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Abstract: Accumulation of aberrant proteins in the heart causes cardiac amyloidosis, an uncommon and complicated illness. It can be
classified into two main types: light chain (AL) and transthyretin (ATTR). The diagnosis of cardiac amyloidosis is challenging due to
its non-specific clinical presentation and lack of definitive diagnostic tests. Diagnostic accuracy has increased with the advent of
modern imaging methods, including cardiac magnetic resonance imaging (MRI) and positron emission tomography (PET) scans.
Depending on the severity of cardiac amyloidosis, a number of treatments may be attempted and specified according to the subtype of
amyloidosis and the presence of complications. However, there are still significant challenges in treating this condition due to its
complexity and lack of effective treatments. The prognosis for patients with cardiac amyloidosis is poor. Despite recent advances in
diagnosis and treatment, there is still a need for more effective treatments to improve outcomes for patients with this condition.
Therefore, we aim to review the current and future therapeutics reported in the literature and among ongoing clinical trials recruiting
patients with CA.
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Introduction
Proteins that have not appropriately folded self-aggregate into amyloid fibrils and then deposit in tissues, causing
amyloidosis.'? As amyloid fibrils accumulate in the myocardial interstitium, a rare but severe condition known as
cardiac amyloidosis (CA) develops.' Long diagnostic lags in individuals with CA have been linked to shorter survival
after diagnosis, particularly in those with more advanced illnesses.” Deterioration in quality of life (QoL), more
hospitalizations, and mortality are associated with progressive loss of heart structure and efficiency owing to amyloid
fibril deposition.'**> Heart dysfunction is another direct result of the circulating amyloid precursor in light chain (AL)
amyloidosis. While the exact causes of CA and heart failure have yet to be determined, it is thought that CA is
underreported in the literature.”® AL and transthyretin (ATTR) amyloidosis are the commonest types of CA.'® AL CA is
attributed to clonal B-cell proliferation or plasma cell dyscrasia, both leading to the misfolded immunoglobulin light
chains that make up the fibrils.' ™ Misfolded TTR forms fibrils in ATTR amyloidosis, which may be caused by TTR gene
mutations (ATTRv) or wild-type protein dissociation (ATTRwt).'® The disease is indistinguishable from other cardio-
myopathies and characterized by vague symptoms that may make it challenging to identify CA, which can delay the
commencement of therapy and worsen the prognosis.”'°

Diagnostic and therapeutic modalities for the different types of CA are continuously updated. In this study, we will
shed more light on the diagnosis and identification of CA based on recent updates. We will also review the current and
future therapeutics reported in the literature and among ongoing clinical trials recruiting patients with CA.
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Methods

The present study is a literature review aiming to discuss the status and future directions of CA therapeutics and prognosis. To
obtain relevant original, human, and pre-clinical English articles published until January 2023, we conducted a thorough search
strategy with relevant keywords, including “Cardiac amyloidosis”, management, treatment, diagnosis, “red flags”, gastrointest-
inal, polyneuropathy, cardiac, “hypertrophic cardiomyopathy”, electrocardiograph, ECG, “light-chain amyloidosis”, transthyr-
etin, “AL CA”, “ATTR CA”, ATTRv, “cardiac magnetic resonance imaging”, cMRI, “Tc™”-hydroxymethylene diphosphonate
scintigraphy”, “Tc™-3,3-diphosphono-1,2-propano- dicarboxylic acid”, “Tc™*’-pyrophosphate”, “urine or serum protein elec-
trophoresis with immunofixation”, serum-free light chain, FLC, stabilizers, tafamidis, diflunisal, acoramidis, silencers, siRNA,
patisiran, Inotersen, vutrisiran, revusiran, “RISPR-Cas9”, “gene editing”, degraders, hyaluronidase, “ursodeoxycholic acid”,
doxycycline, GSK2315698, chemotherapy, immunotherapy, daratumumab, “tauroursodeoxycholic acid”, “stem cell”,
“Autologous stem cells”, ASCT, prothema, NIO06, prognosis, melphalan, “Anti-fibril”, “AT-03”, birtamimab, 6MWT,
“CAEL-101”, “Epigallocatechin-3-gallate”, doxycycline, immunomodulatory). Searching different databases, like PubMed,
Web of Science, and Embase. Clinicaltrials.gov was also considered to identify published and ongoing relevant trials.

Case Diagnosis and Identification
The first step towards appropriate management of any CA is adequate definition and detection of cases. The diagnosis is
initiated by detecting characteristic extracardiac manifestations or red flags inconsistent with cardiac imaging findings.
These red flags may include carpal tunnel syndrome, skin bruises, macroglossia, proteinuria, polyneuropathy, dysauto-
nomia, corneal lattice dystrophy, vitreous deposits, lumbar spinal stenosis, ruptured biceps tendon, deafness, cutis laxa,
skin discoloration, and gastrointestinal problems. Gastrointestinal problems are frequent extracardiac manifestations
among ATTRv, together with unexplained weight loss, and autonomic dysfunction.'' Furthermore, studies have indicated
the importance of neurological evaluation for ATTRv patients due to the relatively high prevalence of polyneuropathy
among them. For instance, Russo et al demonstrated that 59/113 of their ATTRv population had polyneuropathy and
carpal tunnel syndrome was detected in 14 of them.'? Besides, cardiac manifestations might also be found in the affected
patients, including heart failure, AV conduction disease and pseudo infarct pattern on ECG, and apical sparing pattern
with diminished longitudinal strain, pericardial effusion, increased valve thickness, increased right ventricular wall
thickness and myocardial granular sparkling on echocardiography. Moreover, other red flags can be seen in cardiac
magnetic resonance imaging, including abnormal gadolinium kinetics, increased extracellular volume, Elevated T1
values, and subendocardial gadolinium enhancement. Cardiac amyloidosis can also be evoked by early conduction
system disease, disproportionally low QRS voltage, and persistent troponin elevation.®

Since the diagnosis of CA is mainly made by detecting amyloid fibers within the cardiac tissue, evidence shows the
validity of various invasive and non-invasive approaches that can precisely diagnose CA. Using these approaches is
based on many factors. For instance, non-invasive ones can diagnose ATTR CA, while invasive ones can be used for all
CA subtypes. Invasive approaches are considered the cornerstone in establishing a diagnosis of CA. Reports indicate that
regardless of the left ventricular wall thickness, the diagnosis of CA is made by detecting amyloid deposits by
endomyocardial biopsy following Congo red staining. Amyloid fibril protein should then be classified by mass spectro-
metry, which is mainly in this context. However, evidence shows that clinical settings usually use immune-electron
microscopy and immunohistochemistry."® Other diagnostic tools might also include cardiac magnetic resonance imaging
(MRI) and electrocardiography in the presence of extracardiac amyloid deposits. Boldrini et al'* suggested that
a diagnosis of ATTR or AL CA should be established with extracardiac amyloid deposits, an electrocardiogram score
of > 8 points, and a left ventricular wall thickness is > 12 mm. However, such a score is not adequately validated.

Moreover, it has been demonstrated that ATTR can be diagnosed by non-invasive tests for the detection of Grade 2 or 3
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myocardial uptake of radiotracer by Tc™ " -hydroxymethylene diphosphonate (HMDP) scintigraph, Tc

m99

-3,3-diphosphono-
1,2-propano- dicarboxylic acid (DPD, or Tc™”-pyrophosphate (PYP)."> Moreover, urine and serum protein electrophoresis with
immunofixation (UPIE and SPIE) and serum-free light chain (FLC) assay might exclude clonal dyscrasia (with an estimated 99%
sensitivity rate for the combination of both modalities for the detection of AL amyloidosis) by detecting monoclonal immu-

noglobulins (M protein).'® It should be noted that the sensitivity of these modalities might be variable based on the health status of
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patients. For instance, the sensitivity of FLC might be variable in patients with chronic kidney disease based on the glomerular
filtration rate in patients with chronic kidney disease.'” A 100% specificity rate of bone scintigraphy (Grade 2/3) for detecting
cardiac ATTR has been estimated when there is abnormal serum FLC ratio with absent monoclonal proteins.'> Myocardium
uptake should also be considered when interpreting the positivity of this test.'® It should be considered that cases with ATTRwt
CA might have co-existing monoclonal gammopathy of undetermined significance. Therefore, it is essential to demonstrate the
specific M protein at the Congo red-positive spot and the kind of immunoglobulin light chain that binds to it. Immunostaining
may confirm the presence of ALk or ALA (+), ATTR (-), and AA (-) in biopsy tissue samples, or amyloid precursor protein can be
detected by liquid chromatography-tandem mass spectrometry (LC-MS/MS) and laser microdissection (LMD). If ATTR is
confirmed, it is advisable to conduct genetic counseling, even among elderly patients, to detect ATTR mutations and discriminate
ATTRv and ATTRwt."”

Before conducting these tests, CA should be suspected based on the above-mentioned manifestations. Moreover,
a diagnosis of the condition should be suspected in systemic conditions, like a chronic systemic inflammatory condition,
peripheral neuropathy, nephrotic syndrome, and plasma cell dyscrasia, together with a manifest cardiac disease, especially in
imaging-directed cases.® A significant characteristic of CA is the increased left ventricular wall thickness with no dilatation,
particularly in elderly individuals with common cardiac conditions like severe aortic stenosis (especially in individuals having
transcatheter aortic valve replacement), heart failure and hypertrophic cardiomyopathy with a non-impacted ejection fraction.
In these events (ie, when CA is suspected), attending physicians should seek a definite diagnosis to apply the most appropriate
treatment plan.”>>* The diagnosis should be based on a combination of the invasive and non-invasive approaches stated
above, as previously described in the literature. Moreover, the diagnostic workup should include a comprehensive approach to
detect all the manifestations and associated complications of the affected patients. The diagnostic scheme of CA is
summarized in Figure 1A.
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Figure | A summary of the current management approaches of cardiac amyloidosis. (A) The diagnostic scheme for identifying cardiac amyloidosis and its subtype. (B)
Therapeutics for light-chain (Anti-PCD) and transthyretin (tetramers, silencers, stabilizers) amyloidosis. (C) Mechanism of action of TTR silencer patisiran (siRNA).
Abbreviations: Anti-PCD, anti-plasma cell dyscrasia; AL, light-chain; ATTR, transthyretin.
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Treatment

The treatment strategy for CA significantly differs based on the type (AL or ATTR) and current disease status (ie, recent
or refractory). Historically, CA has been treated by managing the underlying symptoms and related complications. It
should be noted that some disease-modifying agents have been reported for their efficacy in managing these symptoms,
which should be considered by the healthcare professionals to prescribe the most appropriate treatment modalities rather
than managing the symptoms only.'? For instance, the management of neurological complications (polyneuropathy) has
been widely investigated by stabilizers for ATTRv CA, indicating the importance of multi-disciplinary care to improve
the outcomes of these patients.'>** Besides, the administration of oral anticoagulants has been advised for managing CA
individuals with sinus rhythm to diminish the risk of thromboembolic events.?* Recent disease-modifying agents have
been validated as effective therapeutic modalities for the different types of CA (Figures 1B and 2).

Treatment of ATTR CA

Different mechanisms have been reported for these modalities that target amyloid production in ATTR CA, including
degradation of deposited ATTR fibrils aiming at improving morbidity and mortality by restoring cardiac functions and
reversing the disease process, inhibiting TTR oligomer aggregation, anti-TTR antibodies, preventing TTR tetramer dissocia-
tion by TTR stabilization, and preventing TTR production by hepatocyte that is mediated by gene silencing.”> The current
evidence can be obtained from randomized and non-randomized studies. The characteristics of observational studies are
presented in Table 1, while randomized trials are discussed in detail in the following text. It should be noted that the treatment
of ATTR CA largely depends on the disease phenotype and associated complications (Figure 2). Accordingly, a careful
diagnostic work-up is needed to establish the best treatment strategy for the affected patients.

Stabilizers

Some treatment modalities are currently reported as potentially effective stabilizers of TTR. Some of these are validated,
like tafamidis, which was approved in 2019 by the FDA for treating the different types of ATTR CA following the
positive outcomes of the ATTR ACT trial, which treated 335 and 106 ATTRwt CA and ATTRv CA patients, respectively,
with oral tafamidis in two arms of 20 and 80 mg compared to each other and a placebo group.>® In both treatment arms,
the authors showed cardiovascular hospitalizations (HR: 0.68, 95% CI: 0.56—0.81) and all-cause mortality (42.9% and
29.5%; HR: 0.7, 95% CI: 0.51-0.96) were significantly reduced at 30 months. Early administration of tafamidis is
recommended for ATTR CA patients because the trial showed that patients with NYHA class III symptoms developed an
increased risk of cardiovascular hospitalizations. However, tafamidis is considered a safe and effective agent that should
be considered for these patients, mainly due to its proven safety profile.®’

On the other hand, other drugs were investigated in vitro,>® with a few human studies reported in the literature, like the
nonsteroidal anti-inflammatory drug (NSAID) diflunisal, which has been validated in vitro and single-arm cohort studies of
ATTRv CA patients.?*>°*! Accordingly, randomized trials are needed for validation of the potential effectiveness of this
modality and its impact on morbidity and mortality of affected patients, although most of the current studies indicate the
stabilization of echocardiographic parameters and cardiac biomarkers. Overall, the disease is considered safe. However,
patients should be warned about potentially having NSAID-related adverse events, like heart failure exacerbation, bleeding,
and gastrointestinal discomfort. Moreover, it is contraindicated in cases of renal dysfunction and significant
thrombocytopenia.”® Another drug that is being studied in NYHA I-III ATTR CA cases by the ATTRIBUTE-CM trial
(Phase III randomized controlled) NCT03860935) is acoramidis (or AG-10), which has been investigated for its ability to
mimic a protective TTR mutation due to its ability to bind to TTR, even more significantly than tafamidis.*?

Cost-Effectiveness

Cost-effectiveness is a vital parameter always considered by patients and healthcare authorities and can, therefore, impact
compliance to a specific regimen over the other. Not much data can be found in the literature in this regard. In 2020, Kazi et al*®
made a cohort Markov modeling study to compare the cost-effectiveness of tafamidis versus no tafamidis, with cost-estimation
correlated to all-payer data and effectiveness attributed from the findings of the ATTR-ACT trial. The authors observed that

tafamidis medication for ATTR CA cases would further boost quality-adjusted expected lifespan by a mean of 1.29 QALY
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Table | Observational Studies Reporting Outcomes of Different Interventions for Patients with Non-Complicated ATTR CA

one year

improvements

Reference Intervention (Therapy) Design Size (N) Population Diagnosis Outcomes Adverse Events
Aus dem Four capsules of 1200 mg green | Retrospective 25 ATTRwt-CA Biopsy No significant Death, no compliance,
Siepen et al, tea extract improvements transplantation (nine
2015 patients)
Benson et al, ASO; IONIS-TTRg Open-label 22 ATTRv and ATTRwt CA Biopsy Disease stabilization No significant changes in
20177 + chronic heart failure + (Significant reduction in LV | creatinine and platelets
Left ventricular (LV) wall mass, BNP, and 6MWT and
thickness 2 1.3 cm improved NYHA class)
Castano Diflunisal 250 mg twice daily for Open-label 13 ATTR CA Biopsy Disease stabilization No change in ejection
et al, 2012%® one year (with proton pump fraction, LV mass,
inhibitor for | year or creatinine levels, BNP,
a histamine receptor antagonist) and troponin
Dasgupta Inotersen Open-label 33 ATTRv and ATTRwt CA NR Disease stabilization NR
et al, 2020% + heart failure + LV wall (Significant reduction in LV
thickness 2 .3 cm + mass and thickness, BNP,
NYHA class |-l and 6MWT)
Ikram et al, Diflunisal Retrospective 23 ATTR CA Cardiovascular imaging technique, Safety No bleeding and no
2018%° endomyocardial biopsy with tissue typing, increase in creatinine,
pyrophosphate nuclear scintigraphy with GIT side effects in 13%
confirmatory genetic testing (discontinued treatment)
Kristen et al, 1.5-2 L Green tea per day for Retrospective 19 ATTR CA Biopsy Reduced progression of Death, no compliance,
2012° one year amyloidosis (LV mass transplantation (five
reduced in 12.5%) patients)
Minamisawa Patisiran Post-hoc 126 ATTRv-related NR Disease stabilization NR
et al, 2019*? analysis of polyneuropathy + LV wall (Improved global
APOLLO thickness 2 13 cm longitudinal strain at |8
months)
Obici et al, Doxycycline 100 twice daily + Open-label 20 ATTRv and ATTRwt CA NR Safety No remarkable adverse
2012% TUDCA 250 thrice daily for Phase II outcomes were noted
one year
Solomon Patisiran Post-hoc 126 ATTRv-related NR Reduced all-cause NR
et al, 2019** analysis of polyneuropathy + LV wall mortality, hospitalizations,
APOLLO thickness 2 13 cm NT-proBNP, and LV wall
thickness
Wixner Doxycycline 200 once daily + Prospective 28 ATTRv and ATTRwt CA NR Disease stabilization with 30% of patients
et al, 2017%° UDCA 750 once daily for no significant discontinued treatment
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Figure 2 A scheme for the current therapeutics for the different subtypes of transthyretin and light-chain cardiac amyloidosis.
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(quality-adjusted life year) in a modeling investigation optimized to the findings of the ATTR-ACT trial, but the ICER of $880
000 per QALY gained would be significantly greater than traditional pricing threshold values. To be cost-effective at a commonly
accepted standard of $100,000 per gained QALY, the annual cost of tafamidis would need to be reduced by 92.6%, from
$225,000 to $16,563.

Silencers

Inotersen and patisiran are two FDA-approved gene silencer therapeutics that can be effectively used for ATTRv CA-
associated polyneuropathy based on the findings of different randomized controlled trials. Inotersen is an antisense
oligonucleotide administered subcutaneously every week and acts by inhibiting liver-produced transthyretin mRNA. The
NEURO-TTR trial investigated the efficacy of Inotersen among 172 patients with TTRv-CA-related polyneuropathy.**
Results from this trial showed that cardiac improvement was observed in 61% of these patients. Furthermore, these
patients had significant improvements in the quality of life with a decreased progression in polyneuropathy, but no
favorable outcomes were observed in the echocardiographic parameters. However, the study showed that patients treated
with Inotersen developed more adverse events, like glomerulonephritis and thrombocytopenia, than patients in the
placebo group (32% versus 22%). Another single-center investigation of 33 patients with ATTR-CV without polyneuro-
pathy showed that Inotersen was associated with a significant improvement in exercise tolerance and reduction in left
ventricular mass at 2—-3 months of follow-up.>® Other studies are also ongoing to investigate the efficacy and safety of
this modality among ATTR-CV patients (NCT03702829).

Patisiran, a small interfering RNA (siRNA) that can be employed for TTR mRNA identification and degradation
(Figure 1C), is administered every three weeks and works by mediating the degradation of the transthyretin mRNA and
binding to an RNA-induced silencing complex to prevent TTR formation. A previous investigation demonstrated the
significant favorable impact of patisiran on neuropathy stabilization, leading to remarkable enhancements in body weight
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and composition, which subsequently reduced the fat and increased the muscle masses, reducing atrophy among ATTRv
patients. The authors demonstrated that the favorable impact of patisiran was furtherly attributed to enhancing the
gastrointestinal manifestations that are frequently observed with ATTRv.*> Another case series of nine patients with
ATTRv CA indicated the remarkable improvement of their cardiovascular and neurological manifestations, with no
notable adverse events.”® The efficacy of this drug was investigated among 225 patients with ATTRv-CA-induced

polyneuropathy in the APOLLO randomized controlled trial.*®

Results from this trial showed that cardiac improvement
was observed in 56% of these patients. It should be noted that the safety of patisiran in this trial was comparable to
placebo. However, this might be attributed to pre-medicating patisiran patients with H1 and H2 blockers, acetaminophen,
and dexamethasone. Moreover, it has been shown that patisiran significantly reduced the progression of polyneuropathy
at 18 months from starting the treatment, with a remarkable improvement in NT-proBNP levels, global longitudinal
strain, end-diastolic volume, and left ventricular wall thickness.>* Results from a sub-study also showed that the drug
significantly reduced mortality and hospitalizations and improved functional capacity compared to the placebo group at
18 months of follow-up.** The superiority of either patisiran or Inotersen over the other remains controversial. A post hoc
analysis of the results of the above-mentioned trials shows that patisiran was significantly associated with a lower risk of
adverse outcomes and more favorable symptoms of neuropathy.

Vutrisiran is an RNAI therapy that inhibits the production of both variant and wild-type TTR, hence lowering blood
TTR levels.*’ By coupling to a triantennary N-acetylgalactosamine (GalNAc) ligand that binds the asialoglycoprotein
47749 the vutrisiran small interfering RNA (siRNA) is targeted to the
liver, the principal location of TTR production. With its high metabolic stability and higher efficacy made possible by its

receptor expressed on the surface of hepatocytes,

enhanced stabilization chemistry design, the vutrisiran siRNA-GalNAc combination may be injected subcutaneously only
once every three months. Vutrisiran was well tolerated and produced significant and long-lasting TTR decrease in
a Phase 1 research in healthy volunteers.*’ Vutrisiran is now a valid option for treating adult patients with ATTRv
amyloidosis polyneuropathy. In a Phase 3, open-label, randomized study (HELIOS-A), vutrisiran administration was
remarkably correlated with enhanced disability, nutritional status, gait speed, QoL, and neuropathy impairment among
ATTRv individuals with polyneuropathy. It has been concluded that the therapeutic is favorable for these patients with
a favorable safety profile.”®

It is worth mentioning that another silencer therapeutic (revusiran) was investigated and is no longer under
consideration because of unfavorable adverse outcomes and mortality.”’ Eplontersen is an additional silencer therapeutic
currently being investigated for ATTR CA (NCT04153149). Another promising therapeutic is the RISPR-Cas9 system

for gene editing, which was validated in some cohort studies and needs further validation by randomized trials.’*>?

Degraders

Another category of therapeutic options for ATTR CA is called degraders, which work by degradation of the deposited
amyloid fibers and promotion of clearance and breakdown. Evidence from preclinical studies indicates the degradation
efficacy of ursodeoxycholic acid (UDCA), doxycycline, and tauroursodeoxycholic acid (TUDCA).>* However, evidence
from human studies is not sufficient, and current data can only be obtained from single-arm noncomparative investiga-
tions. Moreover, the results of these studies do not support the clinical application of these combinations because of their
high attrition and modest efficacy. This has been attributed to doxycycline-related dermatologic and esophageal intol-
erance, estimated in around 10% of the cases.*>**> A clinical trial investigating the efficacy of these combinations is
currently active (NCT03481972). Some authors suggested that these degraders can still be considered for clinical use in
ATTR CA because of their cost-effectiveness compared to other therapeutics.>®>® Such suggestions still need further
strengthening by results from randomized controlled trials.

Immunotherapeutics and Others

Immunotherapeutics, like prothema (PRX004), are also currently being investigated as potential therapeutics for ATTR.
Evidence from preclinical studies shows that it works by inhibiting the formation of and enhancing the clearance of new
and existing amyloid fibrils through immune-mediated mechanisms and phagocytosis. Data from clinical human studies
are scarce. Due to COVID-19, a Phase I multicenter randomized trial was terminated. However, the data of seven NYHA
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I-IIT ATTRv cases could be analyzed. It has been demonstrated that following 9 months of treatment, a poor enhance-
ment in global longitudinal strain (—1.21%) was noted, with a significant improvement in neuropathic pain and
acceptable safety profile (NCT03336580). Preclinical data also show the high affinity of another anti-TTR immunother-
apeutic agent (NI006) to ATTRwt and ATTRv in vivo and ex vivo.’” The efficacy and safety of NI006 has been recently
reported in a phase I trial which showed that cardiac amyloid uptake was remarkably reduced without developing any
serious adverse events.”® Moreover, the drug was associated with a significant reduction in Troponin T and N-terminal
pro—B-type natriuretic peptide levels, indicating its efficacy and safety for ATTR CA. As TTR tetramers disintegrate into
monomers, a cryptic epitope is revealed where NN6019-0001 binds. Stopping the production of new amyloid fibrils
occurs by NN6019- 0001 binding to neutralize the different TTR prefibrillar species.’”>” According to data presented at
the XVIII International Conference, NN6019-0001 has been well tolerated across all dosages in phase 1 studies and
improved neurologic manifestations and global longitudinal strain. To evaluate the effectiveness and safety of NN6019-
0001 at doses of 10 and 60 mg/kg, a Phase 2 trial is presently enrolling cases (NCT05442047).

It is also known that GSK2315698, and serum amyloid P (SAP) component antibody, was also associated with favorable
fibril clearance outcomes in a clinical trial.°* However, the clinical application of this modality was not approved due to
unfavorable adverse events in a Phase II trial of ATTR CA patients (NCT03044353). Another category was investigated for
treating ATTR CA work by inhibiting oligomer disruption and regulation. For instance, data from in vivo and in vitro studies
show that TTR amyloid formation can be significantly inhibited by epigallocatechin-3-gallate (EGCG).%'** However, again,
data from clinical comparative studies are scarce, and further studies are needed. Some published studies of patients with
ATTRv and ATTRwt CA show that cardiac MRI indicates a slight reduction in the left ventricular mass.**®* Another study
indicated a remarkable decrease in the interventricular septal thickness in 12 out of 14 patients.>' This indicates the urgent need
for well-designed studies with larger sample sizes to make a conclusion about the ability to clinically use EGCG for ATTR CA
patients, although it might be prescribed because of its favorable safety.

Treatment of AL CA

Treating AL CA is mainly directed at eradicating the underlying plasma cell clone responsible for the excess production
of light chains associated with the prognosis and severity of the disease. Accordingly, treatment categories, including
autologous stem cell transplantation (ASCT) and chemotherapy, have been investigated for treating AL CA because of
their proven capability in treating multiple myeloma, another disease characterized by plasma cell dyscrasia. It should be
noted that providing such treatment should be multidisciplinary between cardiologists and hematologist oncologists to

intervene against adverse events and enhance clinical efficacy.®*°

Autologous Stem Cell Transplantation (ASCT)

Early treatment is indicated for AL CA patients following adequate risk stratification. Evidence shows that excellent
long-term disease remission can be obtained by administering autologous stem cells (ASCs) with high-dose melphalan.
However, early administration of ASCs is usually indicated for low-risk patients, including reduced levels of biomarkers
below standard thresholds, with no remarkable organ dysfunction (NYHA class < III), good functional status, and
patient’s age < 70 years old. Accordingly, only around one-fifth of patients with AL CA receive early ASCT.®*¢’
Induction therapy might also be needed in cases of expected delays in initiating ASCT or high plasma cell infiltration of
bone marrow (> 10%).%%® Such induction is usually done with bortezomib (most used regimens include bortezomib-
melphalan-dexamethasone and cyclophosphamide-bortezomib- dexamethasone (CyBorD)), a proteasome inhibitor,
together with an alkylating agent and dexamethasone.®®® In this context, estimates indicate that such induction can
significantly enhance survival, with an 84% overall 5-year survival rate and hematologic response.’”’" Furthermore,
using bortezomib can be done following ASCT to boost the response.®

Chemotherapy

Chemotherapy is usually prescribed as the highest dose a patient can safely administer, aiming at increasing survival
probability and enhancing cardiac functions. Chemotherapy is usually indicated for patients who cannot tolerate ASCT,
particularly those with cardiac stage I-III. A previous study demonstrated that enhanced survival rates were associated
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with the early administration of chemotherapy at one month in patients with advanced disease stages (Mayo cardiac stage
I11b).”* The efficacy of these regimens is usually determined by the organ-specific (serum-free light chain suppression)
and hematologic (improvements in renal and cardiac biomarkers) responses. Evidence also favors assessing such clinical
benefits based on combined organ and hematologic responses, which might have a more enhanced prognostic value than
isolated either of these parameters.® It is worth mentioning that, irrespective of noted cardiac parameters, rapid
improvement in left ventricular function and thickness is unlikely. Further studies based on measurements of extracellular
volume T1 mapping with cardiac MRI and global longitudinal strain give more evidence about the clinical efficacy of

73,74

these therapeutics. Historically, high-dose chemotherapy with melphalan was the standard choice for treating

intermitted AL CA and is usually administered with dexamethasone whenever ASCT is not tolerated.”” However, the
addition of bortezomib was standardized due to its proven efficacy and favorable outcomes in a phase III clinical trial.”®
Nevertheless, bortezomib is not used in cases with peripheral neuropathy, pulmonary fibrosis, and in cases of genetic
translocation 11; 14 (reported among around 60% of AL patients).”” Accordingly, an alternative medication, venetoclax

(an oral selective B-cell lymphoma 2 inhibitor), is currently being investigated in cases with t(11; 14).9%7%

Immunotherapy

Daratumumab, an anti-CD38 human IgG-k monoclonal antibody, was historically applied for treating refractory/relapsed AL
CA and can be used as an up-front medication for the disease used as a subcutaneous injection. The FDA approved it with
hyaluronidase-fihj (an endoglycosidase) following the results of the phase Il ANDROMEDA trial,”’ which showed that
combined administration of daratumumab with CyBorD for patients with new-onset AL was significantly associated with
improved survival rates from hematologic progression or remarkable organ deterioration (HR: 0.58; 95% CI: 0.36-0.93), and
more significantly rapid hematologic response than CyBorD alone (53% versus 18%).%° It should be noted that the group
treated with daratumumab had a remarkable increase in the rates of severe infections and lymphopenia. However, after
adjustment of the analysis and different confounders, the authors demonstrated that the adverse events were not different
between the two groups. It was also suggested that daratumumab might be safer and more efficient for cases with higher-grade
cardiac involvement. An ongoing phase II trial also investigates the safety and efficacy of daratumumab for AL stage IIb
cases, which do not usually tolerate chemotherapy, requiring an alternative therapeutic regimen (NCT04131309).

New Therapeutics

Anti-fibril agents are currently under investigation for their potential to light chain amyloid fibers deposits from the
affected organs to enhance their functions.**®* Some monoclonal antibodies (mAbs) currently being investigated for
their therapeutic potential include AT-03, CAEL-101, and birtamimab. The completely humanized mAb birtamimab was
created to detect serum amyloid A protein-related cryptic epitopes. It activates macrophage-mediated fibril breakage and
clearance by cross-reacting with amyloid fibrils associated light chains.®* All dosages of birtamimab up to 24 mg/kg were
safe and well tolerated in a trial.*> When tested in previously treated AL CA individuals, birtamimab did not increase NT-
proBNP levels, heart functions, SMWT in phase 2b PRONTO study (NCT02632786).5¢ Additionally, the phase 3 VITAL
study of new AL CA cases was discontinued early due to futility analysis results showing that the intervention did not
decrease all-cause deaths.®” Nonetheless, encouraging findings were found in a post hoc analysis of stage IV
patients.®>*7*8 To validate these findings, researchers are enrolling participants in a randomized, placebo-controlled,
phase 3 study (AFFIRM-AL; NCT04973137).

Regarding AT-03, which targets serum amyloid P protein through human hybrid mAb since its proven efficacy of
binding to all different forms of amyloid proteins,®* is currently under investigation by an open-label, single-arm,
biodistribution study for cases with systemic amyloidosis (NCT05201911). The chimeric monoclonal antibody CAEL-
101 was designed to detect an immunoglobulin light chains-relevant cryptic epitope and has been shown to bind to
amyloid fibrils and free misfolded chains that have been accumulated in end-organs.®® ' Biomarkers of cardiomyopathy
and nephropathy were reduced by CAEL-101 in phase 1 studies.”>*> CAEL-101 was well tolerated in an ongoing phase 2
study, whether solely (following anti-PCD treatment) or combined with anti-PCD medication was discontinued. Cases
with advanced stages IIIA and IIIB heart disease are now being recruited for two phase III randomized trials
(NCT04504825, NCT04512235, and NCT04516236).
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Doxycycline

Doxycycline, an antibiotic, has been found to reduce the toxicity of AL amyloid in C elegans and to prevent the
development of AL amyloid fibrils in transgenic mice.”*> Preliminary results from longitudinal studies were encoura-
ging for their potential to enhance hematologic response and overall survival.”**” While a recent comparative analysis of
140 subjects randomised to CyBorD with doxycycline showed no benefit for hematological or cardiovascular survival
progression, the impact of doxycycline is less clear.”® A randomized controlled study examining adding doxycycline to
bortezomib-based treatment is underway (NCT03474458), and we look forward to learning its findings.

Epigallocatechin-3-Gallate (EGCG)

Green tea might be a therapeutic option since its most abundant catechin, epigallocatechin-3-gallate (EGCG), is a powerful
antioxidant that blocks the development of insoluble amyloid fibrils and stabilizes existing ones, making them less
hazardous.””'® Three phase II studies have looked at using EGCG to treat AL-CA. TAME-AL (NCT02015312) and
EpiCardiAL27 (NCT01511263) are two studies that have finished recruiting but have not yet reported their findings. A single-
center Japanese trial with 57 patients reported no significant benefits from using EGCG, as well as no noticeable adverse
effects.'®" It is a common practice to include EGCG in AL-CA treatment plans as an additional therapy due to its low toxicity.

Therapeutics for Relapsing AL CA
Research on the monoclonal antibody NEODOO1 in the immunotherapy of refractory AL CA has been conducted. Yet,
primary and secondary end goals were not met in a phase III study (the VITAL) for managing AL CA and a phase IIb study
(PRONTO) for managing refractory AL.*® One further monoclonal antibody therapeutic, CAEL-101, was associated with
favorable safety outcomes in a phase II research and was proven to attack amyloid deposits,'** and is currently tested in
other phases III studies in patients with Mayo Stage I11a24 and 111b24,25 illness (NCT04504825 and NCT04512235).
Moreover, several encouraging retrospective and phase 2 studies suggest that daratumumab should be used to treat
patients who have relapsed or are resistant to initial treatment.'®*'** The alternative is immunomodulatory drugs and
low-dose steroid treatment (dexamethasone or cyclophosphamide). Although data from retrospective and phase 2 clinical
studies suggest that lenalidomide, pomalidomide, and thalidomide are effective, they have not been compared to
alternative treatment protocols.'®® Treatment with lenalidomide and thalidomide has been linked to thrombotic problems
that call for thromboprophylaxis. Heart response evaluation is complicated because immunomodulatory therapeutics have
been linked to an asynchronous increase in NT- proBNP values regardless of the enhancements in free light chains.'®®
While the TOURMALINE-AL1 phase 3 study did not find a remarkable difference in overall hematological response, the
proteasome inhibitor ixazomib plus dexamethasone did show a higher complete response rate (26% versus 18%) and
longer progression-free survival than physicians’ choice (47% lenalidomide plus dexamethasone).'®” In addition to
investigating immunotherapeutics-based rescue regimens, a phase II trial looked at an additional therapeutic plan
including a combination of dexamethasone and bendamustine (an alkylating therapy) showing a high rate of hematolo-
gical response (57%).'%%1%°

Prognosis

Overall, studies show that the diagnosis of AL amyloidosis within 6 months of symptoms start was associated with
a considerably higher risk of mortality, but survival for cases with a later diagnosis was more enhanced, with >52% living
for the whole 5 years. Early detection gives both QoL and functional advantages for CA individuals, but non-diagnostic
or delayed diagnosis leads to high morbidity and mortality. ATTR cases have been demonstrated to have a life
expectancy of over 5 and 7 years, respectively, when using a disease simulation model to determine the effects of
early diagnosis and appropriate treatment.

During the follow-up period, clinicians should always consider the different phenotypes of amyloidosis, considering
both extracardiac and cardiac manifestations. These settings should include imaging studies (like cardiac MRI and other
evaluative tests), neurophysiological studies (like nerve conduction studies and cardiovascular autonomic testing), and
frequent clinical examinations. Various prognostic modalities have been proposed and validated in the literature for CA
(Table 2). However, current evidence shows that recent biomarker-based scores are preferred to investigate the prognosis
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Table 2 Current Prognostic Staging Scores for ATTR and AL CA

ATTR

AL

NAC

Mayo*

Columbia

BU

Mayo

Staging/scoring

NT-proBNP > 3000 pg/mL

NT-proBNP > 3000 pg/mL and

NYHA class |-V (I to 4 points),

BNP > 81 pg/mL and Troponin | > 0.1 ng/

NT-proBNP = 1800 pg/

parameters and eGFR < 45 mL/min/ Troponin T > 0.05 ng/mL Daily dose of furosemide or mL mL, Troponin T = 0.025
1.73 m? equivalent: > | mg/kg (3 points), ng/mL, FLC-diff = 18 mg/
>0.5—1 mg/kg (2 points), > 0— dL
0.5 mg/kg (I point), and 0 mg/kg
(0 points), or NAC or Mayo
score (0-2 points)
Stage Median Stage 4-year survival/ Score Median survival Stage Median Stage 5-year
survival median survival survival survival
Stage Il 24.1 Stage Il 57% | 66 months | Score | 19.8 months (NAC), 0.3 | Stage lllb (BNP > 700 pg/mL | 12 months Stage IV 14%
(2 parameters) | months | (2 parameters) 7-9 months (Mayo) with 2 parameters) (3 parameters)
Stage Il 46.7 Stage Il 42% | 40 months | Score | 36 months (NAC), 38.5 Stage Ill (2 parameters) 51.6 Stage Il 28%
(I parameter) months | (| parameter) 4-6 months (Mayo) months (2 parameters)
Stage | 69.2 Stage | 18% / 20 months | Score 90.5 months Stage Il (I parameter) 112.8 Stage Il 60%
(0 parameters) | months | (O parameters) 1-3 months (I parameter)
- - - - - - Stage | (0 parameters) Not Stage | 68%
reached (0 parameters)
Reference [110] [ren [112] [75] [113]

Note: *For ATTRwt and not ATTRv.
Abbreviations: BU, Boston University School of Medicine; NYHA, New York Heart Association; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NAC, UK National Amyloidosis Center; FLC-diff, difference between involved
and uninvolved free light chain; eGFR, estimated glomerular filtration rate; ATTR, transthyretin amyloidosis; AL, light-chain amyloidosis.
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of AL and ATTR CA. Nevertheless, evidence shows that these tools have not been adapted to anticipate the prognostic
impact of the different changes during the follow-up period. The exact prognostic rates of CA are not adequately reported
in the literature due to the inadequacy of sound longitudinal studies, indicating the need for future investigations,
particularly since new updates and management guidelines are continuously added. Adequate follow-up should be
offered to these patients. Although there are no current schemes regarding the most optimal follow-up period for these
patients, it has been demonstrated that 24-hour Holter ECG, yearly echocardiogram, and evaluation of complete blood
tests (troponin and NT-proBNP) and electrocardiogram should be conducted every six months.

It should be noted that the recommended follow-up scheme varies between ATTR CA and AL CA. Clinical and laboratory
hematological and cardiological evaluation, serum-free light chain quantification, NT-proBNP, troponin, basic biochemistry,
and complete blood count are advisable every month. After completing the initial hematological management, patients are
advised to be evaluated by a hematologist together with conducting the above-mentioned tests every 3—4 months. Moreover,
echocardiography/CMR should be conducted every 6 months and 24-hour Holter ECG, and a cardiologist should evaluate
patients. On the other hand, blood parameters (including troponin and NT-proBNP), ECG, and neurological assessment (in
cases with ATTRv) are recommended every 6 months. Moreover, KCCQ and 6MWD are optional during this period.
Every year, patients are advised to undergo 24-hour Holter ECG, echocardiography/CMR, and ophthalmological evaluation
(in cases with ATTRv). This annual scheme should be done either for diagnosed or asymptomatic genetic carriers. Finally,
CMR and scintigraphy should be considered every 3 years in cases of abnormal tests.

It is also important to consider screening for CA in relatives by genetic testing, which should be carried out together
with genetic counseling. Current evidence furtherly shows that genetic testing for minors is not recommended since
hereditary CA is an adult-onset disease. However, early adulthood genetic counseling might be done in cases of
reproductive plans and when counseling can be suggestive of disease risk. The evaluation of penetrance in allele carriers
should be initiated as early as CA-suggestive symptoms develop or around ten years before the estimated onset of the
condition in family individuals or other corresponding patients and families.

Future Directions

As the field of CA treatment is continuously evolving, and new therapeutics are being investigated, unsolved questions
and new challenges arise for future investigations. These challenges can be found in different areas related to CA,
including pathophysiology, diagnosis, natural history, disease-modifying drugs, and treatment of complications. Current
and future studies are planning to identify the safety and efficacy of novel anti-plasma cell therapeutics and other
treatments for AL CA and new gene silencers and stabilizers for ATTR CA. The impact of early treatment initiation on
ATTR CA without heart failure and ATTRv mutation carriers without phenotype is yet to be investigated, as well. Other
areas might also include identifying the criteria upon which patients can switch from one regimen to another, adequately
comparing the efficacy, safety, and cost-effectiveness of different disease-modifying modalities, the impact of combined
therapy, genetic editing therapeutics, and the potential applications of antibodies in inducing amyloid deposits removal
from tissues.

Conclusion

CA is a very unusual and complicated disease that manifests in the heart and other organs. It develops through an
abnormal buildup of proteins in the heart, and it may have devastating effects. Few treatment options exist for CA, which
also vary widely depending on the specific form of amyloidosis. Chemotherapy and ASCT are standard treatments for
AL amyloidosis, whereas drugs to alleviate symptoms and halt the disease’s development are used in cases of ATTR
amyloidosis. The degree of symptoms and the kind of amyloidosis determine the prognosis for CA. The appropriate
management of the disease should be done in a multi-disciplinary approach to enhance the prognosis. Clinicians should
consider all the extracardiac and cardiac manifestations when evaluating the affected patient to enhance the prognosis.
Moreover, a thorough neurological evaluation should be considered during the initial diagnostic setting and the
prognostic follow-up procedures. The median survival period for subjects with AL amyloidosis is fewer than two
years. Complications from both forms of CA, such as heart failure and arrhythmias, may drastically shorten patients’
expected lifespans.
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Several issues remain unresolved in CA care, despite recent breakthroughs in therapy. For instance, CA has no known
cure, and therapeutic options are typically inadequate. It is crucial to note that early diagnosis and vigorous treatment are
vital in improving outcomes for people with this ailment while research continues into novel therapies and diagnostic
methods for this condition. However, the lack of particular diagnostic testing makes diagnosis challenging. There are also
numerous unanswered questions concerning the best way to treat this disorder and decelerate its growth. There is
optimism that people with cardiac amyloidosis may have better results in the future because of increased access to more
effective therapies thanks to ongoing research into potential cures and better diagnostic tools.
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