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Abstract

Transthyretin (TTR)-related amyloidosis (ATTR) is a heterogeneous disease with different organ involvement
depending on the type of TTR infiltration [mutated (vTTR) or wild-type (wtTTR)]. Genetic testing in ATTR is
required to define diagnosis and identify asymptomatic at-risk family members. Since new therapies are maximally
effective in the early stages of the disease, there is a growing agreement about the need for close monitoring of
genotype-positive, phenotype-negative individuals to assure a prompt treatment when minor disease signs are
detected. This review summarizes the complexity of genotype-phenotype correlation and revises the current
indications with respect to familiar screening and management of asymptomatic carriers.

Keywords: Cardiac amyloidosis, transthyretin amyloidosis, genetic testing, genotype-phenotype correlations,
familiar screening

INTRODUCTION
Transthyretin (TTR)-related amyloidosis (ATTR) is caused by extracellular deposition of the misfolded
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TTR protein in different tissues, particularly in the heart and the autonomic and peripheral nerve fibers.
TTR infiltration in the myocardium causes infiltrative cardiomyopathy characterized by progressive
diastolic and systolic dysfunction, leading to heart failure". The dissociation of the TTR tetramer into
monomers, followed by misfolding and assembling in amyloid fibrils, may be promoted by a single point
mutation in the TTR gene (hereditary, ATTRv) or by aging (wild type, ATTRwt)". The supposed
mechanisms of the latter form are still largely unknown; some aging-related processes are probably involved
in protein destabilization, considering that all protein-misfolding diseases have age-related penetrance.
ATTRv is an autosomal-dominant disease associated with more than 100 different pathogenic mutations in
the TTR gene®. The diverse mutations are associated with extremely heterogeneous clinical manifestations
ranging from a predominant cardiac involvement to an exclusively neurological one, with a variety of mixed
phenotypes'™”. There are no demonstrated correlations among gene localization of the different TTR
mutations, protein dysfunction, and clinical phenotype. Amyloid fibrils may contain two different types of
fibrils: Type A, composed of amixture of C-terminal fragments and full-length TTR, and Type B, formed
only by full-length TTR. Type A fibrils are more frequent, while Type B fibrils, up to date, are an exception
and have been found in a limited number of TTR mutations, such as Phe64Leu and ValaoMet'**.

While ATTRYv is still considered a rare condition, ATTRwt cardiac amyloidosis is now increasingly
recognized and represents one of the most important causes of heart failure with preserved ejection fraction
(HFpEF); in fact, TTR deposits can be seen in up to 30% of older adults with HFpEF who undergo
autopsy'®.

The recent meaningful increase of identified cases over the past five years is the result of the growing
awareness of the disease, together with the availability of non-invasive diagnostic tests such as bone
scintigraphy”. Moreover, the advent of new drugs, which seem to be able to slow down the amyloidogenic
process, has revolutionized the clinical approach to this disease, especially because the effectiveness of the
new therapies is maximum in the early stages'.

Clinical spectrum of ATTRv

In contrast to ATTRwt, in which the infiltration is limited to the heart and soft tissues, ATTRv has a wider
clinical spectrum, depending on the type of TTR mutation and the degree of organ involvement. Mainly, it
affects the peripheral and autonomic nervous systems and/or the heart. On the basis of the extent of these
two organs impairment, three phenotypes of ATTRv can be distinguished: neurological, cardiac, and mixed
form®. In an Italian cohort, the vast majority of the affected patients had neurological involvement, while
about two-thirds had cardiac involvement; a significant minority (15%) had an exclusive cardiac
phenotype”.

Neurological involvement consists largely in peripheral sensory-motor polyneuropathy, which firstly affects
lower extremity small sensory fibers with early impairment of pain and temperature sensation. Autonomic
neuropathy may dominate the phenotypic expression or be an early sign of the disease!".

Cardiac involvement results in restrictive cardiomyopathy characterized by left and right ventricular
hypertrophy and advanced diastolic dysfunction with preserved ejection fraction. Indeed, fibrils infiltration
in the myocardium leads to increased wall thickness (pseudo-hypertrophy). Although heart failure usually
dictates the clinical course of cardiac amyloidosis, amyloid infiltration causes a wide extent of myocardial
derangement, which may result in several other clinical manifestations, including tachy- and
bradyarrhythmias®>'?.
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Figure 1. Factors influencing phenotypic expression in ATTRv.

GENOTYPE-PHENOTYPE CORRELATION

Phenotypic expression is mostly influenced by the causative TTR gene mutation. However, even in the
presence of the same mutation, clinical manifestations may differ among individuals due to other
determinants, e.g., age, gender, fibril composition, geographical location, environmental factors, and
modulator genes™" [Figure 1].

Taking into account the type of TTR gene mutation, ATTR can be divided into four main groups: ValzoMet
early onset (neurological), Val3oMet late onset (neurological/mixed), non-Val3oMet mixed phenotype, and
non-Val3oMet cardiac phenotype. Five main mutations are associated with an exclusive or predominant
cardiac phenotype: Val122Ile, ThreoAla, ValaoMet (late-onset), lle68Leu, and Leu111Met".

Most TTR mutations are linked to a specific geographical location, and each mutation presents a distinct
phenotype, as described in [Table 1]"**\. In a unique manner, the Italian scenario is characterized by high
genotypic heterogeneity: 26 different mutations can be identified, and the most frequent are ValaoMet,
followed by GlusoGln, IlessLeu, and Phes4Leu'.

Val3oMet is probably the most common TTR mutation worldwide, particularly in Portugal, where it has an
estimated prevalence of 0.09%, reaching 73.3% of detected mutations in the THAOS registry"?.It has
variable disease manifestations and penetrance depending on geographic location™*"”. The prominent
features of Portuguese and Japanese endemic Val3aoMet ATTR are sensorimotor polyneuropathy and
autonomic neuropathy, with early onset (third to fourth decade of life); cardiomyopathy is rare, while
conduction disturbances are relatively frequent"*'*. The clinical profile of Swedish endemic ValzoMet
ATTR is characterized by a slower disease progression with higher age of onset of disease (fifth to sixth
decade of life) and lower penetrance”**. Non-endemic ValaoMet ATTR has a lower age-related penetrance

[15-18]

with more frequent cardiomyopathy and milder autonomic dysfunction than endemic ones"*'".
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Table 1. Clinical features of the most commonTTR mutations
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Val30Met

Val30Met

Val122lle lle68Leu Glu89Gin Phe64Leu Thr60Ala Leu111Met lle107Val
early onset late onset
Allele 0.19% 1.5%-4% 3%-4% in Unknown Unknown Unknown 1% Unknown Unknown
frequency black .
Americans
Inheritance AD AD AD AD AD AD AD AD AD
Penetrance High Low Low, higher  Low, higher in High Medium Low High Unknown
in males males
Age of onset 30-40 years 50-60 years 70 years 70 years 50-60 years 65-70 years 50-60 years 30-40 years 65 years
Geographic  Portugal, Portugal, USA, West  Central-northern  South ltaly, Bulgaria South Italy North-west Denmark France
location Japan Japan,Sweden Africa Italy Ireland, UK
Gender M=F M>F M>>F M>>F M =F M>F M>>F M=F M>>F
Phenotype Mainly neurologic Mixed, more Mainly Mainly cardiac Mixed, usually Mixed, with earlier Predominantly Exclusive Mainly peripheric neurologic
involvement with common motor cardiac involvement, neuropathy as periphericthan cardiac and cardiac involvement, upper limb
autonomic neuropathy neuropathy and involvement frequent CTS and, presenting autonomic autonomic involvement weakness and gait disorders
and gastrointestinal cardiac if present, mild symptom neurologic involvement, <1/4
manifestations, frequent involvement then in neurologic involvement patients with
conduction disturbances early onset involvement peripheral
neuropathy
Progression Progressive peripheral Walking disability, HF, slow HF, AF Early heart Severe peripheral  HF, AF, need of HF Rapid onset of gait
of the sensorimotor and HF disease development, need dysfunction, neuropathy, death PMK, progression of disturbances,tetraparesis,
di autonomic progression  of PMK for cardiomyopathy as  for wasting neuropathy. Poor short median survival.
isease polyneuropathy, need of advanced AV block major cause of syndrome prognosis
PMK mortality
followed by

Peculiarities

Progression of
neuropathy successfully
halted by OLT

Severe and fast-
progressing disease

Prognosis, clinical,
ECG and echo
features similar to
ATTRwt

dysautonomia and
cachexia

Low sensitivity of
bone scintigraphy
to detect CA

Disease progression
not modified by OLT

High penetrance
and early onset
in contrast to
other cardiac
mutations

Most debilitating and
severe neuropathy ever
described

AD: Autosomal dominant; AF: atrial fibrillation; ATTRwt: wild-type transthyretin amyloidosis;CA: cardiac amyloidosis; CTS: carpal tunnel syndrome; F: females; HF: heart failure; M: males; OLT: orthotopic liver
transplantation; PMK: pacemaker; TTR: transthyretin.

About 4% of African Americans are carriers of the Vali22Ile TTR mutation. The predominant phenotypic feature of this mutation is severe restrictive
cardiomyopathy with late onset (generally in the sixth or seventh decade of life) without neurologic involvement"”.
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In some Italian regions, mainly Emilia-Romagna and Tuscany, the IlessLeu TTR mutation is endemic,
being responsible for the majority of cases with predominant cardiac involvement in this area, and it shares
with Vali221Ile advanced age at presentation, high prevalence of carpal tunnel syndrome (about 40% of
patients affected), and a homogeneous echocardiographic profile with symmetric hypertrophy and a normal
or near-normal left ventricle ejection fraction"**”, resembling ATTRwt. Therefore, it is essential to perform
genetic testing in all patients presenting with a phenotype consistent with ATTR cardiac amyloidosis, as
outlined below.

Fibril composition can deeply influence the clinical presentation; indeed, in ValsoMet ATTR, full-length
TTR (Type B fibrils) is associated with earlier-onset disease with minor cardiac involvement, while
fragmented TTR (Type A fibrils) is associated with later-onset disease with preeminent cardiac
involvement™. Among Val3oMet patients', it was noted that fibril composition was quite consistent
between families suggesting that genetic, epigenetic, and environmental factors, all still unknown, may have
a role in amyloid fibril composition. The fibril composition-clinical presentation correlation is still under
evaluation; what has been described thus far is that patients with Type A fibrils after liver transplantation
present heart failure worsening in contrast to patients with Type B fibrils®" and that the majority of patients
with Type A and no patient with Type B fibrils have myocardial uptake at bone scintigraphy””. The
importance of amyloid fibril composition needs to be further largely evaluated to determine if it has
prognostic and diagnostic implications.

Sex seems to have a protective role in ATTRv; data from the THAOS registry show that women who carry a
pathogenic mutation, compared to men, less commonly have cardiac involvement (28% vs. 72%) with less
severe manifestation”. Furthermore, the male prevalence was notably lower overall in asymptomatic
carriers, suggesting a lower genetic penetrance in women compared with men"”. In the Val1221Ile mutation,
there is also a sex-related genotype-phenotype expression correlation. Indeed, female Vali221le patients
present predominantly with polyneuropathy phenotype, while males have predominantly cardiovascular or
mixed phenotype"?, and, among Val1221le patients with cardiac involvement, females are significantly older
at diagnosis compared to males (76 years vs. 69 years) even if they have similar cardiac chamber function
and rate of mortality, suggesting a slower progression of disease in women®". All these differences are likely
related to the interaction of epigenetic mechanisms and sex-related protective hormones, given that those
women with higher degrees of myocardial involvement are more likely to be post-menopausal™’.

In addition, it has been reported that the age of onset in male offspring is earlier when the disease is
inherited from the mother, leading to a higher penetrance"*”. This anticipation of disease onset may be
caused by parental imprinting phenomenon, or it has been hypothesized to be a consequence of the
interaction of the mitochondrial genome with the expression of the TTR gene®™.

Genetic variants located in the non-coding regions of the TTR gene can modulate the clinical phenotype
influencing gene expression. lorio et al.”” demonstrated that specific expression patterns are related to
particular phenotypic presentations, thus suggesting a key role of the differential TTR gene expression
profiles across different tissues in determining the phenotype. In the same way, variants in the regulatory
regions of the TTR gene may account for the large variability of the age of onset, as described for ValaoMet
patients"**,

When to perform the genetic test?
Genetic testing typically should be reserved for patients with a confirmed or suspected diagnosis of
inherited disease and for asymptomatic at-risk family members*’. Molecular confirmation of a diagnosis
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may help to avoid unnecessary testing and procedures, guide recommendations for medical treatment and
screening, and offer accurate genetic counseling (including risk assessment) for the family. Similarly, in the
evaluation of ATTR, genetic testing may be considered to confirm a suspected diagnosis of ATTRv and
determine carrier status for a known familial mutation. Identification of patients whose amyloidosis is of
genetic origin is of utmost importance, as it affects treatment decisions.

The diagnosis of cardiac ATTR is a challenge in daily clinical practice. According to Gillmore’s algorithm!”,
in the presence of clinical suspicion of cardiac amyloidosis, it is mandatory to rule out a monoclonal
gammopathy by means of three tests: serum-free light chains (sFLC), serum, and urine immunofixation
electrophoresis. Moreover, a scintigraphy with bone avid tracers *“technetium pyrophosphate (*"Tc-PYP),
*"technetium 3,3-diphosphono-1,2-propanodicarboxylic acid (99mTc-DPD), and **"technetium
hydroxymethylene diphosphonate (99mTc-HMDP) should be performed; if the results are positive, this
allows making a cardiac-ATTR diagnosis without the need of an endomyocardial biopsy'****!. In particular,
cardiac ATTR can be diagnosed when all of the following criteria are met: heart failure with an
echocardiogram or cardiac magnetic resonance (CMR) that is suggestive of amyloidosis; grade 2 or 3
cardiac uptake on a radionuclide scan with **Tc-PYP,”*Tc-DPD, or *Tc-HMDP; and absence of a
detectable monoclonal protein despite sFLC, serum, and urine immunofixation electrophoresis assay'*”.
Histological confirmation is needed in all cases of suspected cardiac amyloidosis in which these criteria are
not met'®”. The first cause of false positive scans is AL amyloidosis which should obligatorily be excluded.
On the contrary, false negative scans may occur in the presence of some ATTRv mutations such as
Phes4Leu that is characterized by low or absent myocardial bone tracer uptake; therefore, in such cases, in
the presence of high clinical suspicion, a multimodal approach with CMR, cardiac biopsy, and/or genetic
testing should be sought™*.

Once the diagnosis of cardiac amyloidosis has been made, genetic testing has to be performed in all patients,
regardless of the presence of family history, in order to distinguish ATTRwt amyloidosis from the mutated
form ”**). The genetic test has a fundamental role even if the proband is old, given that certain specific
mutations are characterized by a late clinical onset™**,

Genetic testing of TTR mutations should also be offered to patients with neurological symptoms suggestive
of ATTR: unexplained dysautonomia, progressive sensory length-dependent polyneuropathy, or rapidly
progressive sensory-motor axonal neuropathy in the absence of other possible causes (such as diabetes,
alcohol abuse, monoclonal gammopathy, vitamin B12 deficiency, or hypothyroidism)™”.

When a diagnosis of hereditary amyloidosis has been established and the mutation identified, genetic study
of relatives can determine who needs to be monitored and who does not. In particular, genetic screening
should be offered to the proband’s siblings, who are at higher risk for developing a clinical disease in the
immediate future. Usually, the timing between the diagnosis of the index patient and the offer of genetic
testing to its relatives should be flexible and should consider the specific mutation penetrance, as well as the
age of onset and the severity of the disease both in the proband and in the other affected relatives'***.
Genetic studies in those under 18 years of age are not recommended, given that the result would not affect
the clinical approach, while it could have possible negative psychological consequences for the minors and
those around them!***. Participation in genetic screening must be an autonomous personal choice, and
long-term clinical monitoring can be offered to those who refuse to undergo genetic testing.

Doing the genetic test in asymptomatic relatives presents the potential psychological consequence of
knowing to be at risk for developing a degenerative disease. Therefore, it should always be considered that
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genetic testing may be associated with the difficulty of accepting the results and their impact on professional
life, family, and relationships"™’. Mutation carriers need to be aware of this, especially when the penetrance
of the familial TTR mutation is low, as in ValaoMet late-onset or non-Val3oMet cardiac phenotype'*'.

A recent study™ highlighted the psychological consequences of the disease on both patients and at-risk
relatives, since they may often feel depressed (60%) or worry about the future (75%-80%), as well as guilty of
a possibility to pass the disease to offspring (40%-60%). Pre-symptomatic genetic testing can lead to anxiety,
depression, avoidance of the disease, and psychological distress, even in the case of a negative result
(“survivor guilt”), especially in women'. Therefore, psychological support has to be offered to the index
patient and relatives, both to mutation carriers and those who did not undergo genetic testing or received a

46,53]

negative result“>.

Besides the strong psychological impact, being an asymptomatic gene carrier does not have consequences
on daily life since there are no specific restrictions or particular recommendations regarding leisure and
competitive sports or work activity. They should conduct themselves as other healthy people, except for
regular neurological and cardiological examinations, as outlined below.

MANAGEMENT OF GENOTYPE-POSITIVE, PHENOTYPE-NEGATIVE INDIVIDUALS

Since the new therapies are maximally effective in the early stages of the disease, there is a growing
agreement about the need for close monitoring of genotype-positive, phenotype-negative individuals to
assure a prompt treatment when minor disease signs are detected*******.. Recently, to determine when
this monitoring should start, it has been proposed to estimate the predicted age of disease onset (PADO),
which depends on the typical age of onset for the specific TTR gene mutation, the age of onset in other
members of the proband’s family, and the sex of the parent who carries the mutated gene™. Expert
consensus has recommended starting monitoring pre-symptomatic individuals 10 years before PADO"**,
Annual monitoring is the standard, but the frequency of screening visits can increase getting closer to the
PADO, especially for genotypes associated with more rapid disease progression. Abnormal findings or
symptoms could lead to a shorter follow-up to define their clinical significance®*. Educating pre-
symptomatic carriers to recognize early disease-related symptoms is of paramount importance.

Screening visits consist of neurological and cardiological evaluations. The tests carried out during the
follow-up should be targeted at the expected phenotype for the specific mutation™. As regards the
cardiological evaluation, 12-lead electrocardiogram (ECG), complete echocardiographic examination, and
cardiac biomarkers measurement (troponin and natriuretic peptides) should be performed every year”. In
addition, 24 hECG monitoring may be useful to be completed every two years”. CMR imaging and
scintigraphy with bone tracers should be carried out every three years or if any of the above complementary
tests is abnormal”.

Bone scintigraphy is useful in the early identification of cardiac ATTR, even before wall thickness increases
or electrocardiographic voltages reduction is observed™””. Biopsies, derived from non-specific sites or
clinically affected organs, are not routinely recommended due to their low sensitivity in the early stages so
that a negative result does not permit ruling out the disease.

The neurological evaluation consists of searching for autonomic dysfunction and peripheral neuropathy™”.
Autonomic dysfunction may be investigated, looking for symptoms such as orthostatic hypotension,
gastrointestinal disturbance, genitourinary signs, and erectile dysfunction, with the compound autonomic
dysfunction test. Peripheral neuropathy should be searched with clinical scales such as neuropathy
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Figure 2. Simplified algorithm of management of ATTRv genotype positive-phenotype negative individuals. PADO: Predicted age of
disease onset.

impairment score, nerve conduction studies to explore large fibers” function, and different tools to evaluate

54,58]

small nerve fibers such as skin biopsy"”**.

Figure 2 shows a simplified algorithm of management of ATTRv genotype positive, phenotype negative
individuals.

Treatment initiation in gene carriers should start when the earliest detectable disease sign or symptom is
found"*). There is still no consensus that recommends initiation of disease-modifying therapy before
detectable amyloid deposits or clinical signs/symptoms.

Asymptomatic gene carriers should be referred from peripheral centers to hub centers for amyloidosis in
the absence of possibilities to perform diagnostic tests (i.e., lack of nuclear medicine department), if there is
a doubt on clinical manifestations, to confirm or exclude them, or if hub centers are involved in clinical
trials suitable for asymptomatic gene carriers.

CONCLUSIONS

ATTR is an increasingly recognized condition, but it is still commonly misdiagnosed. The diagnostic
difficulties are at least partially caused by the wide phenotypic spectrum, even in the presence of the same
mutation, and frequently cause a delay in diagnosis, which has an impact on survival. In the next few years,
the growing awareness of the disease, together with the wider availability of non-invasive techniques and
genetic testing, will lead to a greater knowledge of genotype-phenotype correlation, thus allowing a better
understanding of disease incidence and penetrance and, hopefully, an earlier diagnosis and treatment.

The management of patients with a TTR mutation without an overt phenotype is challenging and crucial
since new and effective disease-modifiers drugs, which may improve ATTRv natural history by reducing
mortality, are available. The close monitoring of asymptomatic mutation carriers is necessary to promptly
start specific therapy and maximize the benefits in terms of survival and quality of life.
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