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ABSTRACT

Cardiac amyloidosis is increasingly recognized as a treatable form of heart failure. Highly effective specific therapies
have recently become available for the 2 most frequent forms of cardiac amyloidosis: immunoglobulin light chain
amyloidosis and transthyretin (ATTR) amyloidosis. Nevertheless, initiation of specific therapies requires recognition of
cardiac amyloidosis and appropriate characterization of the amyloid type. Although noninvasive diagnosis is
possible for ATTR cardiac amyloidosis, histological demonstration and typing of amyloid deposits is still required for
a substantial number of patients with ATTR and in all patients with light chain amyloidosis and other rarer forms of
cardiac amyloidosis. Amyloid histological typing can be performed using different techniques: mass spectrometry,
immunohistochemistry, and immunoelectron microscopy. This review describes which patients require histological
confirmation of cardiac amyloidosis along with when and how to type amyloid deposits in histologic specimens.
Furthermore, it covers the characteristics and limitations of the different typing methods that are available in
clinical practice. (J Am Coll Cardiol 2024;83:1085-1099) © 2024 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

ardiac amyloidosis (CA) is a progressive,

often fatal disease, increasingly recognized

as a cause of heart failure and in other com-
mon clinical scenarios like severe aortic stenosis and
unexplained left ventricular hypertrophy.'®

According to the International Society of
Amyloidosis, to date, more than 40 proteins are
known to form amyloid but just 10 of them produce
significant cardiac deposition, resulting in CA'
(Table 1). Although light chain amyloidosis (AL) and
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ABBREVIATIONS
AND ACRONYMS

AL = light chain amyloidosis

ATTR = transthyretin
amyloidosis

CA = cardiac amyloidosis
CR = Congo red

EMB = endomyocardial biopsy

FFPE = formalin-fixed paraffin-

embedded

IEM = immunoelectron
microscopy

IHC = immunohistochemistry

LC-MS/MS = liquid
chromatography coupled to
tandem mass spectrometry

transthyretin  amyloidosis (ATTR) are
responsible for most cases of CA in clinical
practice, the correct identification of amyloid
type is essential given the significant differ-
ences in prognosis and treatment among the
different types of CA.*” Moreover, appro-
priate amyloid typing is also important to
adequately recognize hereditary CA forms to
provide genetic counseling and facilitate
identification of additional affected or at risk
family members.®'°

Accurate typing of CA has gained rele-
vance as highly effective specific therapies
have become available for AL and ATTR." 4
Nonetheless, initiation of specific therapies
requires identification of patients who are

affected by CA, followed by appropriate character-
ization of the underlying amyloid type. Accurate
typing allows initiation of the correct specific thera-
pies, avoiding incorrect initiation of chemotherapy in
the presence of a plasma cell dyscrasia unrelated to
underlying CA" or applying expensive ATTR modi-
fying therapies when they are not indicated.'®

The cornerstone of amyloid histological confirma-
tion is the typing of the amyloid deposits once amy-
loid fibrils have been identified. Currently, amyloid
typing can be achieved by different techniques.
Traditionally, typing was performed using antibody-
based methods such as immunohistochemistry (IHC)
or immunofluorescence, but recently, other more
sophisticated techniques like immunoelectron mi-
croscopy (IEM) and mass spectrometry have emerged
as validated and more specific.?'7:'

In this review, we describe in detail when and how
to type amyloid deposits and outline the character-
istics and limitations of the different typing tech-
niques to provide guidance on how to correctly
interpret and integrate the histopathology results for
correct diagnosis and typing of CA.

WHICH PATIENTS REQUIRE AMYLOID
HISTOLOGICAL CONFIRMATION?

Although age at presentation, presence of genetic
variants, existence of a plasma cell dyscrasia, or
typical red flags such as periorbital purpura or
ruptured biceps tendon (Popeye’s sign) can point to-
ward a specific type, amyloid type must be always
confirmed and not assumed.

Although noninvasive ATTR-CA typing is accepted
in patients who exhibit a grade 2 or 3 tracer uptake
(cardiac uptake similar or greater than bones) with
bisphosphonate scintigraphy in combination with
negative monoclonal protein screening (negative
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HIGHLIGHTS

e A substantial proportion of patients with
CA require tissue sampling for diagnosis,
and histological typing can inform the
prognosis and help guide treatment.

Histological typing can be achieved by
antibody-based or mass spectrometry
methods, each of which has advantages
and limitations.

e Protocols to improve the performance
and expand the availability of tissue
typing could improve the evaluation and
management of patients with suspected
amyloid heart disease.

immunofixation electrophoresis of both serum and
urine and normal circulating free light chain mea-
surement), histological demonstration of amyloid
deposits and amyloid typing is still required for all
patients with AL-CA and those affected by rarer forms
of CA such as fibrinogen amyloidosis, lysozyme
amyloidosis, apolipoprotein A-IV amyloidosis, apoli-
poprotein A-I amyloidosis, or gelsolin amyloidosis.>”
Moreover, approximately 20% of patients with grade
2 to 3 cardiac uptake on scintigraphy exhibit abnor-
malities of monoclonal protein tests, necessitating
cardiac histological typing to differentiate between
ATTR-CA with monoclonal gammopathy of unknown
significance, AL-CA with positive scintigraphy up-
take, or the coexistence of both AL and ATTR CA.'%->°
Last, in patients who show grade 1 tracer uptake on
scintigraphy (cardiac uptake less than that of bones)
irrespective of monoclonal screening results or those
without tracer uptake and monoclonal protein ab-
normalities but high suspicion of CA, noninvasive
diagnosis is not possible and histological confirma-
tion of amyloid deposits is required.”” Figure 1 sum-
marizes clinical scenarios in which histological
confirmation is required for CA diagnosis.

HISTOLOGICAL CONFIRMATION OF CA

CA is confirmed when amyloid deposits are identified
in an endomyocardial biopsy (EMB). Diagnosis of CA
can also be confirmed if amyloid deposits are found in
an extracardiac biopsy and typical diagnostic features
of cardiac involvement either by cardiac magnetic
resonance or echocardiography are present.”’
Although the type of CA is frequently assumed to
correspond to the type of amyloid identified in
extracardiac biopsies, in our clinical experience, this
should not be done in older patients who exhibit
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TABLE 1 Types of Cardiac Amyloidosis
Amyloidosis
Type Protein Precursor Cardiac Involvement
AL Immunoglobulin light 70%
chain

ATTRwt Transthyretin 100%

ATTRv Transthyretin 30%-100%, depending on
genotype

AA Serum amyloid A 5%

AFib Fibrinogen-o. Infrequent

AApoAI Apolipoprotein A-| Infrequent, depending on
genotype

AApoAll Apolipoprotein A-Il Infrequent, depending on
genotype

AApoAIV Apolipoprotein A-1V Unknown

Ap2M B2-microglobulin Rare

AGel Gelsolin Rare. 5% as conduction
disorders

Alys Lysozyme Rare

AA = serum amyloid A amyloidosis; AApoAl = apolipoprotein A-I amyloidosis;

AApoAIl = apolipoprotein A-Il amyloidosis; AApoAIV = apolipoprotein A-1V

amyloidosis; AB2M = B2-microglobulin amyloidosis; AFib = fibrinogen amyloid-

osis; AGel = gelsolin amyloidosis; AL = immunoglobulin light chain amyloidosis;

AlLys = lysozyme amyloidosis; ATTRv = hereditary transthyretin amyloidosis;

ATTRwt = wild type transthyretin amyloidosis.

cardiac uptake in scintigraphy and who have AL de-
posits identified in an extracardiac biopsy. These
patients should undergo EMB to confirm the nature of
the CA deposits, as a combination of ATTR-CA with
extracardiac AL amyloidosis can be found in a num-
ber of those individuals given the increased preva-
lence of ATTR-CA with age.”"?*

EMB AND SAMPLE PREPARATION. Considering the
progressive infiltrative nature of amyloidosis and
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given the possible focal distribution of deposits,
especially at early stages of the disease, it is crucial to
obtain a sufficient number of EMB biopsy fragments
to avoid false-negative results. It is recommended to
obtain at least 3 cardiac samples to undergo multiple
sections, but there is no evidence whether right or left
ventricle biopsy provides better results and it may
depend on each center’s experience.

In contrast to general pathology, in which 3- to
5-um sections are usually employed, although there is
no consensus, we recommend to use 10-um sections
for Congo red (CR) and thinner sections of 4 um for
hematoxylin and eosin staining because deposits
could be missed or false-positive results could be
obtained with thinner sections.

SUSPICION AND HISTOLOGICAL CONFIRMATION.
The first step in the diagnostic process of the histo-
logical confirmation of CA is to convey the clinicians’
suspicion to the pathologist.

Amyloid can be identified or suspected on hema-
toxylin and eosin samples. Although not specific,
because hyaline changes or sclerosis can be similar in
appearance,”® amyloid appears as a light pink amor-
phous and homogeneous extracellular substance with
hematoxylin and eosin®* (Figure 2A) regardless of the
location of amyloid deposits in different organs. Of
note, a digitally reinforced hematoxylin and eosin
polarization technique has been proposed to improve
amyloid detection, especially when tissue is scarce.”®

Once amyloid is identified or suspected, it should
be confirmed using a special stain. CR, introduced by
Bennhold in 1922,° is the most common one. Using a
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Scenario 1

AL amyloidosis

Scenario 2

Grade 1 scintigraphy
uptake

FIGURE 1 Clinical Scenarios Where Cardiac Amyloid Histological Typing Is Required

Scenario 3

Grade 2-3 scintigraphy
uptake + monoclonal or
FLC abnormalities

Scenario 4

Infrequent
types of amyloidosis*

This figure illustrates the different possible clinical scenarios in which histological confirmation is required for cardiac amyloid diagnosis. *Infrequent types of
amyloidosis include patients with certain TTR genetic variants and Grade O scintigraphy uptake. AL = light chain amyloidosis; FLC = free light chain.
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FIGURE 2 Histological Identification and Confirmation of Amyloid Deposition on Endomyocardial Biopsy
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(A) Amyloid appears as a light pink, amorphous, homogeneous extracellular substance with hemat

deposition confirmed by green birefringence under cross-polarized light with Congo red staining.

oxylin and eosin (x200). (B) Congo red staining (x200). (C) Amyloid

CR stain, amyloid deposits will appear red or salmon-
pink on light microscopy.”® Under cross-polarized
light, deposits demonstrate green birefringence,
considered pathognomonic and diagnostic of amyloid
deposition (Figure 2B). All forms of amyloid have af-
finity for CR, and although CR may stain other
structures, this typical green birefringence distin-
guishes amyloid from other fibrils and from the white
birefringence of fibrin or collagen.?*2°

If possible, CR staining should be performed
routinely in all native endomyocardial biopsies even
in clinically unsuspected cases, because the differ-
ential diagnosis is limited and small amyloid de-
posits could be inconspicuous by hematoxylin and
eosin.

When CR is negative and there is a high clinical or
morphologic suspicion of CA, staining should be
repeated in other sections, because the type of tissue,
the type of amyloid fibrils, and the protocols used
could affect the results. In these cases, we recom-
mend thicker slices and to prolong deparaffination
time. Moreover, interobserver variability and techni-
cian and pathologist’s experience play an important
role. Also, CR is a technically difficult stain: the pro-
cedure must include positive controls, and it should
be followed exactly to achieve good and reproducible
We
method.?” This method applies alizarin red S at pH 9,

results. recommend modified Putchler’s
allowing both the sulphonate group on carbon 3 and
the ionized hydroxy group on carbon 2 to participate
in salt formation with calcium. Puchtler’s modified
method, with less sodium chloride and alcohol, pro-
vides more stable staining, saves time, and leads to

consistent and reliable results.”” To increase the
sensitivity and specificity of CR, evaluation of
CR-stained sections by fluorescent light caused by the
fluorescent properties of this staining has been
proposed.?®

Conversely, positive CR staining with no histologic
evidence of extracellular deposition should be re-
evaluated. If that is the case, comparing morpholog-
ical findings and birefringence tissue sites or using
alternate stains is desirable.

Alternate stains that could be used for amyloid

diagnosis include Thioflavin T, Thioflavin S, or Alcian
blue, which binds to glycosaminoglycans in fibrils.
Although Thioflavin T is less specific than CR, Thio-
flavin T binds to B-sheets rich structures and appears
yellow, shifting to red under fluorescence enhance-
ment.”® In our experience, Thioflavin T is very
sensitive and can be performed both in paraffin-
embedded and frozen tissue, although the latter is
often not available. Azan Mallory trichrome is also
another option that could be useful in the differential
diagnosis with collagen, showing amyloid as bluish-
gray.”” Amyloid does not stain with methenamine
silver stains and appears blue or gray on trichrome
stain.”
AMYLOID DEPOSITS IN THE HEART. Amyloid de-
posits infiltrate both the myocardium and the cardiac
vessels, but its distribution is variable in location and
extent. At early stages, initial amyloid deposits in the
interstitium or intramyocardial vessels’ walls may be
focal and therefore difficult to detect.

Once deposits are larger, the infiltrative pattern
could be different between the myocardium and the
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Requirements

Yield

TABLE 2 Characteristics of Cardiac Amyloid Histological Typing Techniques

Strengths

Limitations

Availability and Costs

e Availability
o Affordable
e Short time to results

e Detection of small
deposits

e Minimizes background
staining

e High specificity using

Low specificity for AL
Possible lack of staining and
multiple reactions with
various antibodies
Background staining and
false-positive cases

Lack of availability of anti-
bodies for all CA subtypes
Potential for assigning an
incorrect amyloid type
Requires training and exper-
tise from technicians and
pathologists

Tiny deposits could be missed
Dependent on good tissue
fixation

Lack of availability of anti-
bodies for all CA subtypes

Widely available
Small cost

Very limited availability
Intermediate cost (high-
cost infrastructure)

IHC e FFPE cardiac samples Dependent on sensitivity
e Antibody-based method and specificity of
antibodies
Unable to classify
samples depending on
center's expertise and era
(6%-80% inconclusive
findings reported)
IEM e Antibody-based method 80% sensitivity and
e Modified Karnovsky's 100% specificity in
solution for sample abdominal fat aspirate
fixation Close to 100% sensitivity
e FFPE samples also and specificity in EMB
possible
e Electron microscopy
LC-MS/MS FFPE cardiac samples e Gold-standard for

Laser microdissection amyloid typing
Liquid chromatography e Very high sensitivity
Tandem mass and specificity
spectrometry

e Bioinformatics

commercial antibodies e Requires training and exper-
tise from technicians and
pathologists

o Objective and unambiguous e Multiple-step and complex e Limited availability
process e High cost

e Tiny amounts of tissue
required e Longer time to results

e All amyloid types can be e Requires training and exper-
identified tise from technicians and

e Able to distinguish pathologists
between wild-type and
hereditary forms

LC-MS/MS = liquid chromatography and mass spectrometry.

AL = light chain amyloidosis; CA = cardiac amyloidosis; EMB = endomyocardial biopsy; FFPE = formalin-fixed and paraffin-embedded; IEM = immunoelectron microscopy; IHC = immunohistochemistry;

vessels. At a myocardial level, 2 interstitial patterns
can be distinguished and coexist: amyloid can be
found surrounding cardiomyocytes individually,
following a pericellular pattern, leading to atrophy
and progressive loss of cardiomyocytes; or presenting
as nodular amyloid aggregates that alter the normal
structure of the myocardium and replace it.>°

Although the pattern of amyloid deposition does
not differentiate between CA types, some differences
can be recognized between AL and ATTR deposits.
AL-CA deposits are mainly pericellular and reticular
and accompanied by inflammatory infiltrates.®’ On
the contrary, ATTR deposits are mainly irregular and
patchy, following a nodular pattern along with
diffuse interstitial deposition or thin interstitial and
vascular deposits.>> However, there is considerable
overlap, and morphologic distribution is not a reliable
indicator of amyloid type.

In the vessels, amyloid can affect both arteries and
veins, epicardial or intramyocardial, and capillaries.
Vessels’ amyloid infiltration could be perivascular,
affecting partially or entirely the vessels’ circumfer-
ence or affecting just the medial layer, the intima, or
the entire wall and causing obstruction of the vessels.*

Finally, secondary histological changes may
accompany amyloid deposition such as presence of

inflammatory cells, attenuation or atrophy, vacuoli-
zation or reactive hypertrophy of cardiomyocytes, or
even ischemic-like damage.>®

AMYLOID TYPING TECHNIQUES

Once amyloid deposits are confirmed, identification
of the type of amyloid fibril protein should follow.
Antibody-based methods or mass spectrometry are
the currently available typing techniques with
different strengths and limitations (Table 2). It is
important to underline that these methods are com-
plementary, and it is important to understand their
yield to interpret the results.

1. IMMUNOHISTOCHEMISTRY. Method description
and requirements. IHC is based on the use of anti-
bodies against normal or aberrant protein epitopes
within amyloid fibrils (Figure 3).

Yield/performance of IHC. IHC has a variable yield
depending on the protocol used, the quality of the
antibodies, as well as the experience of the laboratory
and the pathologist. The way samples are prepared is
critical. How tissue is processed based on the type of
formalin, the duration, and the temperature of fixa-
tion can make a great difference.>* Overfixation may
interfere with tissue antigenicity and lead to false
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FIGURE 3 Immunohistochemistry Amyloid Typing on Endomyocardial Biopsy
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(A) Amyloid deposition with HE (x200). (B) Congo red staining (x200). (C to E) Monotypic restriction with positive immunostaining only for
lambda light chain antibody, negative anti-transthyretin (TTR), and antikappa light chain antibodies.

positives caused by high background. Insufficient
fixation can also be problematic. To avoid over-
fixation, we recommend processing samples on the
same day, just a few hours after formalin fixation.
Second, quantity and quality of antibodies is
crucial on Formalin-fixed paraffin-embedded (FFPE)
samples. Sensitivity and specificity of commercial
antibodies vary, with very high sensitivity and spec-
ificity in some cases.'” Nevertheless, sensitivity and
specificity of commercial antibodies might vary even
when acquired from the same supplier, and every
time a new set of antibodies is acquired, we recom-
mend undertaking antibody testing with a set of CA
and control samples with several dilutions of the
antibody to determine the most appropriate condi-
tions. Laboratories at referral amyloid centers may
have their own validated panel of noncommercial
monoclonal antibodies. Last, it is critical to always
use a combined panel of antibodies including at least
antibodies for TTR, AA, and lambda and kappa
chains, because interpretation of IHC results using an

incomplete panel of antibodies can led to incorrect
typing.

Performance of IHC in typing CA varies in the

literature depending on the series and centers.>® In a
German cohort of 117 patients, IHC was described to
have a sensitivity of 96% with a yield of 92% for
typing.*® Nevertheless, despite optimal preparation, a
proportion of samples with CA remain unclassified
even at experienced centers. In the literature, cases of
unclassified CA range from 6% in recent studies to
80% in older series.>*3*
Strengths and limitations. The main strength of
IHC is its wide availability and lack of need for
specific equipment, which makes the technique
affordable for any specialized pathology
department.

However, there are 2 main limitations to using
antibody-based methods to type amyloid. First, am-
yloid typing by IHC can lack both sensitivity and
specificity. Antibodies used in IHC are produced
against native proteins, which have a regular length
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FIGURE 4 Inconclusive Inmunohistochemistry on EMB
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TTR amyloidosis was confirmed by mass spectrometry.

Intense antitransthyretin (TTR) reactivity (A) concomitant with mild antilambda (B) and antikappa (C) light chain staining, requiring further methods for amyloid typing.

and conformation while amyloid fibrils may be trun-
cated by mutations or fragmented, they could also
show conformational and post-translational alter-
ations, which can lead to altered or loss of epitopes,
resulting in poor or no antibody reactivity.*?

This is particularly problematic with commercial
antibodies against light chains. Antibodies targeting
kappa or lambda light chains are produced against the
constant region and usually react with the intact
immunoglobulin.*?

This could make AL amyloid fibrils difficult to
detect because there may be conformational differ-
ences between native and tissue-fixed light chains
given the heterogeneity because of their prominent
variable domain and fragmentation during amyloid
fibril formation.*>> This can lead to false-negative re-
sults. There is also a risk of false-positive results
caused by cross-reactivity with deposited immuno-
globulins, resulting in low specificity of IHC for AL-
CA.2° In contrast, anti-AA and -TTR antibodies have a
stronger and more reliable staining;** despite this,
inconclusive results with these antibodies can also be
obtained.

In ATTR, intense TTR IHC consistent with CR-
positive deposits and without monotypic restriction
for immunoglobulin light chains should be found.
Unfortunately, lack of staining and multiple reactions
of a single amyloid deposit with various antibodies
can occur, especially with anti-TTR, antilambda and

antikappa (Figure 4). These challenging cases are not
rare even at experienced centers and require addi-
tional techniques to confirm the CA subtype.'” Direct
immunofluorescence is used at the Hospital Uni-
versitario Puerta de Hierro in Madrid. This technique
is mostly used for kidney samples because it usually
requires fresh/frozen tissue. In our experience,
adapting the settings for FFPE cardiac samples can
also provide good results and limit the number of
samples with inconclusive staining (Figure 5).%”

Another limitation of IHC is the availability of
antibodies for all CA subtypes. Anti-TTR, anti-AA,
antilambda, and antikappa are easily found, but an-
tibodies against other protein precursors might be
unavailable or difficult to find, thus not allowing
detection of more unusual amyloid types. This
can potentially result in assigning an incorrect
amyloid type.

Additionally, background staining is not uncom-
mon and may lead to false-positive cases. This is
indeed the most common cause of reduced specificity
in IHC. It could be caused by nonimmunological
binding or the presence of normal proteins containing
epitopes targeted by the antibody in the extracellular
space.?%3°

Last, performance and interpretation of the tech-
nique relies on technicians and pathologist’s training
and experience. In equivocal cases, referring samples
to a specialized center is advised.
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FIGURE 5 Light and Immunofluorescence Microscopy in Light Chain Amyloidosis With Masked Deposits

Lambda x300 B

Kappa x300

(A) Positive lambda chains staining in the interstices in paraffin-embedded tissue after pronase digestion (direct immunofluorescence) (x300). (B) Negative staining for
kappa light chains by paraffin immunofluorescence (direct immunofluorescence) (x300).

Costs and availability. Although costs might vary
across countries and health systems, IHC is the most
accessible typing method. Usual turnaround time of
results is between 2 and 7 days. As previously stated,
IHC is the most widely available method for amyloid
typing and is usually the starting typing method used
at many centers, because it is a reliable technique in
experienced hands.

2. IMMUNOELECTRON MICROSCOPY. Method description
and requirements. The interpretation of the CR stain
birefringence pattern under polarized light could be
challenging.®® In contrast, by electron microscopy
(EM), whatever the amyloidogenic protein may be,
amyloid deposits typically appear as randomly ori-
ented, nonbranching fibrils measuring 8 to 10 nm in
diameter, quite different from collagen fibers, which
are much thicker and show a characteristic banding
pattern (Figure 6).

The ultrastructural examination of biopsy samples
by EM can confirm or exclude the diagnosis of
amyloidosis and can identify even very small deposits
of amyloid fibrils.*°

IEM is a technique that combines IHC and EM.*'
Using gold-labeled secondary antibodies, IEM al-
lows the correlation of immunostaining and amyloid
fibrils morphology and minimizes background
staining, overcoming the need for custom-made
antibodies.>?

In the processing of biopsy samples for EM, good
fixation plays a very important role. Although
glutaraldehyde, the fixative commonly used in EM

laboratories, is excellent in preserving morphology, it
severely inactivates the immunoreactivity of many
antigens; hence, a better fixative for IEM is a mixture
of paraformaldehyde and glutaraldehyde (modified
Karnovsky’s solution).*°

After fixation, specimens are postfixed in osmium
tetroxide, dehydrated through a graded series of
ethyl alcohols, and embedded in epoxy resin. Ultra-
thin sections are cut with an ultramicrotome at 700 to
800 Angstrom and stained with uranyl acetate and
lead citrate.

FFPE samples can also be processed for ultra-
structural examination and IEM, allowing the use of
stored material for the characterization of amyloid
proteins. In this case, selected portions of tissue are
extracted from the paraffin block with a scalpel,
deparaffinized in xylene, rehydrated in a graded
series of ethyl alcohols, postfixed in osmium te-
troxide, and embedded in epoxy resin as in the
previous text.

Selected ultrathin sections are then processed for
postembedding immunogold as follows: after enzy-
matic predigestion with trypsin, sections are incu-
bated with either normal goat serum or egg albumin
and subsequently with the primary antibodies. Com-
mercial antibodies are frequently used as primary
antibodies.

The ultrathin sections are then incubated either
with a secondary antibody (antirabbit or antimouse
immunoglobulin G) or with protein-A, both of which
are conjugated to 10- to 20-nm-sized colloidal gold
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particles that decorate amyloid fibrils and allow the
recognition of the amyloidogenic protein.

Characteristics of IEM. The sensitivity of IEM in
abdominal fat aspirates of patients with systemic
amyloidosis is good (80%), with 100% specificity and
positive predictive value,*' and IEM on fat tissue for
CA shows high sensitivity and specificity.*°

In patients with ATTRwt amyloidosis, the
abdominal fat aspiration has shown only 43%
sensitivity, so EMB is often necessary;** in this
case, IEM has been reported to have a 100% sensi-
tivity and specificity.*®
Strengths and limitations of IEM. The focality of
amyloid deposits contributes to the limitations of the
IEM technique, because specimens are small in size
and scarce deposits may, therefore, be missed. On the
other hand, very small deposits of amyloid fibrils
reacting with antibodies can be identified by IEM,
increasing the sensitivity of the examination. [IEM can
be applied to virtually every tissue, either specifically
fixed for ultrastructural examination or previously
FFPE.

Limitations of IEM include dependence on good

tissue fixation and on the availability of good anti-
bodies to the amyloidogenic protein. It must be
emphasized, however, that unlike IHC, commercial
antibodies show a very high specificity in IEM. Be-
sides, IEM requires access to EM facilities and skilled
technicians and pathologists specifically trained for
processing of specimens and interpretation of the
results. IEM also lacks sensitivity for unusual amyloid
types because it also depends on the availability of
antibodies against those proteins.
Costs and availability. IEM is available for the
diagnosis and typing of amyloidosis only in a few
centers worldwide. In the United States, it is only
available currently at Boston University. The in-
struments are relatively expensive, and the reagents
may be expensive too, although the limited amount
of antibodies needed (a few microliters) contributes
to cost containment.

3. MASS SPECTROMETRY-BASED PROTEOMICS. To
overcome limitations of IHC and IEM, a technique to
identify the proteins in an amyloid deposit directly
using liquid chromatography (LC) coupled to tandem
mass spectrometry (MS/MS) was developed.3®*3 Mass
spectrometry proteomics allows identification of the
proteins that comprise the amyloid deposits in an
unbiased and untargeted fashion. This assay is
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FIGURE 6 Endomyocardial Biopsy Sample in Inmunoelectron Microscopy

(Top part of image) A myocardial fibril cell with myofibrils. (Bottom part of image)
Bundles of amyloid fibrils immunostained with anti-TTR polyclonal antibody (DAKO
Agilent). Revealing system: goat antirabbit immunoglobulin G conjugated with 10-nm
gold particles (BBI Solutions).

considered the gold standard method for amy-
loid typing.

Method description and requirements. Amyloid
typing by LC-MS/MS was originally developed for
analysis of FFPE tissue specimens®* and was subse-
quently adapted for typing wet fat aspirate speci-
364445 gome amyloid reference centers,
including the Mayo Clinic in Rochester, use laser
microdissection to excise CR-positive protein de-
posits before analysis, thereby enriching the spec-
imen for amyloid proteins and minimizing the
contribution from uninvolved tissue.*® Although we

mens.

highly recommend using laser microdissection before
LC-MS/MS, other centers describe good results
without it.

At the Mayo Clinic, the following technique is
used: 10-pm-thick sections of FFPE tissues are
stained with CR, and CR-positive deposits identified
under fluorescent light are excised using laser
microdissection. Two independent microdissections
are performed for each case. Material measuring
60,000 uM?2 in area is captured for each dissection,
and FFPE fragments from each microdissection are
analyzed individually. Proteins then undergo heat
extraction, sonication denaturation, and trypsin
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FIGURE 7 Mass Spectrometry in an Endomyocardial Biopsy Incorrectly Diagnosed as Light Chain Amyloidosis by fluorescence
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(A) Congo red-stained section viewed under UV light source. The interstitial/nodular Congophilic deposits show bright red fluorescence,
confirming amyloid deposition. The area selected for microdissection is circled with a purple line. (B) The corresponding proteome profile by
mass spectrometry demonstrates transthyretin amyloidosis (ATTR)v-type amyloid. The blue stars highlight the amyloidogenic transthyretin
(TTR) protein (line 1) and the mutant TTR protein with V122| (p.Val142lle) variant (line 2), and the yellow stars highlight the universal amyloid
proteins (apolipoprotein E, apolipoprotein A-1V, and serum amyloid P component). Numbers in the green boxes indicate total number of
tandem mass spectrometry spectra matching a protein in a sample, which is a surrogate measure of its abundance.

digestion. The resulting peptide mixture is analyzed
on a QExactive-Plus mass spectrometer (Thermo-
Fisher) connected to a Dionex (Thermo-Fisher)
nano-flow LC system. Three different database
search engines (Comet, X!Tandem, and Mascot) are

used to match the MS/MS spectra present in each
raw file against the SwissProt human proteome
augmented with common contaminants. Reverse
protein sequences are used as decoys for estimating
peptide and protein identification probabilities.
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FIGURE 8 Proposed Algorithm for Cardiac Amyloidosis Typing

Congo Red positive on endomyocardial or extracardiac biopsy

Immunohistochemistry (IHC)

Lack of staining

Multiple reaction with
various antibodies

Unique intense
reactivity consistent
with + Congo red

IHC with
immunofluorescence

l

Cardiac amyloidosis subtype confirmed

Proteomics
Mass spectrometry

mass spectrometry are not initially available.

Mass spectrometry is considered the preferred method for amyloid typing. However, because immunohistochemistry (IHC) is more widely
available, we propose an amyloid typing algorithm once cardiac amyloidosis has been confirmed in case immunoelectron microscopy (IEM) or

Scaffold software processes all peptide matches and
assembles protein identifications while treating raw
files from replicate dissections as biological repli-
cates. Proteins with at least single confident unique
peptide identification (probability >0.9) and more
than 5 spectral matches are considered for clinical
interpretation.*7:48

Based on this analysis, a personalized proteomic
profile is created for each patient that lists all of the
confident protein identifications present in each
dissection and their respective MS/MS spectral
counts. A pathologist then reviews the proteomic
profile. The proteomic profile is assessed for the
presence of the amyloid signature proteins (apoli-
poprotein E, serum amyloid P component, and
apolipoprotein AIV), which are proteins that may be
found in all types of amyloid deposits and are
further proof that the CR-positive material is indeed
amyloid. If an amyloid signature is present, then
the amyloid type is identified based on the most

abundant amyloidogenic protein that was consis-
tently detected across the replicate analyses, in
conjunction with review of the clinical information,
hematoxylin and eosin morphology, CR staining,
and laser microdissection images. See example in
Figure 7.

LC-MS/MS can also detect amino acid sub-
stitutions in cases of hereditary amyloidosis using a
modified bioinformatics pipeline. At Mayo Clinic, a
custom protein sequence database augmented with
all known amyloidogenic amino acid substitutions
using the MS/MS spectra generated from the
routine amyloid typing data is used to detect spe-
cific amino acid substitutions that distinguish
mutated proteins from wild-type proteins. Previous
validation studies of this method against the gold
standard of Sanger sequencing of the genes for the
corresponding mutated amyloid proteins demon-
strated high sensitivity (92%) and specificity
(100%).*° However, the current clinical standard
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CENTRAL ILLUSTRATION Cardiac Amyloidosis Typing Methods
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Prognostic and Therapeutic Implications

Gonzalez-Lopez E, et al. J Am Coll Cardiol. 2024;83(11):1085-1099.

Amyloid histological typing has significant prognostic and treatment implications. Amyloid typing can be performed by mass spectrometry, immunohistochemistry, and
immunoelectron microscopy, with each technique having its pros and cons. AL = light chain amyloidosis; TTR = transthyretin.
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still mandates gene sequencing to confirm heredi-
tary amyloidoses.

Strengths and limitations of LC-MS/MS. Amyloid
typing by LC-MS/MS has multiple advantages. Unlike
antibody-based methods, this shotgun proteomic
method directly analyzes the proteins within the
amyloid deposit and thus can identify all amyloid
types in a single assay. The assay is unbiased, effi-
cient, and unambiguous; has very high sensitivity
and specificity; and requires only a very small amount
of tissue. Paraffin blocks are durable and ubiquitous,
and amyloid typing by LC-MS/MS can be performed
successfully on decades-old paraffin blocks. Further-
more, the untargeted nature of the assay can foster
the identification of novel amyloid types. If a
CR-positive deposit contains the amyloid signature
proteins but lacks a known precursor protein, the
amyloid proteome can be further assessed for the
presence of potential novel amyloid fibril proteins.
Several canonical amyloid types, including ALECT2
(leukocyte chemotactic factor-2), apolipoprotein
A-IV amyloidosis (apolipoprotein AIV), AApoCIII
(apolipoprotein C3), AEFEMP1 (EGF-containing
fibulin-like extracellular matrix protein 1), ASom
(somatostatin), and AIL1RAP (interleukin-1 receptor
antagonist protein), have been identified using this
method.*®-59"%3

However, the complexity of the assay is a sig-
nificant hurdle and may hinder broader clinical
implementation. The success of the assay is
contingent on a robust quality assurance/quality
control program to track metrics pertaining to all
aspects of the test, including specimen processing,
laser microdissection, sample preparation, liquid
chromatography, MS/MS, and bioinformatics. Also,
although very little tissue is needed, occasionally
there is too little CR-positive material to perform
the assay. Occasionally, the amyloid type cannot be
determined by LC-MS/MS, but this almost
never occurs in endomyocardial amyloid specimens.
Potential barriers to broader implementation
include lack of standardization of sample processing
and instrumentation, challenges in quality man-
agement to ensure long-term reproducibility, and
adequate training of clinical laboratory personnel.
Establishment of a new laboratory requires a sig-
nificant upfront investment in time, instrumenta-
tion, personnel, and bioinformatics.

In addition, amyloid typing by LC-MS/MS is an
ancillary tool but should not be used as an inde-
pendent clinical test. The ultimate tissue diagnosis
should be made by a pathologist or hematopathol-
ogist with expertise in amyloidosis, by taking into
account all clinical and morphologic features

Gonzalez-Lopez et al
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coupled with the result of the LC-MS/MS amyloid
typing test.

Costs and availability. Amyloid typing by LC-MS/
MS is available as a clinical test in several labora-
tories around the world. These centers usually accept
FFPE samples sent for specialized amyloid typing.
Cost varies across countries and centers but often is
significantly more expensive than IHC and IEM.
Typical turnaround time is 10 to 14 days.

INTEGRATION OF AMYLOID TYPING TECHNIQUES

Due to its robustness and the opportunity to detect all
forms of amyloid and even detect new types, we
consider LC-MS/MS to be the preferred technique for
amyloid typing. In case MS is not routinely available
an algorithm for combining amyloid typing, a method
starting with IHC, which is the most available tech-
nique, is proposed in Figure 8.

CONCLUSIONS

Typing of the amyloid deposits to identify the pre-
cursor amyloid protein is a critical step of the diag-
nostic process of patients affected by CA (Central
Illustration). Either antibody-based techniques, like
IHC and IEM, or mass spectrometry can be used to
determine the amyloid type. Each method has its
advantages and pitfalls, and it is important that
physicians diagnosing patients with CA become
familiar with these techniques so they can appropri-
ately use them.
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