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Amyloid diseases including Alzheimer's, Parkinson’'s and over 30 others are incurable life-threatening dis-
orders caused by abnormal protein deposition as fibrils in various organs. Cardiac amyloidosis is particu-
larly challenging to diagnose and treat. Identification of the fibril-forming protein, which in the heart is
usually amyloid transthyretin (ATTR) or amyloid immunoglobulin light chain (AL), is paramount to treat-
ment. A transformative non-invasive diagnostic modality is imaging using technetium-labeled pyropho-
sphate or diphosphonate bone tracers, °*™Tc-PYP/DPD/HMDP. For unknown reasons, these tracers show
preferential uptake by ATTR deposits. The tracer-binding moiety is unknown and potentially involves
amyloid fibrils and/or amyloid-associated calcific deposits. We propose that, like in the bone, the tracers
chelate to surface-bound Ca®* in amyloid. In high-affinity protein sites, Ca®* is coordinated by pairs of
acidic residues. To identify such residues on amyloids, we harnessed atomic structures of patient-derived
cardiac amyloids determined using cryogenic electron microscopy since 2019. These structures help
Received 17th June 2024, explain why most but not all ATTR deposits uptake °*™Tc-PYP/DPD/HMDP radiotracers, while in AL the

Accepted 19th July 2024 opposite is true. Moreover, fibril structures help explain greater microcalcification observed in ATTR vs. AL

DOI: 10.1039/d4bm00816b deposits. These findings may aid the diagnostics and therapeutic targeting of cardiac amyloidosis and are
rsc.li/biomaterials-science relevant to other amyloids.
1. Introduction is focused on the preferred diagnostic method for cardiac amy-

loidosis and its molecular underpinnings.
Amyloidoses are underdiagnosed life-threatening diseases
wherein normally soluble proteins or peptides deposit as in-

soluble fibrils in vital organs. Amyloid fibril formation involves 2. Recent advances in the
self-assembly of many protein copies into an insoluble diagnostics and treatment of cardiac

polymer. Over 40 fibril-forming proteins have been identified , )
to-date that deposit as pathologic amyloids in humans."? amleIdOSIS
Some fibril-forming proteins such as Tau deposit in more than

c1oa . L Cardiac amyloidosis is a group of diseases that often present
one amyloid disease.> Amyloid deposition can damage cells Y group b

as cardiomyopathy. Once considered a rare fatal disease,
cardiac amyloidosis afflicts a significant fraction of patients
with heart failure (up to 20% by some estimates), particularly
aging men.*® Although the numbers keep rising as the popu-
lation ages and the diagnostic methods improve, the disease
can be actively managed thanks to major pharmacological
advances.”™® Cardiac amyloidosis results from the extracellular
deposition of a plasma protein, which is typically amyloid
transthyretin (ATTR), amyloid immunoglobulin light chains
(AL) or, occasionally, amyloid apolipoprotein A-1 (AApoAl).*
Co-deposition of different fibril-forming proteins perhaps due
to heterogeneous cross-seeding is an emerging challenge in
the field.>® Current pharmacotherapies for ATTR include
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and organs, ultimately leading to organ failure. In neurodegen-
erative disorders such as Alzheimer’s, Parkinson’s or prion dis-
eases, amyloid fibrils deposit in the brain. In other systemic or
localized amyloidoses, the afflicted organs often involve the
kidneys, liver and heart." Amyloid deposition in the heart is
lethal if untreated, and treatment of cardiac amyloidosis is
particularly challenging."** Although amyloid diseases are
currently incurable, disease-modifying therapies have emerged
that prolong patient life and improve its quality.’ The thera-
peutic outcomes depend critically on the accurate and timely
diagnostics, which is a major challenge."*® This mini-review
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newly developed CRISPR-Cas9-based gene editing tools; and
antibody-mediated amyloid removal.® Current pharmacothera-
pies for AL include chemotherapy targeting the aberrant
plasma cell clone to block the generation of the amyloidogenic
light chain, along with supportive therapies; new therapies are
being developed, such as antibody-mediated fibril removal.” In
a subset of patients, organ transplantation (liver for ATTR or
AApoAI, bone marrow for AL) can be used to block the aber-
rant protein secretion. These protein-targeting approaches
necessitate timely and accurate identification of the fibril-
forming protein, or amyloid typing, which is paramount for
treatment.

The gold standard for amyloid typing has been organ
biopsy followed by immunohistochemical or mass spec-
trometry analysis to identify the fibrillar protein and associ-
ated “amyloid signature” proteins. The biopsy results are
more accurate for the target vs. surrogate organ, e.g. heart vs.
fat. However, endomyocardial biopsy is a risky procedure not
suited for many patients. Since 2016, the field has been trans-
formed by the application of noninvasive methods for diag-
nosis and differentiation of cardiac ATTR vs. AL, which
became the preferred modality in many countries.>'®*" The
methods involve scintigraphy using technetium-labeled bone
tracers pyrophosphate (**™Tc-PYP), hydroxymethylene dipho-
sphonate (**™Tc-HMDP) or 3,3-diphosphono-1,2-propanodi-
carboxylate (*™Tc-DPD), followed by 3D nuclear imaging to
differentiate tracer binding to amyloid deposits vs. Ca®" in
blood (Fig. 1A and B).® This diagnostic modality is currently
used for ~70% of patients with cardiac amyloidosis, yet gray
areas remain. Amyloid diagnostics using **™Tc scintigraphy
is prone to false negatives, false positives require additional
testing, the method does not assess the overall amyloid load
and is not suited as a readout for treatment, and the tracer
binding moiety is unknown.>'®'> Some of these issues
and their potential molecular underpinnings are addressed
below.

3. Key challenges and unanswered
questions in amyloid typing

For unknown reasons, the **™Tc-PYP/DPD/HMDP radiotracers
preferentially (although not only and not always) colocalize
with ATTR vs. AL or AApoAl deposits.>'® This differential
uptake enables one to distinguish between ATTR and other
types of cardiac amyloidosis. Although misinterpretation of
the images remains the major source of false positives and
false negatives, there are other sources of error. In fact, some
AL patients show substantial radiotracer uptake, leading to
false positives in ATTR diagnostics. Still, if the uptake is high
(grade 2 or 3 on the Perugini scale, Fig. 1B) and AL amyloido-
sis has been excluded by other methods, ATTR can be diag-
nosed with high certainty. Furthermore, false negatives in
99™Tc scintigraphy have also been reported, and are thought to
stem from the low amyloid load at early disease stages, differ-
ences in TTR expression, and/or tracer uptake by most but not
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all ATTR deposits.>'° Notably, the reasons for the fiber-specific
tracer uptake are unknown.

Furthermore, although the Tc scintigraphy provides a
useful diagnostic tool, recent reports show that it is not a good
readout for the changes in cardiac function in response to
treatment. ATTR patients treated with tafamidis (a small-mole-
cule stabilizer of the native transthyretin tetramer) or with an
RNAi-based gene silencing therapy show decreased radiotracer
uptake, yet their cardiac function does not improve.'> We and
others hypothesize that the tracer is taken up only by the sur-
faces of newly formed amyloids, while in mature amyloids
tracer binding sites are blocked by other molecules deposited
on amyloid surface. In fact, amyloid deposits usually localize
in the areas of excessive collagen deposition, or fibrosis,
suggesting amyloid sequestration by the extracellular matrix
molecules such as collagen fibrils. Intimate amyloid-collagen
interactions have been implicated in the collagen-induced
inhibition of amyloid phagocytosis and clearance in vivo and
in vitro."”> Moreover, amyloid-collagen superstructures have
been observed in patient-derived AL fibrils using a combi-
nation of cryo-EM and cryo-electron tomography.'® We posit
that intimate interactions of amyloids with collagens and
perhaps other extracellular matrix components interfere with
the tracer uptake and influence the biological properties of
amyloids and associated calcification. Such interactions
extend to other protein amyloids'® and are actively explored by
us and others.

Perhaps the major gap in our understanding of **™Tc scin-
tigraphy of amyloids is that the radiotracer-binding moiety is
unknown. This moiety potentially involves amyloid fibrils and/
or calcific deposits associated with cardiac amyloidosis.'®
Calcification in collagen-rich regions, which for unknown
reasons is greater in cardiac ATTR vs. AL patients,'®'” is prob-
ably not the only mechanism explaining preferential tracer
uptake by ATTR deposits.>” Identifying the radiotracer-
binding moiety is necessary to elucidate the molecular basis of
9™Te scintigraphy, understand its limitations, and potentially
identify new therapeutic targets.

99m

4. Calcium binding and fibril-specific
radiotracer uptake by ATTR amyloids

In bone and calcific deposits, PYP and diphosphonate radio-
tracers chelate to Ca®" ions.'® Our central premise is that, in
addition to calcific deposits, protein amyloids uptake PYP/
DPD/HMPD radiotracers via arrays of surface-bound Ca”" ions.
Metal ion binding to amyloid has been predicted®'® and
observed experimentally®® (Fig. 2A). Moreover, several lines of
experimental evidence suggest that phosphates in **™Tc-PYP/
DPD/HMPD radiotracers can bind Ca®>" in amyloid.* Current
evidence includes: in vitro binding of **™Tc-DPD to synthetic
amyloid fibrils;** destabilization and aggregation of native
transthyretin upon calcium binding in vitro;>® animal model
studies showing that the anti-ATTR antibody enhances rapid
disappearance of the amyloid-associated °*°™Tc-PYP signal in

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Technetium-labeled bone tracers used for diagnostic imaging of cardiac amyloid. (A) °*™Tc-labeled radiotracer molecules. *°™Tc-PYP is pre-
ferentially used in the USA, while ®™Tc-DPD and °°™Tc-HMDP are widely used in Europe.® (B) Radiographs using °°™Tc-PYP scintigraphy and
single-photon emission computed tomography (SPECT) to visualize and quantify the tracer uptake in the heart. Numbers indicate the degree of
uptake, from grade O (no uptake) to grade 3 (high uptake); grades 2 and 3 are often observed in untreated ATTR patients. Reproduced from Dorbala

L 11

et al.™ with permission from Elsevier, copyright 2020.

an ATTR rat model;>" deposition of calcium phosphate
immediately adjacent to cardiac amyloid fibrils of ATTR (but
not AL) observed in some clinical human studies.'”** Taken
together, these findings suggest radiotracer binding to
amyloid surface. Below we propose structural underpinnings
for such binding and its fibril specificity.

ATTR features two fibril types: the predominant type-A
fibrils contain both full-length and fragmented TTR, while
type-B fibrils contain only full-length TTR. Wild-type TTR (in
ATTRwt) and most ATTR variants (in ATTRv, which typically
feature single-point substitutions) form type-A fibrils; few
ATTRv (Phe64Leu and Tyr114Cys) feature type-B fibrils;
Val30Met forms either type-A or type-B fibrils in different
patients. For unknown reasons, only type-A fibrils uptake
radiotracers.’ Amyloid fibril structures suggest an explanation.

This journal is © The Royal Society of Chemistry 2024

5. Amyloid fibril structures suggest
surface arrays of Ca®* binding sites

Calcium binding sites in proteins are highly variable in
metal ion coordination, which can involve 4-8 oxygens from
acidic and polar groups including water molecules, and
range in affinity from millimolar to nanomolar.>® High-
affinity Ca®* binding sites involve two acidic residues that
balance the charge; in contiguous sites, these residues are
close in the primary structure, which minimizes the entro-
pic penalty of binding and increases the affinity. Notably,
some but not all amyloids feature exposed contiguous pairs
of acidic residues (Fig. 2 and 3). Such residues form peri-
odic arrays along the fibril surface (Fig. 2), which is unique

Biomater. Sci, 2024,12, 4275-4282 | 4277
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Fig. 2 Amyloids display periodic ligand binding sites on the fibril surface, including acidic residue pairs that can bind calcium. (A) Cryo-EM struc-
tures of patient-derived Ap;_4, type-I and type-Il fibers show periodic arrays of metal ions bound by acidic residue pairs, Glu22-Asp23;2° type-Il fibril
structure is shown. (B) Cryo-EM structures of ATTR type-A fibrils feature surface arrays of acidic pairs, e.g. Glu62-Glu63 in the major “closed-gate”
polymorph. Linker residues 35-56 are cleaved or disordered (dashed line),?° providing access to the Glu62-Glu63 site that probably binds Ca?*.

to amyloid assemblies and stems from their shared struc-
tural features.

All known structures of patient-derived amyloid fibrils
contain flattened protein molecules stacked in parallel in-reg-
ister B-sheets connected by intermolecular hydrogen bonds,
wherein identical residues spaced at 4.7-4.8 A form periodic
arrays (Fig. 2A and B).>® In amorphous calcium phosphate
(ACP), which is the precursor of the hydroxyapatite mineral in
the bone and calcific deposits, the shortest Ca—Ca spacing is
also 4.7 A. This stereochemical complementarity between
amyloid and ACP suggests that arrays of acidic residues (Glu or
Asp) on the amyloid surface can bind ACP and Ca*", facilitat-
ing both hydroxyapatite formation®” and Ca®‘-mediated bone
tracer uptake. If so, why do type-A ATTR fibrils preferentially
uptake bone tracers?

The answers are suggested by the atomic structures of
patient-derived type-A ATTR fibrils, a number of which have
been determined by cryo-EM since 2019.>*7" All ATTRwt and
ATTRv fibrils, including Val20lle, Gly47Glu, Val30Met,
1le84Ser, and Val122Ile, adopt a similar amyloid fold.>' This
similarity reflects common primary structures that typically
differ by just one amino acid substitution in ATTRv vs.
ATTRwt. N-terminal (Pro11-Lys35) and C-terminal (Gly57-
Thr123) residue fragments comprise fibril cores; variable
“gate” segment (Gly57-Gly67) generates structural polymorph-

4278 | Biomater. Sci, 2024, 12, 4275-4282

ism (Fig. 3B). All patients feature a “closed-gate” polymorph
(Fig. 2B and 3A) containing exposed Glu62-Glu63 pair from the
sole acidic-rich segment, Glu61-Glu62-Glu63-Phe64-Val65-
Glu66. This pair forms a periodic ionic array along the fibril
side; similarly, parenchymal type-I and type-II fibrils of
Alzheimer’s Af;_4, peptide feature Glu22-Asp23 arrays that
bind metal ions observed by cryoEM (Fig. 2A). We postulate
that in ATTR type-A fibrils, exposed acidic pairs from Glu61-
Glu66 segment bind Ca®" ions that form surface arrays and
mediate both calcification and bone tracer uptake.
Conformational variability, disordering and/or
partial truncation of the “gate” segment reported in some
patient-specific polymorphs (Fig. 3B) potentially contribute to
variable patient-specific tracer uptake observed by °°™Tc
scintigraphy.

This hypothetical mechanism is consistent with lack of
tracer uptake by ATTR type-B fibrils, whose atomic structures
are currently unknown. We speculate that in full-length trans-
thyretin comprising type-B fibrils, residues 35-56 linking the
“gate” to the N-terminal segment may obstruct Glu62-Glu63
and/or change the amyloid conformation to block the radiotra-
cer binding. Patient-derived type-B fibrils structures, which are
currently under investigation, will test this idea.

Unlike ATTR, antibody light chain variable domains that
comprise AL deposits have highly variable amino acid

structural

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Cryo-EM structures of cardiac patient-derived ATTR and AL fibrils suggest calcium-mediated radiotracer binding sites. ATTR type-A fibrils
have similar folds with alternative “gate” conformations leading to fibril polymorphism. (A) The major “closed-gate” polymorph. (B) Alternative poly-
morphs. All patients featured the “closed-gate” polymorph; some had additional polymorphs.3! Acidic-rich segment Glu61-Glu62-Glu63-Phe64-
Val65-Glu66 (red). (C) Cardiac AL fibrils are highly polymorphic. Only one structure features an exposed acidic-rich segment, Glu80-Asp81-Glu82-

Ala83-Glu84-Asp84 (red).

sequences, with each AL patient featuring a unique primary
structure of the fibril-forming protein. This translates into
structural variability of AL amyloid folds, several of which have
been determined since 2019 (Fig. 3C).>** Of the four avail-
able structures of cardiac AL fibrils, only one features exposed
acidic pairs from the sole acidic-rich segment, Glu80-Asp81-
Glu82-Alag83-Glu84-Asp84. We propose that: (i) Ca®* and radio-
tracer binding by such exposed acidic pairs potentially pro-
duces false positives in ATTR scintigraphy; (ii) variable (typi-
cally diminished) exposure of the acidic-rich segment Glu80-
Asp84 in AL fibrils probably contributes to variable (generally

This journal is © The Royal Society of Chemistry 2024

diminished) tracer uptake and microcalcification detected in
AL vs. ATTR patients.'*'%'”

The sole currently available AL patient-derived fibril struc-
ture that features an exposed acidic-rich segment belongs to A6
subfamily of the A isotype, which is responsible for approxi-
mately 1/4 and 3/4 of all AL cases, respectively.” Amino acid
sequence in this segment is highly conserved in the A isotype,
but in « isotype (which accounts for nearly 1/4 of AL cases)
this sequence is less acidic and less conserved.>® Due to high
sequence and structural variability of the light chain variable
domains, which form the fibril core in AL deposits, more

Biomater. Sci, 2024,12, 4275-4282 | 4279
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structural studies of patient-derived AL fibrils are needed to
definitively link exposed acidic-rich segments with false posi-
tives in the ATTR diagnostics using *°™Tc scintigraphy.

6. Summary, open question and
future directions

In conclusion, atomic structures of patient-derived cardiac
amyloids support the notion that fibril-specific uptake of
99MTc-labeled bone tracers involves calcium-mediated pyro-
phosphate or diphosphonate binding to amyloids, as well as to
amyloid-associated calcific deposits. We postulate that stereo-
chemical complementarity between the organic (acidic residue
pairs on amyloid surface) and inorganic phases (Ca**/ACP and
9™ Te-PYP/DPD/HMDP) promotes both calcification and bone
tracer uptake by type-A ATTR fibrils and by a subset of AL
fibrils featuring acidic residue pairs on their surface (Fig. 3).
This new concept helps explain why both calcification and
tracer uptake are generally increased in ATTR vs. AL patients
with cardiac amyloidosis.

Several questions remain open. First, relative amounts of
PYP/DPD/HMDP tracers that bind to amyloid vs. amyloid-
associated calcific deposits in vivo remain to be determined.
Second, it remains unclear why °°™Tc-labeled methyl dipho-
sphonate bone tracer (MDP) shows low sensitivity for cardiac
amyloidosis. Greater rotational flexibility of PYP and DPD/
HMDP might be a factor contributing to their increased
binding to amyloid as compared to MDP. Third, the proposed
concept applies to bone tracers that chelate to Ca®", such as
PYP and diphosphonates; the other type of currently used
8p-labeled positron emission tomography bone tracer NaF
binds through a different mechanism.*® Fourth, tracer uptake
in vivo is probably influenced by other factors, including
calcium-binding extracellular matrix components such as
collagens'*?” and heparan sulfate, a ubiquitous amyloid co-
factor.> These and other auxiliary molecules are found in
amyloid deposits and, we propose, can directly bind to amy-
loids and influence their formation, structure, interactions
with other ligands, and biological properties. Future studies
of amyloid complexes with these factors, Ca®>", and radiotra-
cers will test these concepts, and will also explore potential
binding of Ca®>" and radiotracers to pre-fibrillar amyloid oli-
gomers. Finally, cryo-EM studies of other patient-derived
amyloids, including type-B ATTR fibrils and additional AL
fibril polymorphs, will shed more light on the structural and
ligand binding properties of these remarkable protein
polymers.
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