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BACKGROUND In vivo mechanisms of amyloid clearance and cardiac tissue damage in cardiac amyloidosis are not well

understood.

OBJECTIVES We aimed to define and quantify the amyloid plaque proteome in cardiac transthyretin amyloidosis

(ATTR) and light chain amyloidosis (AL) and identify associations with patient characteristics and outcomes.

METHODS A proteomics approach was used to identify all proteins in cardiac amyloid plaques, and to compare both

normal and diseased controls. All proteins identified within amyloid plaques were defined as the expanded proteome; only

proteins that were enriched in comparison to normal and disease controls were defined as the amyloid-specific proteome.

RESULTS Proteomic data from 292 patients with ATTR and 139 patients with AL cardiac amyloidosis were included; 160

and 161 unique proteins were identified in the expanded proteomes, respectively. In the amyloid-specific proteomes, we

identified 28 proteins in ATTR, 19 in AL amyloidosis, with 13 proteins overlapping between ATTR and AL. ATTR was

characterized by a higher abundance of complement and contractile proteins and AL by a higher abundance of keratins.

We found that the proteome of kappa AL had higher levels of clusterin, a protective chaperone, and lower levels of light

chains than lambda despite higher levels of circulating light chains. Hierarchical clustering identified a group of patients

with worse survival in ATTR, characterized by high levels of PIK3C3, a protein with a central role in autophagy.

CONCLUSIONS Cardiac AL and ATTR have both common and distinct pathogenetic mechanisms of tissue damage.

Our findings suggest that autophagy represents a pathway that may be impaired in ATTR and should be further studied.

(J Am Coll Cardiol CardioOnc 2020;2:632–43) © 2020 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/).
T ransthyretin amyloidosis (ATTR) and immu-
noglobulin light chain amyloidosis (AL) are
protein deposition diseases in which trans-
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AB BR E V I A T I O N S

AND ACRONYM S

AL = light chain amyloidosis

ATTR = transthyretin

amyloidosis

ht = hereditary/mutated

LMD = laser microdissection

MS = mass spectrometry

nSC = normalized spectral

counts

ORA = overrepresentation

analysis

wt = wild type
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are not well understood. Amyloidogenic proteins do
not exist in isolation in amyloid plaques; a large num-
ber of proteins have been identified in their “nano-
environment.” Certain proteins are ubiquitous in am-
yloid deposits across different tissues and amyloid
types and have been characterized as the “amyloid
signature” proteins (1). These are serum amyloid pro-
tein, apolipoprotein E (APOE), apolipoprotein A4
(APOA4) (2), vitronectin (3), and clusterin (4). Several
of these have been shown to interact with amyloid fi-
brils directly and modulate the extent of amyloidoge-
nicity and/or organ toxicity (5). In addition to these
well-characterized proteins, several other proteins
are co-deposited in amyloid plaques and have not
been adequately studied in a systematic manner.
We hypothesized that the composition of the cardiac
amyloid plaque proteome may provide insight into
disease mechanisms in cardiac amyloidosis.

A major limitation in the accurate characterization
of the amyloid proteome is that many of the non-
amyloid/non-signature proteins are also abundant in
the surrounding tissue. Therefore, it is difficult to
accurately discern if these proteins are unique to the
amyloid plaque. Studies that have evaluated amyloid
proteomes have used “bulk” proteomics approaches,
in which the whole tissue is analyzed, or in vitro ap-
proaches that may not reflect what is happening
in vivo. The abundance of these proteins has also
been largely ignored. Therefore, the exact composi-
tion and clinical significance of the amyloid plaque–
specific proteome remains unknown.

In this study, using laser microdissection (LMD) of
amyloid plaques followed by mass spectrometry (MS)
and spectral-count-based quantification, we defined
the amyloid plaque proteomes in cardiac ATTR and
AL. We describe, for the first time, major patterns of
protein deposition in these diseases and identify a
specific proteomic signature in ATTR associated with
worse clinical outcomes.

METHODS

After Mayo Clinic institutional review board approval
and informed consent by patients, we identified 292
patients with cardiac ATTR and 139 patients with car-
diac AL. TTR mutation status was determined by TTR
gene sequencing in all except 3 cases where MS was
used. Tissue samples were obtained by endomyo-
cardial biopsy in all but 48 cases, which were obtained
during autopsy. In all autopsy cases, cadavers were
cooled to 4oC within 4 to 6 h from death. The median
time from death to sample collection was 18 h (inter-
quartile range: 12 to 23 h). Peptide identification was
performed as previously described using LMD
followed by liquid chromatography and elec-
trospray tandem MS (LMD/MS) (6). Protein
spectral counts, normalized (nSC) to the total
number of spectral counts per LMD, were used
as a semiquantitative measure of abundance.
Controls included 6 left ventricular samples (3
from the interstitium and 3 from car-
diomyocytes) obtained during autopsy from 3
patients with no known cardiac disease. In
addition, we included 28 left ventricular
samples (14 from the interstitium and 14 from
cardiomyocytes) obtained during autopsy of
14 patients with restrictive (n ¼ 5) or hyper-

tensive (n ¼ 9) cardiomyopathy. Amyloidosis was
excluded in all control cases after Congo red staining.
The British (7) and Mayo (8,9) cardiac staging systems
were used to risk-stratify patients.

STATISTICAL ANALYSES. Statistical analyses were
performed using JMP 14 (SAS Institute Inc., Cary,
North Carolina). All identified proteins were consid-
ered part of the expanded amyloid proteome. Pro-
teins were considered part of the amyloid-specific
proteome if their abundance in the amyloid plaque
was increased by 50% compared to normal and dis-
ease controls (cardiomyocyte and interstitium sam-
ples were pooled together) using a false detection rate
(FDR) corrected p < 0.05.

Correlation analyses were performed using the
cluster variables function of JMP. This algorithm
creates groups of the most highly correlated proteins.
Pearson’s R2 was reported to assess the amount of
variability explained by the covariates or cluster
variabilities in a linear regression model. Hierarchical
clustering was also performed in JMP using the
Ward’s minimum variance method to calculate dis-
tances between clusters. Overrepresentation analyses
were performed in WebGestalt (10) and using the
Reactome pathway database as the functional data-
base and an FDR-corrected p < 0.05 when identifying
significantly overrepresented pathways. Patient
overall survival (OS) was calculated from the time of
diagnosis using the Kaplan-Meier method with clus-
ters compared using the log-rank test. A Cox propor-
tional hazards model was used to evaluate the impact
of variables of interest on OS and results presented as
hazard ratios with their respective 95% confidence
intervals. The Fisher exact test was used to compare
categorical variables and Wilcoxon rank sum (2
groups) or the Kruskal Wallis test (>2 groups) was
used for continuous variables. When FDR correction
was not used, a p # 0.01 was considered statistically



FIGURE 1 The Expanded Proteome of Cardiac Amyloidosis

(A) The expanded proteome extensively overlaps between AL and ATTR. (B) Number of proteins identified within each major protein group

(left) and their respective abundance (right). (C) Enrichment of proteins within known biological pathways (Reactome) using over-

representation analysis confirmed the significant overlap between AL and ATTR and the increased representation of contractility proteins and

keratins. AL ¼ immunoglobulin light chain amyloidosis; ATTR ¼ transthyretin amyloidosis; ECM ¼ extracellular matrix; LMD/MS ¼ laser

microdissection and mass spectrometry; TTR ¼ transthyretin.
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significant to account for the multiple comparisons
performed.

RESULTS

The baseline characteristics of patients are shown in
Supplemental Table 1. The normal control patients
(n ¼ 3) included 2 males and 1 female age 43, 60, and
64 years, respectively. The median age for disease
controls (n ¼ 14) was 72 years; 12 (86%) of the controls
were male to reflect the sex imbalance seen in disease
samples.

THE EXPANDED PROTEOME OF AMYLOID PLAQUES

IS RESTRICTED AND EXTENSIVELY OVERLAPS

BETWEEN AL AND ATTR. Excluding the amyloido-
genic proteins, we identified 160 proteins in ATTR
plaques and 161 in AL plaques (Figure 1A,
Supplemental Table 2), which we will hereafter refer
to as the “expanded” amyloid proteome. Of these, 25
were unique to ATTR, and 26 were unique to AL. As a
comparative metric of the expected proteomic di-
versity of cardiac tissue, there were several hundred
distinct proteins identified in our non-amyloid con-
trol samples. We grouped proteins in the following 8
categories: amyloid signature proteins, proteins
involved in muscle contraction and cytoskeletal
functions, extracellular matrix and related proteins,
serum complement proteins, other major serum pro-
teins, keratins, proteins with enzymatic activity, and
other proteins (Figure 1B). Keratins were not dis-
missed as contaminants because they were not
expressed randomly across various samples, are
known to be expressed in cardiac muscle, and have
been shown to have protective function in some cases
(11). The amyloidogenic proteins were the most
abundant, followed by the amyloid signature and
contractility/cytoskeletal proteins. Overall, the sum
of nSC of all identified proteins in ATTR plaques was

https://doi.org/10.1016/j.jaccao.2020.08.013
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TABLE 1 The Amyloid-Specific Proteome in Cardiac AL and ATTR

Protein ATTR, nSC AL, nSC Protein ATTR, nSC AL, nSC

Signature Proteins Complement Proteins

APOA4 53 (0-292) 39 (0-352) C3* 33 (0-166) 0 (0-57)

APOE 52 (0-263) 33 (0-283) C9* 6 (0-58) 0 (0-119)

APCS* 62 (0-361) 18 (0-171) CFH* 6 (0-27) 0

CLU* 29 (0-201) 16 (0-159) CFHR1* 20 (0-89) 0 (0-20)

VTN 51 (0-333) 40 (0-431) CFHR5* 5 (0-30) 0

Extracellular Matrix and Related Proteins Serum Proteins

COL1A1 15 (0-996) 14 (0-203) APOA1* 0 (0-95) 3 (0-170)

COL1A2 11 (0-759) 11 (0-194) APOH* 2 (0-19) 0

COL3A1* 0 (0-519) 2 (0-39) HBG1 1 (0-53) 2 (0-13)

COL6A1* 2 (0-404) 1 (0-68) Enzymes

COL6A2 3 (0-339) 1 (0-50) GPD1 0 (0-109) 0 (0-14)

CILP 0 (0-54) 0 (0-95) PIK3C3* 0 (0-11) 3 (0-11)

DCN* 1 (0-176) 0 QSOX1* 1 (0-19) 0

FBLN1-iso-C* 18 (0-69) 0 Others

FBLN1-iso-D* 18 (0-68) 0 AMBP* 4 (0-19) 0 (0-17)

MUC19* 0 0 (0-11) MAGEL2* 0 (0-39) 0

PCOLCE2* 1 (0-34) 0 SERPINE2* 6 (0-67) 0 (0-16)

PRELP* 0 0 (0-34) SHPRH* 0 0 (0-8)

PRG4* 0 0 (0-19) SRPX* 1 (0-51) 0

TIMP3* 4 (0-22) 0 (0-60)

Values are median (range). *Proteins differentially expressed between the 2 types (50% differential expression, FDR p value <0.05). Proteins that are part of the amyloid
specific proteome [i.e., increased compared to normal and disease controls] are bold for ATTR, italic for AL, and bold italic overlapping proteins for both types.

AMBP ¼ alpha-1-microglobulin/bikunin precursor; APCS ¼ amyloid P component; APOA1 ¼ apolipoprotein A1; APOA4 ¼ apolipoprotein A4; APOE ¼ apolipoprotein E;
APOH ¼ apolipoprotein H; C3, C9 ¼ complement 3, 9; CFH ¼ complement factor H; CFHR ¼ complement factor H related peptide; CILP ¼ cartilage intermediate layer protein 1;
CLU ¼ clusterin; COL ¼ collagen; DCN ¼ decorin; FBLN1-iso-C/D ¼ fibulin-1 isoform C/D; GPD1 ¼ glycerol-3-phosphate dehydrogenase 1; HBG1 ¼ hemoglobin subunit gamma 1;
MAGEL2 ¼ MAGE family member L2; MUC19 ¼ mucin 19; nSC ¼ normalized spectral counts. PCOLCE2 ¼, procollagen C-endopeptidase enhancer 2;
PIK3C3¼ phosphatidylinositol 3-kinase catalytic subunit type 3; PRELP ¼ prolargin; PRG4 ¼ proteoglycan 4; QSOX1 ¼ quiescin sulfhydryl oxidase 1; SERPINE2¼ serpin family E
member 2; SHPRH ¼ NF2 histone linker PHD RING helicase; SRPX ¼ sushi repeat containing protein X-linked; TIMP3 ¼ metallopeptidase inhibitor 3; VTN ¼ vitronectin.

J A C C : C A R D I O O N C O L O G Y , V O L . 2 , N O . 4 , 2 0 2 0 Kourelis et al.
N O V E M B E R 2 0 2 0 : 6 3 2 – 4 3 The Proteome of Cardiac Amyloid Plaques

635
higher than that of AL (median value of 1,654 vs.
1,065; p < 0.001). Finally, we performed over-
representation analysis (ORA) of the identified pro-
teins in AL and ATTR to detect enrichment of proteins
within known biological pathways irrespective of
their abundance, confirming the overlap between the
expanded proteomes of the 2 diseases (Figure 1C).

These data suggest that the amyloid plaque rep-
resents a unique proteomic “nano-environment,”
with restricted proteomic diversity compared to the
surrounding cardiac tissue and that ATTR amyloid
plaques have a “denser” proteome than AL.

THE AMYLOID-SPECIFIC CARDIAC PROTEOME IS

HIGHLY RESTRICTED. To enhance the amyloid-
specific proteome identification, we considered a
protein to be part of the amyloid-specific proteome
only if its abundance was increased compared to both
normal and disease controls. Within the expanded
proteomes of ATTR and AL, several keratins were
elevated in both ATTR/AL compared to diseased
controls but not normal controls, and contractility/
cytoskeletal proteins were elevated in both ATTR/AL
compared to normal but not diseased controls
(Supplemental Tables 3 and 4); therefore, these pro-
teins were not included. We identified 34 amyloid-
specific proteins using this approach (Table 1).
Specifically, 13 proteins were increased in both the
ATTR and AL plaques compared to normal and
diseased controls (Table 1). These include the 5 amy-
loid signature proteins, 4 matrix-related proteins
(COL1A1, COL1A2, COL3A1, and TIMP3), 1 complement
protein (CFHR1), 2 proteins involved in enzymatic
processes (GPD1 and PIK3C3), and SERPINE2. Fifteen
proteins were increased in the ATTR plaques only
(Table 1), including 6 matrix-related proteins
(COL6A1, COL6A2, CILP, DCN, FBLN1, and PCOLCE2)
and 5 complement proteins (C3, C9, CFH, CFHR2, and
CFHR5). In contrast, only 6 proteins were increased in
AL plaques only (Table 1), including several matrix-
remodeling proteins (MUC19, PRELP, and PRG4)
(Supplemental Tables 3 and 4).

To investigate the possibility of sample contami-
nation by serum, we evaluated the correlation be-
tween the concentrations of the identified serum
proteins with albumin and found it to be weak
(Supplemental Figure 1). The most notable difference

https://doi.org/10.1016/j.jaccao.2020.08.013
https://doi.org/10.1016/j.jaccao.2020.08.013
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FIGURE 2 Hierarchical Clustering of ATTR Patients Based on Their Amyloid-Specific Proteome

Cluster 1 consisted of 4 similar subclusters which were merged. Abbreviations as in Figure 1.
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between AL and ATTR was that complement proteins
were overrepresented in the ATTR proteome.

In aggregate, these data suggest that the 2 amyloid
types may share common mechanisms of matrix
remodeling (common collagen types, TIMP3, and
SERPINE2) and enzymatic processes (PIK3C and
GPD1) but also have several differences (complement
in ATTR).

COMPLEMENT PROTEINS ARE ENRICHED IN ATTR.

We then sought to evaluate differences in amyloid-
specific protein abundance according to patient clin-
ical characteristics. For ATTR, we considered the
following clinical parameters: sex, mutation status,
age, and cardiac stage, and only reported differences
at a p # 0.01 given the multiple comparisons per-
formed (Supplemental Figure 2). Males had higher
abundance of QSOX1 and SERPINE2 but lower APOA1
compared to females. APOH and AMBP were lower in
hereditary/mutated (ht) compared to wild type (wt)
ATTR, but this was not independent of age. Elderly
ATTR patients had higher levels of complement pro-
teins and SRPX. ATTR patients with higher cardiac
stage had higher levels of SERPINE2 and lower levels
of the complement cascade inhibitory protein CFHR5.
The same trends for CFHR5 and SERPINE2 were also
noted in advanced cardiac stage patients using the
Mayo staging system, but the difference did not reach
our predetermined cutoff for statistical significance
(p ¼ 0.020 for both). No differences were noted in any
of these subgroups in TTR concentrations.

THE AMYLOID-SPECIFIC PROTEOME OF AL KAPPA IS

DIFFERENT FROM THAT OF AL LAMBDA. In AL
(Supplemental Figure 3), no differences in protein
abundance were noted according to sex, age, or stage.
SERPINE2 appeared higher in cardiac stage 3/4 pa-
tients, but this did not reach our pre-determined

https://doi.org/10.1016/j.jaccao.2020.08.013
https://doi.org/10.1016/j.jaccao.2020.08.013


FIGURE 3 Overall Survival of ATTR Patients in Cluster 6

Age is dichotomized at the median. Abbreviation as in Figure 1.
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statistical significance (p ¼ 0.032). When comparing
kappa and lambda cases, patients with kappa AL had
higher levels of clusterin (CLU), prolargin (PRELP),
and SERPINE2. Kappa-restricted patients also had
lower abundance of kappa light chains in their amy-
loid plaques compared to lambda (median nSC of 72
vs. 98; p ¼ 0.010) despite having higher median dif-
ference between involved and uninvolved light
chains levels in their serum (67.46 vs. 27 mg/dl;
p ¼ 0.023). We found no correlation between these
levels and the amount of deposited light chains in AL
(R2 ¼ 0.008; p ¼ 0.371), which suggests that factors
other than circulating light chain levels dictate their
ability to seed amyloid plaques.

PROTEINS WITH SIMILAR FUNCTIONS TEND TO

COEXIST IN THE AMYLOID-SPECIFIC CARDIAC

PROTEOME. To identify correlations between the
identified proteins, we generated a correlation matrix
for the 28 ATTR amyloid-specific proteins (plus TTR)
and the 19 AL amyloid-specific proteins (plus light
chains) (Supplemental Figures 4 and 5) and grouped
proteins with high correlations together. Some pro-
teins with similar functions grouped together in ATTR
(e.g., signature proteins; group A, matrix proteins;
group B, complement proteins; and group D). Some
proteins appeared to have low correlations within
their own groups, which suggest significant hetero-
geneity across patients. The TTR/signature protein
concentration (group A) did not correlate with most
collagen and matrix proteins (group B), which sug-
gests that these are deposited in the amyloid pla-
que independently.

In AL (Supplemental Figure 5), correlation patterns
were different. Within group A, most signature pro-
teins correlated with collagen proteins unlike ATTR.
In AL, light chains did not correlate with the
remaining signature proteins. These data suggest that
that light chains and signature proteins follow
different deposition patterns between AL and ATTR.

A SPECIFIC PROTEOMIC SIGNATURE IDENTIFIES

PATIENTS WITH WORSE SURVIVAL IN ATTR CARDIAC

AMYLOIDOSIS. Hierarchical clustering was performed

https://doi.org/10.1016/j.jaccao.2020.08.013
https://doi.org/10.1016/j.jaccao.2020.08.013


FIGURE 4 Hierarchical Clustering of AL Patients Based on Their Amyloid-Specific Proteome

Cluster 1 consisted of 3 similar subclusters which were merged.
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to further clarify the patient heterogeneity identified
during our correlation analyses. In ATTR, 6 distinct
clusters were identified (Figure 2). Overall protein
abundance was distinct across the 6 clusters and total
nSC of the amyloid-specific proteome correlated with
that of the expanded proteome. Most deposited pro-
teins across these clusters followed the same overall
abundance trend with some exceptions whose abun-
dance was different than what was expected. Most
complement proteins were higher in cluster 4, GPD1
and PIK3C3 were higher in cluster 6, and QSOX1 was
lower in cluster 6 compared to all other clusters
(Supplemental Figure 6). We then evaluated
differences in sex, mutation status, age, cardiac
stage, and OS across clusters. Patients in cluster 5, the
cluster with the lowest protein abundance overall,
were more likely to have htATTR (36% vs. 14%; p <

0.001) and, as expected, be younger (median age 71
years vs. 75 years; p < 0.001). No difference in OS
between htATTTR and wtATTR was noted in this
cohort. When evaluating differences in OS, patients
in cluster 6 had significantly worse median OS
compared to the rest of the group (36 months vs.
50 months; p ¼ 0.007) (Figure 3). This effect was in-
dependent of age or cardiac stage including the Mayo
cardiac staging system for ATTR.

https://doi.org/10.1016/j.jaccao.2020.08.013


FIGURE 5 Overall Survival of AL Patients in Clusters 1 and 4

Age is dichotomized at the median. Abbreviation as in Figure 1.
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In AL, 4 distinct clusters were identified (Figure 4).
Similar to ATTR, overall protein abundance was
concordant between the amyloid-specific and
expanded proteomes (Supplemental Figure 7A), with
cluster 1 having the highest and clusters 2 and 4 the
lowest protein concentrations. When considering the
abundance of specific proteins within clusters, most
proteins followed the overall abundance trend of
amyloid-specific proteins. However, MUC19, GPD1,
and PIK3C3 were the highest in cluster 2
(Supplemental Figure 7B). We then evaluated differ-
ences in sex, age, light chain restriction, cardiac
stage, and OS across clusters and found no differ-
ences. Patients in clusters 4 had worse and patients in
cluster 1 better median OS, respectively, compared to
the rest of the group (5 months vs. 8 months, p ¼ 0.01;
and not reached versus 6 months, p ¼ 0.037, respec-
tively). This was independent of age but not inde-
pendent of cardiac stage (Figure 5).

ORA did not show any gene pathways significantly
overrepresented in the expanded proteomes of ATTR
cluster 6 compared to the rest of the cohort. However,
proteins involved in keratinization, muscle contrac-
tility, and regulation of complement were underrep-
resented in cluster 6 (ATTR) (Supplemental Figure 8).
CONTRACTILITY AND KERATIN PROTEINS ARE

INCREASED IN THE EXPANDED PROTEOMES OF

ATTR AND AL, RESPECTIVELY. Finally, we per-
formed ORA of differentially expressed proteins from
the expanded proteomes of AL and ATTR in an effort
to identify potential pathogenic mechanisms that
could be different between the 2 types (Supplemental
Table 2). In ATTR (Supplemental Figure 9), the most
overrepresented pathways included striated muscle
contraction and regulation of the complement
cascade. This reflects the increase of various
contractility and complement proteins, respectively.
In AL (Supplemental Figure 9), the most over-
represented pathways included formation of the
cornified envelope (keratin proteins), apoptotic
cleavage of cellular proteins (DSP, PLEC, and VIM)
and E3 ubiquitin ligases (SHPRH). These data suggest

https://doi.org/10.1016/j.jaccao.2020.08.013
https://doi.org/10.1016/j.jaccao.2020.08.013
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CENTRAL ILLUSTRATION Dissecting the Proteome of Cardiac Amyloid Plaques

Kourelis, T.V. et al. J Am Coll Cardiol CardioOnc. 2020;2(4):632–43.

Our findings reveal that the cardiac amyloid plaque contains a diverse spectrum of proteins and provides insights into disease pathogenesis. AL ¼ light chain

amyloidosis; ATTR ¼ transthyretin amyloidosis; CLU ¼ clusterin.
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that muscle hypertrophy and complement activation
may be dominant physiologic pathways in ATTR
whereas keratin deposition may play a role in car-
diac AL.

DISCUSSION

We describe, for the first time, the amyloid plaque
proteome of cardiac ATTR and AL amyloidosis. We
found a restricted proteomic microenvironment
compared to the surrounding cardiac tissue, as well as
a diverse spectrum of proteins in addition to the
amyloidogenic and signature proteins. ATTR was
characterized by a higher abundance of complement
and contractile proteins and AL by a higher abun-
dance of keratin proteins, which may reflect different
compensatory mechanisms between the two. We
found that the proteome of kappa AL had higher
levels of clusterin and lower levels of light chains
despite higher circulating light chain levels. Finally,
we identified a group of patients in ATTR with high
levels of PIK3C3, a protein with central role in auto-
phagy, with worse survival (Central Illustration).

The increase in contractility proteins in ATTR
might reflect the increased cardiac hypertrophy noted
on a gross anatomic level. These proteins were the
most abundant component of the expanded proteome
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in both types but were not considered part of the
amyloid-specific proteome because they were
increased in disease controls. Other proteins
increased in ATTR included proteins involved in
extracellular matrix remodeling such as DCN, FBLN1,
and CILP (12–14). This might be a result of how fast
cardiac tissue damage develops in AL, where these
compensatory mechanisms might not have enough
time to develop. The increase of QSOX1 in ATTR, an
enzyme that is involved in maintaining endoplasmic
reticulum homeostasis in response to misfolded pro-
teins (15), may suggest an improved homeostatic
response to misfolded TTR.

Proteins in the keratin family were present in
both types but were increased in AL. Keratins were
not dismissed as mere contaminants because there
is evidence that they are expressed in cardiac (16)
muscle and help maintain normal intercalated disk
structure and mitochondrial integrity and function
(11). Their absence in mouse models leads to the
development of skeletal myopathies (17) and car-
diomyopathy (11). In AL, their presence in amyloid
plaques may reflect a more acute pattern of cardiac
tissue damage, where early compensatory
mechanisms are still active, and before cardiac hy-
pertrophy and tissue remodeling mechanisms
develop.

This is the first study to show increased comple-
ment deposition in ATTR plaques. Evidence of in situ
(18) complement activation has been reported in
heart failure in various cardiomyopathies. It is not yet
understood how complement proteins impact cardiac
function or associate with amyloid plaques. Our
group has shown that cultured cardiomyocytes
upregulate complement genes after exposure to AL
fibrils (19). We also noted an increase in complement
proteins with increasing age in ATTR, in agreement
with what is seen with normal cardiac aging (20).
Complement was not increased in the amyloid-
specific proteome of AL which may be because of
increased expression of complement inhibiting pro-
teins such as CHFR1 and PRELP (21,22) or the younger
age of patients.

Older ATTR patients had a distinct proteomic
composition. In addition to complement proteins,
levels of AMBP (23) and APOH (24), which have both
been implicated in innate immunity and acute
inflammation, were increased in older ATTR patients.
These observations may reflect the increased gener-
alized inflammation seen with normal aging. SRPX
was also increased in elderly patients and this protein
has been shown to increase amyloid deposition and
toxicity in smooth muscle cells in vitro in cerebral
amyloid angiopathy (25).
ATTR patients with higher cardiac stages had lower
levels of CFHR5, a protein with poorly understood
function with some studies reporting complement
inhibition (26) and others activation (27). They also
had higher levels of SERPINE2, a protein produced by
fibroblasts and associated with increased cardiac
fibrosis (28) and endothelial dysfunction (29). QSOX1
and SERPINE2 were both higher in ATTR male pa-
tients suggesting increased endoplasmic reticulum
stress (15) and cardiac fibrosis (28), respectively.

In kappa AL patients, we noted an increase in CLU
levels. CLU is an extracellular chaperone that stabi-
lizes various misfolded proteins (30) including
various types of amyloidogenic proteins (31,32).
Kappa proteins are in general less thermodynamically
stable than lambda proteins (33). Paradoxically, the
amount of kappa light chains deposited in situ was
lower, despite a higher level in the serum. So, it is
possible that the increased CLU levels are associated
with a higher concentration of partially folded kappa
states compared to lambda. The increase of SERPINE2
and PRELP suggest that mechanisms of fibrosis (28)
and cardiac remodeling (34), respectively, are
different between the 2 types of AL.

We found no correlation between the total amyloid
plaque protein concentration and patient survival,
which suggests that amyloid tissue toxicity is not
merely dictated by the amount of protein present. In
fact, in AL, patients with the highest plaque protein
concentration (cluster 1) fared better and those with
the lowest (cluster 4) did worse. In addition, ATTR
had higher overall protein abundance overall
compared to AL. This suggests that proteomic abun-
dance may serve as a surrogate of indolent disease
biology.

A proteomic signature, characterized mainly by
increased in PIK3C3, was associated with worse out-
comes in ATTR. PIK3C3 is necessary for autophagy in
the heart and other tissues (35). Light-chain–medi-
ated dysregulation of autophagic flux in AL is critical
for mediating proteotoxicity in zebrafish car-
diomyocytes in vitro (36). TTR also impairs autophagy
in human cell lines (37). However, this is the first
study to report increase in a major autophagy marker
in human hearts affected by amyloid. Autophagy has
been implicated in the clearance of beta-amyloid by
innate immune cells and reduction of its proteotox-
icity (38,39). At the same time, autophagy induction
leads to cell death which could explain the worse
outcomes in this group. An intriguing finding was
that in the ATTR cluster with increased PIK3C3,
QSOX1, and MAGEL2 were absent and decreased,
respectively. MAGEL2-null mice have been shown to
have impaired autophagy (40) and this could
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represent a mechanism by which autophagy fails to
clear amyloid deposits in this patient group. Addi-
tionally, QSOX1 has been shown to inhibit the
autophagosome-lysosome fusion in vitro (41) and
might be decreased to allow the initiation of this step.
The lack of a survival detriment in the high PIK3C3
cluster in AL amyloidosis could be because our study
is underpowered to detect a difference. Alternatively,
light chains might induce cardiac tissue damage
through different pathways or inhibition of down-
stream autophagy signaling by proteasome inhibitors
could contribute to this observation.

STUDY LIMITATIONS. Our definition of the amyloid-
specific proteome was conservative. As a result, we
could have excluded some proteins that were part of
the amyloid-specific proteome. Despite the accuracy
of LMD, the risk of sample contamination by normal
tissue or nonspecific deposition of abundant proteins
was still possible. In addition, we did not use the
Congo red–negative tissue surrounding amyloid pla-
ques as controls because we currently do not know
the exact molecular boundary of amyloid deposition
in tissues. Consequently, LMD of these areas carries
the risk of including submicroscopic amyloid de-
posits. Another limitation is the male predominance
in AL patients, which might make our results less
generalizable. Furthermore, the age of the normal
controls included was generally lower than that of
most ATTR patients, as a result of the limited avail-
ability of normal tissues. We believe this did not
affect the validity of our findings of higher comple-
ment proteins in elderly ATTR patients. Complement
proteins were increased only in a specific cluster of
patients and we would expect them to be uniformly
increased if this was due to the inclusion of younger
controls. The use of nSC as a measure of abundance
has limitations as described before (42). However,
this study could not have been feasible without using
this relative quantification methodology because the
nSC data were collected as part of clinical amyloid
typing and many of the patient samples had already
been returned to their referring institution. Because
some cases and all controls were obtained through
autopsy, some protein degradation could have
occurred. However, most of these cases were pro-
cessed in <24 h after death. Protein degradation is
minimal in the first 24 h for muscle and nonmuscle
proteins in animals and humans, so we do not believe
this influenced our results (43,44). The survival of
wt versus htATTR was similar which may reflect
some bias in this specific cohort. Finally, our
results are in need of external validation. Given the
significant heterogeneity we identified our cohort
was not powered to perform internal validation of
our findings.

CONCLUSIONS

Our data show that cardiac AL and ATTR have both
common and distinct pathogenic mechanisms. They
also suggest that autophagy represents a pathway
that may be impaired and should be explored further
in cardiac ATTR.
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