipients undergo routine evaluations for 

clinical amyloidosis on a yearly basis.

Orthotopic heart and combined heart/liver transplantation

In younger individuals with ATTRm and severe cardiomyopathy, orthotopic heart 

transplantation (OHT) may be an option if no other systemic disease manifestations are 

present. In patients with mutations that lead to FAP who develop advanced cardiomyopathy 

but have not yet developed neuropathy or other systemic symptoms, combined OHT and 

OLT may be considered.

Heart transplantation in patients with cardiac amyloidosis was first reported in 1988 [69] but 

remains controversial due to lower survival compared with patients who undergo OHT for 

other forms of cardiomyopathy. At many centers, cardiac amyloidosis is considered a 

contraindication to OHT because it poses additional complications [70]. In addition to the 

conventional drawbacks of OHT including the requirement of lifelong immunosuppression, 

surgical risk in already hemodynamically compromised patients, and high expense, the 

amyloid population is further limited by advanced age at the time of diagnosis, comorbid 

conditions such as dangerous arrhythmias, renal failure, neuropathy, and enteropathy, and by 

the potential for amyloid progression after OHT [71]. Additionally, for the vast majority of 

older adults with cardiac amyloidosis, transplantation of any organ is not feasible or ethical 

given the shortage of donor organs and concomitant comorbidities of advanced age. For 

these reasons, the experience of OHT in patients with advanced heart failure secondary to 

cardiac amyloidosis has been limited to a few case series at single centers. Nevertheless, 

among available therapies for ATTR-cardiac amyloidosis, OHT possibly with concurrent 

OLT currently offers the greatest chance of long-term survival and is reserved for patients 

with intractable and advanced heart failure at high risk for short-term mortality.

Disease-modifying therapeutic opportunities: stabilizers, silencers, and 

degraders

As no Food and Drug Administration-approved drugs are currently available for treatment 

of the ATTR-cardiac amyloidoses, the development of medications that prevent TTR-

mediated organ toxicity has been an important therapeutic goal. Opportunities under 

investigation for treating TTR amyloidosis are described in Fig. 3.

Transthyretin stabilizers: diflunisal, tafamidis, AG-10

Diflunisal—Several transthyretin stabilizing agents have been developed and are in various 

stages of clinical trials. Diflunisal, a nonsteroidal antiinflammatory drug (NSAID), binds, 

and stabilizes common familial TTR variants against acidmediated fibril formation in vitro 

and has been tested in animal safety studies and human clinical trials [72–76]. Use of 

diflunisal in ATTR-CA is controversial given known consequences of chronic inhibition of 

cyclooxygenase (COX) enzymes including gastrointestinal bleeding (COX-1), renal 

dysfunction (COX-2), fluid retention, and hypertension that may precipitate heart failure 

(COX-2) in vulnerable individuals [77–82].
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In patients with ATTR-CA, a single-arm, open-label cohort study suggested that at low dose 

and with careful monitoring, diflunisal along with a prophylactic proton pump inhibitor 

(PPI) could be safely administered to compensated patients [83], although an association 

was observed between chronic diflunisal use and adverse changes in renal function, 

suggesting that severe renal dysfunction may be prohibitive to diflunisal administration. A 

larger study in FAP patients with peripheral or autonomic neuropathy randomly assigned 

patients to a diflunisal or placebo arm [84]. Despite a high attrition rate approaching 50 %, 

diflunisal was reported to reduce the rate of progression of neurologic impairment and 

preserve quality of life over a 2-year follow-up. Echocardiography demonstrated a 

prevalence of presumptive cardiac amyloidosis in over 50 % of patients, but further 

prospective study of cardiac outcome measures are needed [85].

Tafamidis—Currently under clinical trial investigation, Tafamidis (Pfizer Inc, New York, 

NY, USA) is a novel compound that binds to the thyroxine-binding sites of the TTR 

tetramer, inhibiting its dissociation into monomers [86] and blocking the rate-limiting step in 

the TTR amyloidogenesis cascade (Fig. 3) [87]. In an 18-month double-blind, placebo-

controlled trial in patients with early-stage ATTRm due to V30M, tafamidis stabilized 

V30M TTR tetramers and slowed progression of neurologic symptoms [88]. A phase 2, 

open-label, single-treatment arm safety and efficacy study in 21 patients with ATTRm due 

to eight different mutations showed some worsening of neurologic function, but stable 

health-related quality of life, cardiac biomarker NT-proBNP, echocardiographic parameters, 

and mBMI over a 12-month period [89]. Therefore, tafamidis appears to effectively stabilize 

TTR in several non-V30M variants.

When focusing on the cardiac phenotype, a phase 2 open-label trial assessing progression of 

cardiomyopathy showed that tafamidis treatment effectively achieved and maintained TTR 

stabilization was well tolerated and stabilized cardiac disease as measured by biochemical 

and echocar-diographic parameters [90]. A similar study investigated both cardiac and 

neurologic disease progression among individuals with ATTRm without V30M or V122I 

mutations treated with tafamidis, and it also showed TTR stabilization with good tolerability 

[89]. Five-year safety data have been reassuring in that tafamidis was generally well 

tolerated. Efficacy data at 3.5 years showed that clinically stabilized patients (defined as 

those who remained alive without changes form baseline in regard to cardiovascular 

hospitalization, worsening NYHA class, increase NT-proBNP ≥1,000 pg/mL, increase 

troponin I ≥0.1 ng/mL, and decrease 6-min hall walk test ≥50 m) had shorter disease 

duration, lower cardiac biomarkers, less myocardial thickening, and higher EF than those 

who progressed [90]. Overall, long-term tolerability and efficacy data are needed to 

determine the full range of the therapeutic effects among ATTRm variants. A phase 3 trial 

currently underway with a recruitment goal of 400 patients will investigate the efficacy, 

safety, and tolerability of tafamidis oral dose of 20 or 80 mg compared with placebo [91]. 

Primary outcome measures will include all-cause mortality and frequency of cardiovascular-

related hospitalizations (Table 3).

AG10—In a high-throughput screen for TTR ligands, the compound AG10 was identified 

as a selective stabilizer of WT and TTR-V122I in vitro [92, 93]. AG10 prevents the 
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dissociation of TTR-V122I in serum obtained from patients with ATTRm cardiomyopathy, 

and it protects human cardiomyocytes from TTR amyloid toxicity [93]. In human serum, 

AG10 increases stability of TTR-WT against acid-mediated dissociation that would 

otherwise accelerate amyloidogenesis.

Though AG10 is only in early phases of investigation, potential advantages relative to other 

TTR stabilizers include its potency of stabilization for TTR-V122I and TTR-WT. The 

association may exceed the ability of tafamidis and diflunisal in whole serum, though in 

vivo assays have not yet been reported. The oral bioavailability of AG10 and its encouraging 

pharmacokinetic properties with respect to selectivity and affinity also makes it a promising 

candidate for stabilizing ATTR cardiomyopathy.

Importantly, AG10, like tafamidis, has no significant interactions with a number of cellular 

receptors and enzymes including COX-1 or COX-2 (an inevitable target of the NSAID, 

diflunisal), thyroid hormone nuclear receptor, the potassium ion channel hERG (human 

ether-ago-go-related gene), and a number of cytochrome P450 isozymes. Crystallographic 

studies of AG10 bound to TTR-V122I give valuable insights into how AG10 achieves such 

effective kinetic stabilization, which also offers promise for designing effective TTR 

stabilizers [93].

Silencers—siRNA and oligonucleotides

siRNA: ALN-TTR01, ALN-TTR02, and ALN-TTRSc—RNA interference (RNAi) has 

emerged as an endogenous cellular mechanism for controlling gene expression in which 

small interfering RNAs (siRNAs) bound to the RNA-induced silencing complex (RISC) 

mediates the cleavage of target messenger RNA (mRNA) [94, 95]. Formulations of lipid 

nanoparticles and newer triantennary N-acetylgalactosamine (GalNAc) conjugates have 

emerged as agents to deliver siRNAs to hepatocytes [96, 97]. Lipid nanoparticles require IV 

infusion while GalNAc-siRNA conjugates are administered via subcutaneous injection. The 

GalNAc carbohydrate cluster has affinity for asialoglycoprotein receptor (ASGPR), which 

clears serum glycoproteins via clathrin-mediated endocytosis on the surface of hepatocytes. 

These agents have resulted in a robust and durable reduction in genetic expression 

(knockdown) of a variety of hepatocyte targets across multiple species. They appear to be 

well suited for receptor-mediated targeted delivery to suppress TTR gene expression.

ALN-TTR01 and ALN-TTR02 are first- and second-generation formulations of lipid 

nanoparticles as agents to deliver siRNAs. Each formulation encapsulates an identical 

siRNA that targets a conserved sequence in the 3′ untranslated region of non-mutant and 

mutant mRNA in TTR, thereby affecting both forms of TTR. They have similar 

physiochemical properties, but different ionizable lipid components resulting in ALN-

TTR02 being exceptionally more potent than ALN-TTR01. In two sequential multicenter, 

randomized, placebo-controlled, dose-ranging phase 1 trials, patients with biopsy proven 

ATTR or healthy adult volunteers were given ALN-TTR01 or ALN-TTR02, respectively, to 

evaluate safety and efficacy (Table 3) [98].

After a single dose of ALN-TTR01, significant lowering from baseline TTR levels was 

observed as early as day 1, with a mean reduction of 38 % in TTR levels by day 7. But 
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significant variability in TTR knockdown was measured among participants. Four 

participants with the V30M mutation and one with the S77Y mutation experienced peak 

knockdown ranging from 16 to 41 % and recovered close to predose baseline levels by day 

28. However, one patient with the S77F mutation had a robust response, with more than 50 

% TTR knockdown at day 2, a nadir level of 81 % by day 10, persistence greater than 50 % 

knockdown by day 28, and recovery to baseline level at day 70. In contrast, after a single 

dose of ALN-TTR02, TTR knockdown was rapid, potent, and durable across all three dose 

levels tested with highly significant changes compared with placebo lasting through day 28. 

Little variability among participants was observed in the kinetics of response with more than 

50 % TTR knockdown by day 3, nadir level by day 10, continued suppression more than 50 

% by day 28, and full recovery by day 70.

These siRNA lipid nanoparticles appear to be safe in that they have not resulted in any 

significant changes in hematologic, liver, renal, or thyroid function measures, and there were 

no drug-related serious adverse events or study drug discontinuations owing to adverse 

events. Since the main role of TTR is to bind retinol-binding protein (RBP), assays of serum 

RBP and vitamin A (retinol) provide additional measures of pharmacodynamic activity [99]. 

While RBP and retinol levels decrease in a dose-responsive fashion, no clinically 

meaningful correlate of visual symptoms has been observed. Nevertheless, it may be 

advisable for patients to take low doses of supplemental vitamin A until further long-term 

data on RBP suppression are available. Of note, mild-to-moderate infusion-related reactions 

have occurred in approximately 1/5th of participants receiving ALN-TTR01 and resolved 

spontaneously. A single participant who received ALN-TTR02 experienced a moderate 

infusion reaction, which readily responded to temporary interruption of the infusion without 

need for additional glucocorticoids and subsequent resumption of drug administration at a 

slower rate.

Another study of TTR siRNA conjugated to GalNAc, ALN-TTRSc, is now recruiting 

participants for a phase 2, open-label trial to evaluate safety, pharmacokinetics, 

pharmacodynamics, and exploratory clinical activity in patients with ATTR-CA [100]. 

While ALN-TTRSc is under investigation, harnessing RNAi technology with ALN-TTR02 

suppresses hepatic TTR production, reduces circulating levels of both mutant and non-

mutant TTR, and appears to hold great promise for treating patients with ATTR 

amyloidosis. The ability of ALN-TTR02 to lower both mutant and non-mutant proteins may 

also provide a major advantage over liver transplantation, which affects the production of 

only mutant protein.

Antisense oligonucleotides—Antisense oligonucleotides (ASOs) are also under clinical 

investigation for their role in inhibiting hepatic expression of amyloidogenic TTR. In a 

human transgenic mouse model (hTTR I84S) expressing high levels of the mutated human 

TTR I84S protein, TTR ASOs suppressed hepatic TTR mRNA levels and serum TTR levels 

by as much as 80 % [101, 102]. Second-generation antisense technology has led to the 

development of ISIS-TTR(Rx) for treating TTR amyloidosis [103]. When tested in the 

hTTR I84S transgenic mouse, ISIS-TTR(Rx) showed a dose-dependent 80 % reduction of 

human TTR at both the mRNA and protein levels. In cynomolgus monkeys, ISIS-TTR(Rx) 

similarly reduces liver TTR mRNA and plasma TTR protein levels in a dose-dependent 

Castaño et al. Page 14

Heart Fail Rev. Author manuscript; available in PMC 2015 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



manner by approximately 80 %. Treatment with ISIS-TTR(Rx) also produced a significant 

decrease in plasma RBP4 levels that correlated with reductions in TTR levels. Rodents and 

monkeys seem to tolerate ISIS-TTR(Rx) well.

Currently, ISIS-TTR(Rx) is under investigation in a phase 2/3 multicenter, randomized, 

double-blind, placebocontrolled clinical trial in patients with FAP [104]. The primary 

objective is to evaluate its efficacy as measured by change from baseline in modified 

neuropathy impairment score +7 (mNIS+7) relative to placebo. Secondary objectives will 

evaluate efficacy in regard to change from baseline in QOL, mBMI, modified neuropathy 

impairment score (NIS), pharmacodynamic effect on RBP4, in addition to safety and 

tolerability. Exploratory objectives in a subset of patients with LV wall thickness ≥13 mm 

without a history of persistent HTN will also include change from baseline compared to 

placebo in regard to echocardiographic parameters, NT-proBNP, and polyneuropathy 

disability score. An echocardiographic substudy collected data on cardiac structure and 

function in this trial and will facilitate analysis of the effect of TTR suppression on the 

cardiac phenotype.

Degraders—doxycycline/TUDCA and anti-SAP antibodies

Doxycycline/TUDCA

Treatment of systemic amyloidoses will always require reducing amyloid precursor protein 

production, but the ability to remove already deposited amyloid would be an important 

therapeutic advance. The utility of combined doxycycline and tauroursodeoxycholic aid 

(TUDCA) has been studied for TTR degradation (Fig. 3) [105]. In older TTR V30M 

transgenic mouse models, doxycycline administered in the drinking water for 3 months 

removed stomach TTR amyloid deposits. Doxycycline also resulted in a decrease in the 

levels of extracellular matrix remodeling protein that accompany fibrillary amyloid 

deposition. TUDCA, a biliary acid administered to the same mouse model, was also 

effective in lowering deposited non-fibrillary TTR and unlike doxycycline and also lowered 

levels of markers associated with pre-fibrillary TTR in young mice.

Combined cycled doxycycline and TUDCA administered to mice with amyloid deposition is 

more effective than either individual compound alone in significantly lowering TTR 

deposition and associated tissue markers [106]. A minimum period of 15 days of treatment 

resulted in fibril removal and a maximum suspension period of 15 days maintained tissues 

amyloid free. This observed synergistic effect of doxycycline/TUDCA in transgenic TTR 

mice given at human tolerable dose ranges has prompted further investigation in human 

clinical trials to test the safety and efficacy of the drug, particularly in early stages of 

disease.

Doxycycline and TUDCA appear to have an acceptable safety profile. In a population of 20 

patients (17 ATTRm, 2 ATTRwt), a phase 2 open-label study of doxycycline/TUDCA 

showed no serious adverse events and no clinical progression of cardiac or neuropathic 

involvement over 1 year [107]. An active phase 2, single center, open-label, 12-month study 

will assess primary outcome measures including mBMI, neurologic impairment score, and 

NT-proBNP [108]. Secondary outcome measures will include number of patients 
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experiencing treatment-related adverse events, change in QOL, doxycycline 

pharmacokinetics, response in autonomic dysfunction, sensory–motor peripheral 

neuropathy, visceral organ involvement, neurologic response, and incidence of patients 

discontinuing the study due to clinical or laboratory adverse events. Another study actively 

recruiting will examine the tolerability and efficacy of doxycycline/TUDCA over 18 months 

in patients with ATTR-cardiac amyloidosis [109].

Monoclonal anti-SAP antibodies

To further the unmet need for therapy that safely promotes the clearance of established 

amyloid deposits, the role of a normal, non-fibrillar glycoprotein present in all human 

amyloid deposits, serum amyloid P component (SAP) [110], is currently under intense 

investigation. Administration of an antihuman SAP antibody to mice with amyloid deposits 

containing human SAP triggered an unprecedented and potent giant cell reaction that 

efficiently removed massive visceral amyloid deposits without adverse effects [111]. In 

humans, anti-SAP antibody treatments could be theoretically feasible because circulating 

human SAP can be depleted by the bis-D proline compound CPHPC [112], thereby clearing 

the way for injected anti-SAP antibodies to reach residual SAP in amyloid deposits. If 

developed into an amyloid therapy, a major advantage of anti-SAP antibodies would be their 

potential to target all forms of amyloid deposits in all tissues.

Conclusion

Transthyretin-cardiac amyloidoses occurring both due to inherited mutations in ATTRm and 

older age in ATTRwt are an increasingly recognized cause of heart failure. Clinicians should 

be aware of their unique pathophysiology, clinical manifestations, and natural history as the 

treatments and outcomes are distinctly subtype dependent. The diverse array of emerging 

disease-modifying agents under investigation in human clinical trials has the potential to 

herald a new era for the treatment of cardiac amyloidosis.
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Fig. 1. 
Distribution of phenotypic variation between neuropathic and cardiomyopathic symptoms 

according to ATTRm mutation
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Fig. 2. 
Proposed progression of ATTR-cardiac amyloidosis by clinical and biomarker parameters. 

In the preclinical phase, myocardial infiltration is minimal, while functional status and 

ejection fraction (EF) are normal. Symptomatic patients begin to experience a decline in 

functional status as amyloid fibrils infiltrate the myocardium and other organs. Ejection 

fraction initially remains normal, but diastolic function ensues and cardiac biomarkers begin 

to rise. As myocardial infiltration plateaus, patients continue to decline, functional status 

advances to a debilitated state, EF eventually drops steeply and then progresses slowly in a 

terminal phase leading to death
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Fig. 3. 
Emerging disease-modifying therapeutic opportunities within the TTR amyloidogenesis 

cascade target suppression/silencing of TTR synthesis, stabilization, and degradation of TTR
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Table 1

Summary of survival in ATTR-cardiac amyloidosis according to subtype

Year Publication Subtype (N) Median survival
from
diagnosis
(months)

2014 Quarta et al. [17] ATTRm (36) 29

Circulation ATTRwt (56) 24

2013 Givens et al. [12] ATTRmV122I (28) 36

Aging Health ATTRwt (37) 66

2013 Pinney et al. [16] ATTRwt (102) 32

J Am Heart Assoc

2012 Ruberg et al. [20] ATTRmV122I (11) 25

Am Heart J ATTRwt (18) 43

2009 Connors et al. [3] ATTRmV122I (30) 27

Am Heart J
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Table 2

Mainstay of non-disease-modifying therapy for ATTR-cardiac amyloidosis

Therapy Considerations in ATTR-CA
patients

Salt restriction Recommended restriction to <2 g
   sodium daily

Daily weights Recommended to gauge adequacy
   of diuresis

Loop diuretics Recommended, especially
   bioavailable loop diuretics (e.g.,
   torsemide, bumetanide) to avoid
   diuretic resistance in advanced
   cardiomyopathy

K+ should be checked within
   1–2 weeks of starting

Aldosterone antagonists Consider addition of low-dose
   spironolactone 12.5 mg every
   other day given the long half-
   life of bioavailable loop
   diuretics and risk of
   hypokalemia

Angiotensin-converting enzyme
   inhibitors and angiotensin
   receptor blockers

Usually poorly tolerated due to
   risk of symptomatic
   hypotension as disease
   progresses

Beta blockers Given fixed stroke volume and
   reliance of higher heart rate to
   maintain cardiac output, risk of
   symptomatic hypotension

Calcium channel blockers Contraindicated

Hyperphysiologic effects may
   lead to high-degree heart block
   and profound negative inotropic
   effect with resulting cardiogenic
   shock

Digoxin Relatively contraindicated

Hypersensitivity may lead to
   abrupt cardiac rhythm
   disturbances and sudden death

Midodrine May be useful to augment blood
   pressure in patients with
   diuretic resistance and
   symptomatic hypotension

Venous compression stockings Useful in avoiding symptomatic
   orthostatic hypotension by
   increasing preload and
   maintaining blood pressure

Helpful in patients with
   peripheral edema
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Table 3

Ongoing clinical trials for TTR cardiomyopathy therapeutics

Clinical trial Design Estimated
enrollment
(N)

Intervention (s) Primary outcome

Tafamidis

  A multicenter, international, phase 3,
   double-blind, placebo-controlled,
   randomized study to evaluate the efficacy,
   safety, and tolerability of daily oral dosing
   of tafamidis meglumine (PF-06291826) 20
   or 80 mg in comparison with placebo in
   subjects diagnosed with transthyretin
   cardiomyopathy

Phase 3 400 Tafamidis 20 or
   80 mg PO
   QD × 30 months

All-cause mortality and frequency of
   cardiovascular-related
hospitalizationMulticenter

Multinational Secondary outcome measure change 
in
   6MWT and KCCQ, cardiovascular-
   related mortality, TTR stabilization
at
   1 month

Randomized Placebo PO
   QD × 30 months

Double blind

Placebo-
   controlled

(NCT01994889)

ALN-TTR02

  A phase 3 multicenter, multinational,
   randomized, double-blind, placebo-
   controlled study to evaluate the efficacy
   of ALN-TTR02 in transthyretin (TTR)-
   mediated polyneuropathy

Phase 3 200 ALN-TTR02 IV
   infusion

Difference between ALN-TTR02 and
   placebo in the change from baseline
of
   mNIS+7

Multicenter

Multinational Sterile normal saline
   (0.9 % NaCl) IV
   infusionRandomized

(NCT01960348) Double blind

Placebo-
   controlled

  A phase 2, multicenter, open-label, extension
   study to evaluate the long-term safety,
   clinical and pharmacokinetics of ALN-
   TTR02 in patients with familial amyloidotic
   polyneuropathy who have previously
   received ALN-TTR02

Phase 2 28 ALN-TTR02 IV
   infusion

Safety and tolerability of long-term
   dosing with ALN-TTR02 in ATTR
   patientsMulticenter

Open label

(NCT01961921)

ALN-TTRSc

  A phase 2, open-label trial to evaluate the
   safety, pharmacokinetics,
   pharmacodynamics and exploratory
   clinical activity of ALN-TTRSC in
   patients with transthyretin (TTR) cardiac
   amyloidosis

Phase 2 25 ALN-TTRSC SQ
   QD × 5 days, then
   qwk × 5 weeks

Pharmacodynamic activity through
   90 days

Multicenter

Open label Clinical activity through TTE, 
6MWT,
   NYHA class, CMR, NT-proBNP,
   KCCQ, EQ-5D

ISIS-TTR(Rx)

  A phase 2/3 randomized, double-blind,
   placebo-controlled study to assess the
   efficacy and safety of ISIS-TTR(Rx) in
   familial amyloid polyneuropathy

Phase 3 195 ISIS-TTR(Rx)
   300 mg SQ
   TID × 1 week,
   then qwk × 64
   weeks

Efficacy measured by change from
   baseline in mNIS+7 and Norfolk
   Quality of Life Diabetic Neuropathy
   Questionnaire

Randomized

Double blind

(NCT01737398) Placebo-
   controlled

Placebo SQ
   TID × 1 week,
   then qwk for
   64 weeks

Exploratory analysis of TTE 
measures,
   NT-proBNP, and polyneuropathy
   disability score

Doxycycline + TUDCA

  A single center, 12-month, open-label,
   prospective study followed by a 6-month
   withdrawal period to evaluate the efficacy,
   tolerability, safety, and pharmacokinetics
   of doxycycline in combination with

Phase 2 40 Doxycycline 100 mg
   BID + TUDCA
   250 mg TID for
   12 months

mBMI reduction <10 % and change in
   NIS-LL <2 in subjects with
peripheral
   neuropathy

Single center
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Clinical trial Design Estimated
enrollment
(N)

Intervention (s) Primary outcome

   TUDCA in transthyretin amyloidosis Non-
   randomized

mBMI reduction <10 % and increase 
in
   NT-proBNP concentration <30 % or
   <300 pg/mL in subjects with
isolated
   cardiomyopathy

Open label

(NCT01171859)

  An 18-month, open-label study of the
   tolerability and efficacy of a combination of
   doxycycline and TUDCA in patients with
   transthyretin amyloid cardiomyopathy

Phase 1, 2 40 Doxycycline 100 mg
   BID + TUDCA
   250 mg TID for
   18 months

Rate of progression TTR-cardiac
   amyloidosis measured by changes
in
   longitudinal strain
echocardiography
   assessed every 6 months compared
   with historical controls

Single center

Open label

(NCT01855360)

mBMI modified body mass index, 6MWT 6-min walk test, NYHA New York Heart Association, CMR cardiac magnetic resonance, KCCQ Kansas 
City Cardiomyopathy Questionnaire, EQ-5D patient-reported quality of life, NIS-LL Neurologic Impairment Score-Lower Limbs, mNIS+7 
modified Neuropathy Impairment Score
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