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Abstract

Cardiac amyloidosis is a restrictive cardiomyopathy determined by the accumulation of amyloid, which is represented by
misfolded protein fragments in the cardiac extracellular space. The main classification of systemic amyloidosis is determined
by the amyloid precursor proteins causing a very heterogeneous disease spectrum, but the main types of amyloidosis involving
the heart are light chain (AL) and transthyretin amyloidosis (ATTR). AL, in which the amyloid precursor is represented by
misfolded immunoglobulin light chains, can involve almost any system carrying the worst prognosis among amyloidosis
patients. This has however dramatically improved in the last few years with the increased usage of the novel therapies such
as proteasome inhibitors and haematopoietic cell transplantation, in the case of timely diagnosis and initiation of treatment.
The treatment for AL is directed by the haematologist working closely with the cardiologist when there is a significant cardiac
involvement. Transthyretin (TTR) is a protein that is produced by the liver and is involved in the transportation of thyroid
hormones, especially thyroxine and retinol binding protein. ATTR results from the accumulation of transthyretin amyloid in
the extracellular space of different organs and systems, especially the heart and the nervous system. Specific therapies for
ATTR act at various levels of TTR, from synthesis to deposition: TTR tetramer stabilization, oligomer aggregation inhibition,
genetic therapy, amyloid fibre degradation, antiserum amyloid P antibodies, and antiserum TTR antibodies. Treatment of
systemic amyloidosis has dramatically evolved over the last few years in both AL and ATTR, improving disease prognosis.
Moreover, recent studies revealed that timely treatment can lead to an improvement in clinical status and in a regression
of amyloid myocardial infiltration showed by imaging, especially by cardiac magnetic resonance, in both AL and ATTR. How-
ever, treating cardiac amyloidosis is a complex task due to the frequent association between systemic congestion and low
blood pressure, thrombo-embolic and haemorrhagic risk balance, patient frailty, and generally poor prognosis. The aim of this
review is to describe the current state of knowledge regarding cardiac amyloidosis therapy in this constantly evolving field,
classified as treatment of the cardiac complications of amyloidosis (heart failure, rhythm and conduction disturbances, and
thrombo-embolic risk) and the disease-modifying therapy.
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Introduction

Cardiac amyloidosis (CA) is determined by the accumulation
of amyloid, which is represented by misfolded protein frag-
ments in the cardiac extracellular space. The main classifica-
tion of systemic amyloidosis is determined by the amyloid
precursor proteins causing a very heterogeneous disease

spectrum. Until now, there are over 36 proteins described
as amyloid precursors,™? but CA is mainly determined by
two protein precursors: immunoglobulin light chains and
transthyretin (TTR).

Light chain amyloidosis (AL), in which the amyloid precur-
sor is represented by misfolded immunoglobulin light chains,
can involve almost any system: soft tissues (bilateral carpal
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tunnel syndrome, pseudohypertrophy of the muscles, and
rupture of the biceps tendon), kidney (leading to nephrotic
syndrome), peripheral nervous system (both somatic
polyneuropathy and autonomic orthostatic hypotension,
gastrointestinal and urinary dysfunction, and erectile
dysfunction), liver, or lungs.® These patients have the worst
prognosis among amyloidosis patients.* This has however
dramatically improved in the last few years with the in-
creased usage of the novel therapies such as proteasome
inhibitors and haematopoietic cell transplantation,”® in the
case of timely diagnosis and initiation of treatment.
Transthyretin (previously known as prealbumin) is a pro-
tein that is produced by the liver and is involved in the trans-
portation of thyroid hormones, especially thyroxine and
retinol binding protein. TTR amyloidosis (ATTR) results from
the accumulation of TTR amyloid in the extracellular space
of different organs and systems, especially the heart and
the nervous system.® Furthermore, ATTR can be determined
by the accumulation of either variant TTR (ATTRy, also known
as hereditary ATTR or mutant ATTR) or wild-type TTR
(ATTRwt, previously known as senile systemic amyloidosis).?
ATTRv results from single base substitutions causing more
than 120 recognized pathogenic mutations of the TTR gene,’
with an autosomal dominant inheritance pattern. The
clinical presentation of ATTRv is very heterogeneous,
depending on the mutation: pure nervous system phenotype
(polyneuropathy and autonomic dysfunction), pure cardiac
phenotype (ATTR CA), or mixed phenotypes with different
evolution and prognosis.” The variant that is most commonly
associated with ATTR-CA is ATTRV122l, which is the most
common mutation identified in the USA, especially in the Af-
rican Americans and Afro-Caribbeans, but also in France, car-
rying the worst prognosis.®® Prevalence of ATTRv in
hypertrophic cardiomyopathy (HCM™) has been
underestimated, and recent studies showed that around
9.3% of 343 patients with HCM referred to tertiary centres
have CA (5% ATTRwt, 3.5% ATTRv, and 0.9% AL)*® and 5%
of 298 consecutive patients diagnosed with HCM in France
had, in fact, ATTRv.** In contrast, the most commonly spread
mutation worldwide is ATTRV30M especially in endemic re-
gions like Portugal, Scandinavia, and Japan. This mutation is
responsible for either an early-onset disease neurological
phenotype (in endemic regions) or a late-onset cardiac phe-
notype with rare neurological involvement in elderly people
from non-endemic regions, carrying a better prognosis.*?
ATTRT60A is another mutation associated with cardiac in-
volvement, but the polyneuropathy can also be a common
finding, being responsible for a mixed phenotype with better
prognosis than ATTRV122! but worse than ATTRV30M.*
Distinct from ATTRv, ATTRwt is considered to occur with
ageing and is mainly affecting the heart, but it can also
involve the soft tissues leading to spinal stenosis or bilateral
carpal tunnel syndrome. ATTRwt commonly affects elderly
men, and an autopsy study published in 2008 reported a

prevalence of the disease of 25% in 256 patients aged over
85.1 Moreover, the presence of ATTRwt was described in
13% of heart failure with preserved ejection fraction patients
>60 years old and with left ventricular (LV) hypertrophy of
more than 12 mm,*® as well as in 16% of patients with severe
aortic stenosis referred to transcatheter aortic valve implan-
tation (TAVI).'® Gonzalez-Lépez et al. showed that the clinical
spectrum of ATTRwt is heterogeneous and differs from the
classical phenotype.’

Another classification can use the MOGE(S) nosology
system, which has been endorsed for the standardized classi-
fication of cardiomyopathy using the morpho-functional
phenotype description (M), organ/system involvement (O),
genetic inheritance pattern (G), aetiology (E), and stage (S).
According to this classification, CA is denoted EA.'®

The diagnosis of CA is based on a complex algorithm,
based on cardiac and extracardiac red flags for the diagnostic
suspicion, and confirmed either through identification of the
amyloid deposits from endomyocardial biopsy specimens or
using a non-invasive approach, which includes extracardiac
identification of amyloid deposits from tissue biopsies, serum
protein immunofixation, diphosphonate scintigraphy, and
TTR gene sequencing % (Figure 1).

Understanding the pathophysiology of CA helps explaining
specific therapeutic choices (Figure 2). Extracellular amyloid
infiltration leads to thickening of ventricular walls, increased
ventricular stiffness, and consequently to high ventricular
filling pressure. Atrial wall infiltration also occurs, leading to
functional and electrical changes [e.g. atrial fibrillation (AF)
and atrial paralysis], as well as to an increased risk of atrial
thrombus formation.?! Direct amyloid fibrils toxicity and
non-inflammatory oedema may be responsible for cardiac
dysfunction in AL and to a lesser extent in ATTR in addition
to interstitial infiltration.*?

The treatment of systemic amyloidosis has dramatically
evolved over the last few years in both AL and ATTR, improv-
ing disease prognosis. However, treating CA is a complex task
due to the frequent association between systemic congestion
and low blood pressure, thrombo-embolic and haemorrhagic
risk balance, patient frailty, and poor prognosis. The aim of
this review is to describe the current state of knowledge
regarding CA therapy, classified as therapy of the cardiac
complications of amyloidosis [heart failure (HF), rhythm and
conduction disturbances, and thrombo-embolic risk] and the
disease-modifying therapy (for AL and ATTR amyloidosis,
respectively) (Figure 3).

Management of cardiac symptoms

The pathophysiology of CA leads to a restrictive phenotype
associated with systemic congestion and low cardiac output.
However, CA is considered a rare disease with a bad
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Figure 1 Diagnostic algorithm leading from the clinical suspicion for CA to the final diagnosis. *Except in genotype positive/phenotype negative mu-
tant ATTR relatives or specific mutations with known low myocardial uptake like TTR Phe64Leu. FLC, free light chain; MGUS, monoclonal gammapathy
of unknown significance. For all other abbreviations, see text. Reproduced with permission from Jurcut et al”®
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prognosis and therefore is an exclusion criterion from most
randomized trials on HF therapies when diagnosed. There-
fore, therapeutic decisions are usually based on a consensus
of experts, personal experience, or data from small cohort
studies.”?

Diuretics

Diuretics represent the first line of medical treatment in HF
and CA, being necessary for congestion relief. Often, these
patients require high doses of diuretics to reduce systemic
and pulmonary congestion, particularly in the population
with severe diastolic dysfunction or systolic dysfunction.?32*
The diuretic treatment should be conducted with care to
avoid an excessive diuresis with important preload reduction
and worsening of the renal function. Often, a loop diuretic
(e.g. furosemide) is used in combination with a mineralocor-
ticoid receptor antagonist (e.g. spironolactone). In patients

with autonomic dysfunction leading to orthostatic hypoten-
sion, mostly in AL and ATTRv diuretics must be used with
caution.

Beta-blockers

While widely used in HF with reduced ejection fraction,
beta-blockers (BBs) are not well tolerated in restrictive
cardiomyopathies in general and CA in particular. BBs can
often lead to low cardiac output, fatigue, conduction
disturbances, hypotension, and even syncope in a disease
with restrictive physiology where the cardiac output is very
dependent on the heart rate.?>?® Conversely, a common sce-
nario that should raise clinical suspicion of CA is development
of profound hypotension and fatigue after initiation of BBs.?2
In patients who tolerate high-dose BBs, an alternative
aetiology of HF symptoms should be sought.
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Figure 2 Amyloidosis pathophysiology and therapeutic implications. For abbreviations, see text.
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Angiotensin-converting enzyme inhibitors and
angiotensin Il receptor blockers

The use of angiotensin-converting enzyme inhibitors and an-
giotensin |l receptor blockers is primarily limited in patients
with CA because of the associated autonomic dysfunction
with orthostatic hypotension.

Digoxin

Traditionally, digoxin has been contraindicated in CA because
of early reports demonstrating that it binds to amyloid fibrils
leading to an increased toxicity in this population.?”-*® A re-
cent study however concluded that digoxin may be cautiously
used in CA.?° Based on its findings, the authors suggested
using digoxin at lower doses (0.125 mg/day or lower) and
with frequent drug concentration monitoring (target
digoxinemia of 0.5-0.8 ng/mL) along with close monitoring
of renal function and electrolytes.

Calcium channel blockers

Non-dihydropiridine calcium channel blockers are also con-
traindicated in CA because they have an important negative
inotropic, chronotopic, and dromotropic effect.° Further-
more, verapamil can bind to amyloid fibrils increasing its
toxicity and may precipitate worsening HF, being therefore
contraindicated in CA.3*

Antiarrhythmic drugs

Because of atrial dilatation and atrial wall infiltration with
amyloid, atrial arrhythmias are a common finding in CA, with
AF being described in up to 44% of CA patients, as compared
with around 1% in the general population.? Rhythm and rate
control can prove to be difficult in these patients. Because
pharmacological rhythm control options are limited, amioda-
rone is the most commonly administered drug in CA with
arrhythmias and is relatively well tolerated.?>*® Other
options used in clinical practice are sotalol and dofetilide, if
well tolerated.

Ventricular arrhythmias also appear to be prevalent in
CA, including premature ventricular contractions, and
non-sustained and sustained ventricular tachycardias.®*
Moreover, they hold a prognostic role, being associated to
sudden cardiac death (SCD).>* Amiodarone is indicated for
the pharmacological therapy, and consideration on the role
of cardiac defibrillators and ablation is presented below.

Anticoagulant therapy

Patients with CA present a high frequency of intracardiac
thrombosis, especially those with AL type, even in the pres-
ence of sinus rhythm and preserved systolic function, likely
because of a poor atrial function (determined by severe LV
diastolic dysfunction and direct infiltration of the left atrial
wall), leading to embolic events and high mortality.3® The
same group demonstrated that a transmitral A wave velocity
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Figure 3 Cardiac amyloidosis therapeutic options. ACEi, angiotensin-converting enzyme inhibitor; ASO, antisense oligonucleotide; ATTR, transthyretin
amyloidosis; BB, beta-blocker; DOAC, direct anticoagulant; CRT, cardiac resynchronization therapy; ICD, implantable cardioverter defibrillator; TTR,
transthyretin; TUDCA, tauroursodeoxycholic acid; VKA, vitamin K antagonist.
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of <30 cm/s was associated with intracardiac thrombi in AL
patients in the absence of AF, concluding that in the
presence of atrial mechanical dysfunction (especially with
coexisting restrictive LV filling), intracardiac thrombosis
can be detected and anticoagulation should be carefully
considered.®®

In a cohort of ATTR-CA patients and AF, Donnellan et al.%’
found no association between the CHA,DS,-VASc score
and the presence of left atrial appendage thrombus on
transesophageal echocardiogram. Therefore, anticoagulation
of patients with CA and AF is recommended irrespective of
the CHA,DS,-VASc score.3®

Moreover, in a recently published study on 58 patients
with CA evaluated for direct-current cardioversion for atrial
arrhythmias, there was a high cancellation rate (28%)
mainly due to a high incidence of intracardiac thrombi
(13 of 16 patients—81%) even among patients who receive
adequate anticoagulation.?® Consequently, even after cor-
rect anticoagulation course prior to planned cardioversion,
transesophageal echocardiogram control or computed to-
mography scan should be performed to rule out left atrial
thrombi.

When prescribing anticoagulant therapy to CA patients, es-
pecially in AL, the benefit—risk ratio should take into account
the possible coexisting amyloid vasculopathy or the defi-
ciency of factor X.*° However, anticoagulation with either
warfarin or the novel oral anticoagulants can usually be safely
prescribed to patients with CA.?3

Arrhythmia ablation

Catheter ablation for AF in CA was explored in several small
recent studies, suggesting that it is a feasible strategy for
appropriately selected patients, being most effective when
performed earlier during the disease process.***? Barbhaiya
et al. found higher arrhythmia recurrence rates at 1 year
compared with non-CA age-matched AF patients (83% vs.
25% at 1 year).** Among the 24 patients with ATTR-CA who
underwent ablation, 5 of 14 Stage | or Il ATTR-CA patients
(36%) experienced recurrent arrhythmia compared with 9
of 10 (90%) with Stage Il disease.** More data are therefore
needed in order to determine the efficacy of catheter abla-
tion of AF in CA patients.
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Pacemakers and cardiac defibrillators

Amyloid fibrils infiltrating the myocardium are predisposing
to conduction disturbances and bradyarrhythmias. High prev-
alence of conduction system disease in ATTR-CA was recently
described, including wide QRS, first-degree atrioventricular
(AV) block, high-degree AV block, and progressive sinus node
dysfunction, with high pacemaker implantation rate during
follow-up.** In a large series of patients with ATTRv with
neuropathy (262 patients), a prophylactic pacemaker was im-
planted in 100 patients based on the I/lla indication, namely,
(i) prolonged HV interval (>70 ms) or (ii) an abnormal HV
interval (>55 ms) associated with a fascicular block on elec-
trocardiogram (ECG) (right bundle branch block, left bundle
branch block, left anterior haemiblock, and left posterior
haemiblock), a first-degree AV block (PR interval >200 ms),
or a Wenckebach anterograde point <100 b.p.m.*® During a
mean follow-up of 45 months, a high-degree AV block was
discovered in 24 of the 95 patients (25%). Additionally, the
risk of high-degree AV block was higher in patients with
first-degree AV block or Wenckebach anterograde point
under 100 b.p.m, while low voltage on surface ECG reduced
the risk, suggesting that prophylactic pacemaker implantation
prevented symptomatic bradycardia in these patients. Al-
though it is not indicated by guidelines to perform screening
electrophysiological studies in all CA patients, these results
suggest that we should further investigate any conduction
disturbance on the surface ECG with at least repeated ECG
Holter monitoring.

However, recent work from Donnellan et al. including 78
ATTR-CA patients showed that a higher right ventricular
pacing burden is associated with deleterious remodelling
and progressive HF in patients with ATTR CA, whereas
biventricular pacing is associated with functional impro-
vement.?® Therefore, the authors suggested that biventricular
pacing should be considered in patients with ATTR-CA and an
indication for pacing.

Clear recommendations for the choice between conven-
tional pacemaker and implantable cardioverter defibrillator
(ICD) are not yet released; therefore, the individual decision
should be made based on available data and risk stratification.
This topic has been studied predominantly in Al-related
cardiomyopathy,*” and the rates of appropriate ICD therapies
are high in these patients.*® However, the mortality after im-
plantation remains high, the most common causes of death
being demonstrated to be asystole and electromechanical
dissociation.*® There is no evidence of a survival benefit with
ICD implantation for primary prevention of SCD in CA,*° so
their routine use in CA patients is not recommended.

Because of those limited and sometimes contradictory
data, European and American guidelines for SCD prevention
in CA have also been divergent in the past. While the 2015
European Society of Cardiology guidelines®**? only recom-
mend ICD use in secondary prevention in patients with

sustained ventricular arrhythmias causing haemodynamic
instability and expected to survive at least 1 year, the 2013
American guidelines also mentioned some indications for
ICD implantation in primary prevention.>®> The Stanford
University group also recommended ICD implantation for pri-
mary prevention in patients with New York Heart Association
(NYHA) class <IV, life expectancy >1 year, history of
non-postural syncope, or evidence of non-sustained ventricu-
lar tachycardia on ECG monitoring.>* However, in the updated
2017 American guidelines, these recommendations were
withdrawn and an individual decision was recommended.>*>?
The recent European Society of Cardiology consensus for CA
management briefly recommends ICD for primary prevention
of SCD,>® saying that ICD in primary prevention is usually not
recommended.

Cardiac amyloidosis and aortic stenosis

Concomitant pathology of aortic stenosis and ATTRwt CA is
common in older patients and differs from lone aortic steno-
sis, the association of these two diseases carrying a worse
clinical presentation and prognosis unless treated.>® Two re-
cent studies demonstrated that TAVI significantly improves
outcome in both lone aortic stenosis and aortic stenosis
associated with CA, while periprocedural complications and
mortality were similar to lone aortic stenosis, suggesting that
TAVI should not be denied to patients with dual disease.>®*’

Supportive therapies

Peripheral vasoconstrictors could be used for the blood pres-
sure support of patients with autonomic dysfunction and
symptomatic hypotension. One of the most effective avail-
able agents is midodrine, which acts as an a4 agonist through
its metabolites and exerts its action via activation of the a-ad-
renergic receptors of the arteriolar and venous vasculature,
producing an increase in vascular tone and elevation of blood
pressure.”® Of note, in some patients, the number of daily
pills can reach 16 pills a day. The anticholinergic
pyridostigmine can also improve neurogenic orthostatic
hypotension,®® and some centres are also using droxidopa
as a support for orthosthatic blood pressure in both neurode-
generative diseases and AL.°%%* Fludrocortisone can be help-
ful in some patients who do not show a good response to
midodrine but may cause or exacerbate fluid retention.

Heart transplantation

According to the 2016 International Society for Heart Lung
Transplantation, there are three main recommendations re-
garding heart transplantation in CA.%? Selected patients with
HF due to AL amyloidosis who are not candidates for
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disease-specific therapies due to cardiovascular compromise
may be considered for orthotopic heart transplantation
(OHT) in experienced centres with established collaborations
between cardiovascular and haematology teams. Further-
more, autologous haematopoietic cell transplantation should
be planned as soon as clinically feasible after recovery from
OHT (Class IIA, Level of Evidence B); therefore, new chemo-
therapies such as bortezomib have replaced autologous
haematopoietic cell transplantation in many countries.®?
Also, patients with TTR amyloidosis-related cardiomyopathy
(ATTR-CM) may be considered for OHT. ATTRv patients
should be considered for combined heart and liver transplan-
tation in experienced centres with established collaboration
between cardiology, hepatology, and neurology (Class IIA,
Level of Evidence B).%? Amyloid involvement of extracardiac
organs must be carefully evaluated when considering AL pa-
tients for OHT. Severe cardiac amyloid organ dysfunction
should be considered a contraindication to proceeding with
transplantation (Class IIA, Level of Evidence B).?

Specific therapies in light chain
amyloidosis

The treatment for AL is directed by the haematologist work-
ing closely with the cardiologist when there is a significant
cardiac involvement. The main role of the cardiologist during
treatment is to evaluate the initial cardiac involvement, to
stabilize the heart function (diuresis, prevention of embolic
events, management of arrhythmias, and conduction disor-
ders) during the treatment, and to assess the cardiac
response to treatment.®® CA prognosis was proven to be
correlated to cardiac biomarkers levels, which have been in-
cluded in the Mayo staging system for AL®* and the European
staging system in ATTR.%®

Traditionally, the cardiac response was evaluated by the
clinical response (changes in NYHA class) and by echocardio-
graphic evolution of wall thickness, and diastolic and systolic
function assessed by the LV ejection fraction.®® Because sig-
nificant improvement in wall thickness or in systolic function
is uncommon, there was a need to develop more subtle pa-
rameters such as global longitudinal strain (GLS), which is
an independent predictor of survival in AL-CA.®” Improve-
ments in myocardial deformation study can appear despite
the absence of a significant improvement in the classical
echocardiographic parameters.68 Cardiac magnetic resonance
could also provide strong evidence for amyloid regression re-
vealing early improvements such as reduction of myocardial
oedema, mass, and T1 with improvement in late gadolinium
enhancement, challenging the belief that CA may only stabi-
lize after successful treatment of AL.®® Misfolded light chains
may have toxic effects on cardiomyocytes, so a significant re-
duction in the serum free light chains can lead to a significant

reduction of the N-terminal prohormone of brain natriuretic
peptide (NT-proBNP) levels and of the clinical response.
Therefore, a cardiac response was defined in 2012 as a reduc-
tion in the NT-proBNP levels of more than 30% in patients
with baseline NT-proBNP value >650 pg/mL.”°

The outcome of advanced AL has shown significant im-
provements in the last decade due to both earlier diagnosis
and the development of new drugs such as proteasome inhib-
itors and immunotherapy.”* There are some reports showing
that the early mortality at 6 months improved from 40% to
24%.7% In a large study of over 1500 patients with AL, 76%
of whom had cardiac involvement, the median survival of
more than 10 years was achieved by approximate one-third
of patients.”

Novel therapies—changing the light chain
amyloidosis—cardiac amyloidosis treatment
paradigm

Limited options for AL-CA were available before the
introduction of the novel therapies as autologous stem cell
transplantation was contraindicated. The first line of
treatment in AL for several years has been represented by
the alkylating agents, such as melphalan and cyclophospha-
mide in combination with a steroid (dexamethasone) in
treatment regiments as melphalan—dexamethasone or cyclo-
phosphamide—dexamethasone.”®

The discovery of bortezomib represented a treatment
revolution in achieving rapid haematological responses in
patients with AL with a complete response (CR) in 42% of
the patients receiving bortezomib, melphalan, and dexameth-
asone compared with 19% in the group without bortezomib
in the treatment.”* The most commonly used first-line
treatment is represented by a combination of three drugs—
cyclophosphamide, the reversible proteasome inhibitor
bortezomib, and steroids such as cyclophosphamide,
bortezomib, and dexamethasone (CyBorD), with weekly
administration.®® An overall haematological response rate of
CyBorD treatment regimen in 230 patients with AL was
60%, 23% of patients achieving CR. CyBorD has demonstrated
rapid haematological response in patients with advanced
AL-CA and appears to be an effective regimen treatment, im-
proving the survival of these patients.”®

Carfizomib is a second-generation proteasome inhibitor
approved for the treatment of relapsed or refractory multiple
myeloma’® but with significant cardiac, renal, and pulmonary
toxicities and the potential to increase NT-proBNP values,”’
due to which it is considered an effective upfront treatment
option only in AL patients with neurological involvement
but without severe cardiac or renal involvement.”®

Ixazomib is the first orally available second-generation
proteasome inhibitor’® administered in a Phase 1/2 study to
27 patients with relapsed or refractory AL, being effective,
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especially in patients who were not exposed to other protea-
some inhibitor agent and common noted adverse events be-
ing represented by nausea, skin disorders, fatigue, and
diarrhoea.”® However, there is evidence for secondary cardiac
structural damage consistent with Type | chemotherapy-
induced cardiotoxicity,®® and patients should be carefully
monitored during therapy with proteasome inhibitors, and
development of any cardiopulmonary symptoms should be
carefully evaluated.

Immunomodulators

Immunomodulatory agents, including thalidomide,
lenalidomide, and pomalidomide, have shown significant ben-
efits in patients with refractory AL amyloidosis, these drugs
acting to reduce the resistance to alkylating agents.®*%3 In
these studies, treatment with immunomodulatory agents
showed an overall response rate of 50-70% with a small per-
centage of patients achieving CR. Treatment with these agents
can produce significant haematological adverse events,
hydrosaline overload, and an increase in cardiac biomarkers.”*
A prospective single-centre Phase 2 trial with 50 untreated pa-
tients not eligible for high-dose treatment who received
lenalidomide, melphalan, and dexamethasone published in
2017 revealed an overall response rate of 48% translated into
improved event-free and overall survival, but with significant
haematological and cardiac toxicity.®* Cardiac side effects in
this study were mainly worsening of cardiac function (e.g.
worsening of cardiac failure and AF) and hypotension.

Immunotherapy

Daratumumab is a human 1gG1lk monoclonal antibody that
targets CD38 surface antigen of the plasma cells and is now
an important component of multiple myeloma treatment.”*
Daratumumab effectively kills clonal plasma cells using
antibody-dependent cellular cytotoxicity, complement-
dependent cytotoxicity, and apoptosis via cross-linking.”® In
a small single-centre retrospective study including 25 patients
with relapsed or refractory AL, daratumumab showed great
and rapid overall response rates (76%) and CR rates
(36%).2° Preliminary data from the two studies evaluating
the efficacy and safety of daratumumab alone were pub-
lished, from both European and American studies providing
information about good safety profile and significant and
rapid haematolological responses in patients treated with
daratumumab.8®&”

According to the results of the Phase [l ANDROMEDA
study, adding subcutaneous daratumumab to CyBorD resulted
in deeper and more rapid haematological responses and
improved clinical outcomes, compared with CyBorD alone, in
patients with newly diagnosed AL.®® The authors also

investigated organ response rates, which almost doubled with
the addition of daratumumab. The 6 month cardiac response
rate was 42% for the daratumumab combination compared
with 22% for CyBorD alone (P = 0.0029), and the 6 month
renal response rates were 54% and 27%, respectively
(P < 0.0001),%8 with low treatment discontinuation rates
due to adverse events (4% in both arms).

Autologous haematopoietic stem cell
transplantation

Autologous haematopoietic stem cell transplantation (auto-
HSCT) in AL is associated with higher morbidity and mortality
when compared with multiple myeloma.”® In a randomized
trial comparing high-dose intravenous melphalan followed
by auto-HSCT with standard-dose melphalan plus high-dose
dexamethasone in 50 patients with AL, the authors concluded
that the outcome of treatment of AL with high-dose melpha-
lan followed by auto-HSCT was not superior to the outcome
with standard-dose melphalan plus dexamethasone, with a
high transplant-related mortality (24%).8° This article has
created debate, especially regarding the selection of patients
to perform auto-HSCT and the experience of the centres
where auto-HSCT was performed. The high mortality in the
arm receiving auto-HSCT is explained by performing the
procedure in patients who are not suitable for auto-HSCT, es-
pecially patients with significant cardiac involvement.%%*

Following these, results from analysis of 1536 patients
with AL who underwent auto-HSCT in 134 centres between
1995 and 2012 showed a significant decrease in mortality at
Day 100 after transplantation, concluding that post-
transplantation survival in AL has improved, with a dramatic
reduction in early post-transplantation mortality and excel-
lent 5 year survival.>?

Importantly, the outcome of patients undergoing
auto-HSCT for AL amyloidosis with three or more organs
involved appears to be primarily driven by the severity of
cardiac involvement rather than the number of organs
involved.®® A retrospective analysis including 75 AL patients
from the Mayo Clinic with at least three organs involved un-
dergoing auto-HSCT showed that NT-proBNP > 2000 pg/mL
was a powerful predictor of overall survival (relative risk 4,
P =0.013).

Other novel therapies for AL amyloidosis are included in
the Supporting Information.

Specific therapies in transthyretin
amyloidosis

Specific therapies for ATTR act at various levels of TTR from
synthesis to deposition: TTR tetramer stabilization, oligomer
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aggregation inhibition, genetic therapy [small-interfering
ribonucleic acid (siRNA) and antisense oligonucleotides],
amyloid fibre degradation, and antiserum amyloid P and
TTR antibodies (Figure 2).

Tranthyretin tetramer stabilization

Tafamidis

Tafamidis (2-(3,5-dichloro-phenyl)-benzoxazole-6-carboxylic
acid) is a small molecule that inhibits the dissociation of
TTR tetramers by binding selectively to the two normally
unoccupied thyroxin-binding sites of the tetramer and kinet-
ically stabilizes TTRwt and TTRv tetramers, inhibiting
amyloidogenesis.>* Tafamidis was the first disease-modifying
drug approved in Europe but not by the American Food and
Drug Administration (FDA) for treatment of Stage 1 (early
stage) ATTRv with neuropathy, lacking benefits in patients
with advanced disease (Stage 2—3 polyneuropathy).>%®

In a Phase 2, open-label, single-treatment arm study con-
ducted by Merlini et al. and published in 2013, evaluating
the pharmacodynamics, efficacy, and safety of tafamidis in
patients with non-Val30Met ATTR (mixed cardiac and neuro-
logical phenotypes), the treatment achieved TTR stabilization
in Week 6, demonstrating some worsening of neurological
function but with no relevant worsening during the
12 months of treatment in the quality of life, cardiac bio-
markers, and echocardiographic parameters.”’ Furthermore,
another Phase 2 open-label trial conducted by Maurer et al.
and published in 2015 evaluating the stabilization of TTR tet-
ramers by tafamidis 20 mg daily at Week 6, Month 6, and
Month 12, as well as safety and efficacy of the treatment,
concluded that tafamidis treatment effectively achieved and
maintained TTR stabilization and was well tolerated with ab-
sence of significant changes in most biochemical and echo-
cardiographic  parameters, suggesting that further
evaluation of tafamidis in ATTR-CA is warranted.’® Recent
real-life study showed also an association with better survival
in patients treated with tafamidis in patients with mostly
ATTRv neuropathy and/or cardiomyopathy.

More recently, in 2018, a multicentric, international, dou-
ble-blind, placebo-controlled Phase 3 trial—the ATTR-ACT
study'®® enrolled 441 patients with ATTR-CM who were ran-
domly assigned in a 2:1:2 ratio to receive 80 mg of
tafamidis, 20 mg of tafamidis, or placebo for 30 months.
In the primary analysis, when comparing the all-cause mor-
tality and rates of cardiovascular-related hospitalizations be-
tween the tafamidis group (264 patients) and the placebo
group (177 patients), tafamidis showed lower all-cause mor-
tality (29.5% vs. 42.9%) than placebo and lower rate of
cardiovascular-related hospitalizations with a risk reduction
of 32%.1%° Moreover, at 30 months, tafamidis was able to al-
leviate symptoms, being associated with a lower rate of de-
cline in distance for the 6 min walk test and a lower rate of

decline in the quality of life assessed by the score on Kansas
City Cardiomyopathy Questionnaire,’® with no differences
in adverse effect between tafamidis and placebo. Across
the different subgroups of the study, including those based
on TTR status (wt vs. v) and NYHA class (I or Il vs. lll), the
difference in all-cause mortality and frequency of hospitali-
zations favoured tafamidis over placebo, except in patients
with NYHA Class Ill at baseline; the authors speculated that
the higher hospitalization rate observed in this subgroup is
attributable to longer survival with a more severe
disease.’® After these results, tafamidis was approved by
the FDA and European Medicines Agency (EMA) for treating
patients with ATR-CM. With a proven benefit of the 80 mg
dose over 20 mg tafamidis meglumine, the current approval
includes either the larger dose (80 mg) or the equivalent
tafamidis free acid 61 mg q.d. formulation. More recently,
ATTR-ACT combined with its open-label long-term extension
trial showed that there was a significantly greater survival
benefit with tafamidis 80 mg compared with tafamidis
20 mg.%t

Furthermore, a study, which aimed to assess the clinical
characteristics of ATTR in a real-life population in comparison
with the population, included in ATTR-ACT trial and the
impact of tafamidis on major cardiovascular outcome-free
survival time without HF decompensation, heart transplanta-
tion or death was published in 2020 by the group from the
French national centre for CA.%° This study included 648 pa-
tients (423 ATTRwt and 225 ATTRv) from which 467 (72%)
matched the inclusion criteria of the ATTR-ACT trial and
showed an association between tafamidis treatment and a
lower occurrence of cardiovascular outcome in this large
real-life population.®

AG10

AG10 is a selective, oral TTR stabilizer that mimics a protec-
tive TTR mutation, Thr119Met, which has been evaluated in
a Phase 2 double-blind, placebo-controlled study (AG10
400 mg vs. AG10 800 mg vs. placebo in 49 patients for
28 days) investigating the safety, tolerability, pharmacokinet-
ics, and pharmacodynamics of this drug in ATTR-CA patients
with symptomatic HF.°? In this study, the authors concluded
that AG10 treatment was well tolerated and has the poten-
tial to be a safe and effective treatment for patients with
ATTR-CA, inducing TTR stabilization and increased serum
TTR levels.2®? Baseline serum TTR in treated subjects was
below normal in 80% of ATTRv and 33% of ATTRwt subjects
and AG10 treatment restored serum TTR to normal range in
all subjects with an average serum TTR improvement by 36%
and 51% at 400 and 800 mg, respectively (both P < 0.0001
vs. placebo).’® A Phase 3 clinical trial (NCT03860935) is
ongoing from May 2019 with an estimated enrolment
of 510 patients and the estimated study completion in
2023.13
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Diflunisal

Diflunisal is a non-steroidal anti-inflammatory drug that binds
to the thyroxine binding sites of TTR, preventing dissociation
of the TTR tetramer and amyloid fibril formation.?? However,
the use of diflunisal is controversial given the known
consequences of chronic inhibition of cyclooxygenase en-
zymes, including gastrointestinal bleeding, renal dysfunction,
fluid retention, and hypertension that may precipitate HF.*°
In 2006, a Japanese Phase 1 study revealed that diflunisal
binds the T4 binding site and should ameliorate ATTR by
stabilizing the TTR tetramer.’®® Data from a single-arm,
open-label investigation conducted in 2013 revealed that
there was no significant mean change in cardiac structure,
function, or biomarkers (serum troponins and BNP) during
the course of therapy suggesting that in low doses and with
careful monitoring, diflunisal can be safely administered to
compensated patients with ATTR-CA.'°®> The authors noted
renal dysfunction and fluid overload as major adverse events,
which lead to study exclusion. Recent retrospective,
longitudinal studies reported diflunisal treatment resulting
in measurable differences in cardiac structure and function
after only 1 year of administration (TTR concentration 19
vs. 33 mg/dL, P = 0.01; left atrial volume index +4.6 vs.
—1.4 mL/m? P = 0.002; cardiac troponin | +0.03 vs.
—0.01 ng/mL; and GLS +1.2% vs. +0.1%, P = 0.03, in patients
treated with placebo compared with diflunisal),’°® being well
tolerated in both patients with ATTRv and ATTRwt; with-
drawal due to side effects was related to gastrointestinal
complaints, but most patients had no adverse events.*®’

Oligomer aggregation inhibition

Green tea

There are some studies that revealed that the polyphenol
epigallocatehin gallate, the most abundant catechin in green
tea, may be used for prevention and treatment of diseases in-
volving amyloid fibril formation because it binds to soluble
TTR and inhibits oligomer aggregation and amyloid fibril
formation.’®® In a single-centre observational report on the
effects of green tea consumption in patients with ATTR-CM
published in 2012 by Kristen et al., observing 19 patients with
ATTR-CM and compensated HF over 12 months while con-
suming green tea and their routine medication, the authors
suggest an inhibitory effect of green tea on the progression
of CA [no increase in the LV wall thickness or LV mass
(LVM)] with no serious adverse effects.'®®

Mutated transthyretin synthesis inhibition
Liver transplantation

Most of the TTR is produced by the liver, and therefore,
othotopic liver transplantation (OLT) can represent a feasible

treatment option to stop the ATTRv production. OLT was pro-
posed for the first time in 1990 as a treatment for ATTRv with
neuropathy, and the largest experience has been with the
ATTRV30M mutation (without cardiac involvement), being
an intervention that can prevent the development of the
polyneuropathy in these patients,**® with a mean survival
at 5 years after OLT of ~75%.'* A large international report
with 125 liver transplants on patients with ATTRV30M muta-
tion and non-ATTRV30M mutations, published in 2015,
showed great long-term results, OLT extending survival, with
a survival rate at 20 years of 55.3% and was able to identify
independent predictors of better survival: high body mass in-
dex, shorter disease, and duration Val30Met mutation.**?

However, there are some reports that showed progressive
ATTR-CA and neuropathy after OLT due to TTRwt complexing
the TTRv (60% TTRv and 40% TTRwt before and 25-75% after
transplantation), which is already deposited, thus limiting the
adoption of this treatment.*****> Moreover, an increase of
the interventricular septum thickness could be observed in
patients with ATTRv with neuropathy with ATTRV3OM
mutation after liver transplantation, and the age at onset of
the disease is the main predictor for increased wall
thickness and for the development of ATTR-CM after liver
transplantation.*®

Genetic treatment

Patisiran
Small-interfering RNA is a class of double-stranded RNA
non-coding molecules, operating with the RNA interference
pathway. It interferes with the expression of specific genes
with complementary nucleotide sequences by degrading the
messenger RNA after transcription, preventing translation.**’

Patisiran is a siRNA encapsulated in lipid nanoparticles,
supressing both TTRv and TTRwt by targeting the liver that
produces over 95% of the TTR after intravenous
administration.?*® More recently, the results of a multicentre,
international, randomized, double-blind, placebo-controlled,
Phase 3 trial of patisiran in patients with ATTRv, the APOLLO
trial, changed the paradigm of ATTRv treatment.*® In this
study, enrolling 225 patients with ATTRv with neuropathy
(148 in patisiran group and 77 in the placebo group), patisiran
(0.3 mg/kg every 2 weeks for 18 months) improved multiple
clinical manifestations of ATTRv with neurological involve-
ment, with a similar incidence of the significant adverse
effects between the two groups (28% in the patisiran group
and 36% in the placebo group). These results led to the
approval of patisiran for the treatment of ATTRv with neurop-
athy by both the FDA (any stage of the disease) and EMA
(max. moderate disease—Stages 1 and 2).

The APOLLO trial included 126 patients with cardiac in-
volvement (56%, mean age 61 years, NYHA Classes | and Il).
Seven cardiac deaths occurred in the patisiran group and
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none in the placebo group, and the proportion of patients
with cardiac failure adverse events was higher in the patisiran
group (11.1%) compared with the placebo group (5.6%). In
contrast, patisiran reduced mean LV wall thickness and
LVM, increased the LV end-diastolic volume, and improved
the LV GLS, these patients displaying a significant ameliora-
tion of the cardiac output decreasing and lower values of
the NT-proBNP, these findings suggesting that patisiran may
halt or possibly reverse de progression of ATTR-CA.*?° Fur-
thermore, the authors looked at the association of patisiran
with regional LV myocardial strain in ATTR-CA on the popula-
tion from the APOLLO trial with cardiac involvement (baseline
LV wall thickness of 13 or more and no history of hyperten-
sion or aortic valve disease) finding no differences in regional
and GLS between the two subgroups at baseline but an
improvement of the absolute GLS in the patisiran group
(greatest increase in the basal region and no significant
differences in the apical regions), concluding that patisiran
prevented the deterioration of LV GLS over 18 months and
basal longitudinal strain may be a more sensitive marker of
the treatment.***

Very recently, Fontana et al. demonstrated in a very small
cohort of 16 patients with ATTRv treated with patisiran a
significant reduction in the extracellular volume assessed by
cardiac magnetic resonance, accompanied by scintigraphic,
biochemical, and functional evidence of clinical benefit,
which provided evidence for ATTR cardiac amyloid regression
in a proportion of patients receiving patisiran comparing with
16 patients who were retrospectively matched based on
cardiac magnetic resonance results and did not receive
patisiran.**?

Revusiran

Another siRNA, revusiran, was investigated in a Phase 3
multicentre clinical trial (ENDEAVOUR study), which enrolled
200 patients with ATTR-CM, assessing the symptoms (dis-
tance walked in 6 min) and TTR levels between the daily sub-
cutaneous administration of revusiran and placebo groups
after 18 months, but the treatment was stopped after a me-
dian 6.71 months because 18 patients on revusiran (12.9%)
and 2 patients on placebo (3%) died during the treatment pe-
riod with most deaths being adjudicated as cardiovascular
due to HF.' Both APOLLO and ENDEAVOUR trials
questioned about the efficacy of siRNA to improve outcome
in patients with CA. Thus, the undergoing APOLLO-B
(NCT03997383), which excluded patients with NYHA 1lI and
Stage Il of the NAC staging, will bring more insights about
the impact of siRNA on cardiac outcome.

Inotersen

Inotersen is an antisense oligonucleotide that inactivates the
synthesis of both TTRv and TTRwt, with the first positive evi-
dence in a small single-centre, investigator-initiated open-
label study, which prospectively monitored changes in cardiac

parameters in 15 patients with ATTR-CA (8 ATTRv and 7
ATTRwt) and moderate to severely advanced restrictive CM
while treated with inotersen for 12 months.?* The patients
showed stabilization of disease as measured by echocardio-
graphic parameters (LV wall thickness and LVM), the 6 min
walk test, and GLS with the treatment being well tolerated
with a good safety profile. Peak reductions of TTR serum
concentration on inotersen varied from 39% to 91%, mean
72%.1

Later, NEURO-TTR was a randomized, double-blind, pla-
cebo-controlled, 15 month Phase 3 trial of inotersen in adults
with Stage 1 or Stage 2 ATTRv with neuropathy.'*®> One hun-
dred and seventy-two patients with TTR familial amyloid
polyneuropathy (63% with cardiac involvement) were ran-
domized to receive subcutaneous injections of inotersen or
placebo in a 2:1 ratio, and after 66 weeks, inotersen-treated
patients showed a significant improvement of symptoms in-
dependent of disease stage, mutation time, or the presence
of the cardiac involvement, being well tolerated. These find-
ings led to approval from FDA and EMA for treatment with
inotersen of patients with mild to moderate (Stages 1 and
2) ATTRv with neuropathy. However, the study was under-
powered for describing cardiac effects of inotersen.*®® Pa-
tients who completed the NEURO-TTR trial were eligible to
enrol in an ongoing open-label extension (OLE) study
(NCT02175004), which evaluated the long-term efficacy and
safety of inotersen. Inotersen continued to show benefit,
and patients who switched from placebo to inotersen in the
OLE demonstrated improvement or stabilization of neurolog-
ical disease progression.'?® The most frequent serious ad-
verse events in the intoresen group reported in Neuro-TTR
trial were glomerulonephritis and thrombocytopenia, with
one death associated with one of the cases of
thrombocytopenia,**® but routine platelet and renal safety
monitoring were effective with no new safety signals
observed in the OLE study.'?®

The CARDIO-TTRansform (NCT04136171) is an undergoing
trial that will evaluate efficacy and safety of AKCEA-TTR-LR,,
an antisense drug similar to inotersen and used to inhibit pro-
duction of TTR, which plans to include 750 patients with
ATTR-CA, both variant and wild type, to bring more insight
into the cardiac effects of this drug family.

Amyloid fibre degradation

Doxycycline and tauroursodeoxycholic acid

Evidence from animal studies suggested that tetracyclines,
especially doxycycline, are capable of disrupting TTR amyloid
deposits in TTRv transgenic mice models, being a potential
drug in the treatment of amyloidosis.??” Other studies
showed that associating doxycyclin to tauroursodeoxycholic
acid (TUDCA), a biliary acid administered to TTRv mouse
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models with amyloid deposition, is more effective than either
individual drug in significantly lowering TTR depositions.**®

A small Phase 2 study evaluating the efficacy, tolerability,
safety, and pharmacokinetics of orally doxycycline and
TUDCA administered continuously for 12 months on 20
patients with ATTR-CM revealed that the combination of
doxycycline and TUDCA stabilized the disease for at least
1 year in the majority of patients with an acceptable toxicity
profile.*?® However, a small Phase 2, 18 month prospective
study on 28 patients with ATTR-CM treated by intermittent
administration of doxycycline-TUDCA noted a deterioration
of heart function expressed by NT-proBNP, but the authors
reported that the study was flawed by the extreme high
dropout rate that was caused by the treatment failure, side
effects, and voluntary dropouts.*3°

Antiserum antibodies direct against amyloid
fibrils

Antiserum anti-transthyretin amyloidosis

To our knowledge, two anti-monoclonal antibody-targeting
TTR deposits are in development: a Phase 1, open-label
study (NCT03336580) of intravenous monoclonal antibody-
targeting TTR™! and another Phase 1-2, randomized,
placebo-controlled, double-blind, dose escalation trial
combining single-ascending dose and multiple-ascending
dose phases of NI006 or placebo, followed by an open-label
extension phase in subjects with ATTR-CA (NCT04360434).
Results are expected for both trials in 2021.

Conclusions

To conclude, CA therapy benefits from the impressive
evolution of the substrate treatment during the last decade.
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