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Abstract

Aims: Myocardial inflammation in cardiac amyloidosis is associated with poor clinical
outcomes. This study aimed to (a) investigate the relationship between peripheral blood
cytokine levels and the presence of inflammatory cells within the myocardium, and to
(b) evaluate the potential of cytokines as predictors of major adverse cardiovascular events
(MACE) in transthyretin (ATTR) and immunoglobulin light chain (AL) cardiac amyloidosis.
Methods: Peripheral blood samples were collected from 50 patients with cardiac ATTR or
AL amyloidosis between 2018 and 2023 at baseline and every three months during follow-
up visits. Cytokine analysis was performed using Olink’s Proximity Extension Assay. For
MACE prediction analysis, only patients with MACE occurring within +14 days of a study
visit were included (n = 16). Associations were evaluated using linear models. Results: No
significant associations were identified between the EMB-confirmed myocardial presence of
inflammatory cells and cytokine levels. There was a trend of weak-to-moderate associations
between serial blood cytokine levels and MACE, albeit this was non-significant after
adjustment for multiple testing (FDR): r2 = 0.28 for PON3 (p = 0.00075, FDR = 0.28), SIGLEC1
(p =0.00077, FDR = 0.28), and IL-6 (p = 0.00086, FDR = 0.31). Conclusions: Peripheral blood
cytokine levels were not reliable biomarkers for the myocardial presence of inflammatory
cells. PON3, SIGLEC1, and IL-6 demonstrated a statistically non-significant trend of
a weak-to-moderate association with MACE in cardiac amyloidosis. Since we recently
demonstrated that amyloidosis with an inflammatory component is associated with poor
outcomes, these additional findings underscore the need for alternative approaches to
identify and manage inflammation in this patient population.

Keywords: amyloidosis; myocarditis; heart failure; cardiomyopathy; cytokines;

inflammation

1. Introduction

Cardiac transthyretin (ATTR) and immunoglobulin light chain (AL) amyloidosis are
both diseases characterized by the accumulation of misconfigured proteins, which can
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lead to infiltrative cardiomyopathy and heart failure [1]. With the availability of disease-
modifying drugs such as tafamidis [2,3], vutrisiran [4], or the NI006-antibody [5], the inter-
est in cardiac amyloidosis has been rapidly increasing in the scientific community [6-8].

Recent studies have highlighted that cardiomyopathies of various etiologies, including
amyloidosis, are often accompanied by cardiac inflammation [9-11]. There is growing
evidence to suggest that this inflammation may contribute to heart failure [9,11-16]. As
such, understanding the inflammatory processes in cardiac amyloidosis is becoming an
increasingly important research focus.

In a study of 50 patients with ATTR and AL cardiac amyloidosis, endomyocardial biop-
sies (EMBs) revealed that 42% of these patients exhibited myocardial infiltration by CD3+
T cells and CD68+ macrophages [17]. Since myocardial inflammation has been reported
to be associated with poor clinical outcomes in ATTR and AL cardiac amyloidosis [10,11],
it is critical to better understand the underlying inflammatory mechanisms. Specifically,
it remains unclear whether inflammation is simply a byproduct of cardiac amyloidosis
or whether it actively drives disease progression. Additionally, to advance personalized
therapies in cardiac amyloidosis, it is essential to identify patients who may benefit from tar-
geted anti-inflammatory treatments. We therefore aimed to (a) investigate the relationship
between peripheral blood cytokine levels and the presence of inflammatory cells within the
myocardium confirmed by EMB, and to (b) evaluate the potential of cytokines as predictors
of MACE in ATTR and AL cardiac amyloidosis.

2. Materials and Methods
2.1. Study Design, Study Participants, Recruitment, and Pre-Analytics

To investigate the association between peripheral blood cytokine levels and the pres-
ence of inflammatory cells within the myocardium and MACE, ethylenediaminetetraacetic
acid (EDTA) plasma samples from 50 patients with cardiac ATTR or AL amyloidosis were
collected between the years 2018 and 2023 and stored in the biobank of the Deutsches
Herzzentrum der Charité, Campus Benjamin Franklin. Blood was obtained from each
patient at the baseline visit and during study visits every three months. Blood samples
were collected in EDTA tubes, and EDTA plasma was separated from the samples by
centrifugation and stored at —80 °C.

An EMB was only performed when clinically indicated [1]. In order to focus on
samples from patients with a definitive diagnosis of myocardial inflammation, only patients
for whom an EMB sample was available were included in the correlation analysis of
peripheral cytokine levels with myocardial immune cell infiltration.

For analyzing whether peripheral blood cytokine levels predict MACE, only patients
with MACE occurring within +14 days of a study visit were included. MACE were defined
as at least one of the following: all-cause mortality, cardiovascular mortality, hospitalization
for heart failure, or acute decompensated heart failure.

2.2. Endomyocardial Biopsies

EMB samples were obtained during routine diagnostic workup as indicated by the
European Society of Cardiology (ESC) position statement on the diagnosis and treatment
of cardiac amyloidosis [1]. The EMB samples were sent to, and analyzed by, a specialized
cardiopathologist. Samples were stained for CD3, CD20, and CD68.

2.3. Cytokine Analysis

For analyzing peripheral blood cytokine levels in EDTA plasma samples, we utilized
the Proximity Extension Assay (PEA) by Olink. This method is based on two antibodies
carrying unique oligonucleotide sequences that bind to the target proteins. The proximity
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of the two antibodies leads to hybridization of the oligonucleotide sequences that they
carry and makes them accessible for deoxyribonucleic acid (DNA) polymerases, which
extend the strands. The DNA strands can then be quantified by a real-time polymerase
chain reaction (PCR).

Olink’s PEA technology empowers high-throughput and highly specific proteomics
and is therefore a suitable approach for biomarker development [18]. We chose the Olink
Explore 384—Inflammation panel for our analyses, enabling us to include 368 proteins
associated with inflammation. While the panel is called “Olink Explore 384" based on its
384-plex capacity, it measures 368 inflammation-related proteins, with the remaining assay
space used for internal controls and quality assurance. Supplemental File S1 lists all of the
cytokines included in the Olink Explore 384—Inflammation panel.

Library preparation, randomization, quality control, and data processing were con-
ducted using Olink’s standard processes (see https:/ /www.olink.com for more information,
accessed on 1 July 2025). Normalized protein expression (NPX) represents the data and
provides a relative quantification of the samples within our patient cohorts.

2.4. Statistical Analysis

Statistical analysis was conducted using R (version 4.2.1). We used standard linear
models to analyze the association between predictor and response variables. In the first
analysis, the predictors were the myocardial presence of inflammatory cells, and the
response variables were cytokine levels as NPX values. In the second analysis, cytokine
levels as NPX values were used as predictors, and MACE were the response variables.
For repeated measures analysis, we used the packages lme4 (v. 1.1) and ImerTest (v.
3.1). The obtained p-values were corrected for the false discovery rate (FDR) using the
Benjamini-Hochberg method. For the analysis of baseline patient characteristics, categorical
variables were summarized as counts and percentages and analyzed with the chi-square
test. Continuous variables were presented as medians with interquartile ranges (IQR) and
compared using the Mann—-Whitney U test.

2.5. Ethics

This investigation conforms with the principles outlined in the Declaration of
Helsinki [19]. Furthermore, this study was reviewed and approved by the ethics com-
mittee of Charité—Universitdtsmedizin Berlin. All patients provided their written
informed consent.

3. Results
3.1. Study Population

We enrolled 50 patients with cardiac ATTR or AL amyloidosis in this study (Table 1).

EMB samples were obtained from 27 of these 50 patients. In the remaining patients, a
diagnosis of cardiac amyloidosis was established non-invasively, in line with ESC recom-
mendations, using 99mTc-DPD scintigraphy together with serum/urine electrophoresis
and immunofixation [1]. These 27 cases with an EMB-based diagnosis were used to in-
vestigate the relationship between peripheral blood cytokine levels and the presence of
inflammatory cells within the myocardium. Among them, 10 patients who showed no
signs of myocardial inflammation on immunohistology served as the control group for the
first analysis. There were no significant differences in baseline characteristics between the
cohorts in this first analysis, including type of amyloidosis, age, sex, N-terminal pro b-type
natriuretic peptide (NT-proBNP), or creatinine (Table 1).
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Table 1. Patient characteristics.

Analysis 1: Correlation of Cytokines with Myocardial

Presence of Inflammatory Cells Analysis 2: Correlation of Cytokines with MACE

EMB-Positive for EMB-Negative for

Myocardial Myocardial MACE = 14 Days No MACE =+ 14 Days of a

Presence of Presence of p-Value of a Study Visit Study Visit p-Value

Inflammatory Cells  Inflammatory Cells (n =16) (n=21)

(n=17) (n=10)
ATTR (1, %) 10 (58.8%) 7 (70.0%) 0574 7 (43.8%) 15 (71.4%) 0574
AL (1, %) 7 (41.2%) 3(30.0%) 9 (56.2%) 6 (28.6%)
éf: C{;ﬁeﬁ;{) 77.0 (73.0-83.0) 76.5 (72.8-81.8) 1 78.0 (74.5-83.0) 78.0 (68.0-82.0) 0.684
(sne’i/:)emle 5(29.4%) 2 (20.0%) 0.932 5 (31.3%) 4(19.0%) 0.933

3 2

(leﬁgﬁgﬁ) 23.9 (22.6-25.3) 25.4(22.4-26.7) 0.359 24.6(21.3-27.3) 23.9 (21.8-25.9) 0.255
:‘;:;‘;“B%L 69.0 (44.0-159.0) 55.0 (41.0-78.0) 0.590 81.5(57.3-129.0) 57.0 (35.0-79.5) 0.182
NT-proBNP inng/L 5008.0 21125 64285
(median, IQR) (2553.0-9448.0) (1163.3-5370.0) 0.204 (3673.5-16,363.5) 2114.0 (1010.0-5008.0) 0132
Creatinine
inmg/dL 12(1.1-1.4) 1.3(1.1-1.5) 0.530 1.3(1.0-1.6) 12(1.1-1.4) 0.049
(median, IQR)

AL (immunoglobulin-light-chain amyloidosis), ATTR (transthyretin amyloidosis), BMI (body mass index), hs-cTn
(high-sensitivity cardiac troponin), EMB (endomyocardial biopsy), IQR (interquartile range), MACE (major
adverse cardiovascular event), NT-proBNP (N-terminal pro-B-type natriuretic peptide).

For analyzing whether peripheral blood cytokine levels predict MACE, only patients
with MACE occurring within +14 days of a study visit were included, leading to 16 patients
being included in the second analysis. A total of 21 patients were included, for which
no MACE were recorded. Therefore, these patients served as the control group for the
second analysis. Although a significant difference in baseline creatinine levels was observed
between the cohorts (1.3 mg/dL [1.0-1.6] vs. 1.2 mg/dL [1.1-1.4]; p = 0.049), this difference
is not considered to be clinically relevant (Table 1).

3.2. Cytokine Levels and Their Association with the Myocardial Presence of Inflammatory Cells in
Cardiac Amyloidosis

To analyze whether the EMB-verified presence of inflammatory cells within the my-
ocardium causes changes in the levels of specific cytokines, we performed a differential
analysis using a linear model. After correction for multiple testing, no cytokines were
significantly associated with the EMB-verified presence of inflammatory cells within the
myocardium (Figure 1, Table 2).

3.3. Cytokine Levels as Predictors of MACE in Cardiac Amyloidosis

A linear model was used to analyze whether cytokines can predict MACE within
+14 days of testing. Although there were no cytokines significantly associated with MACE
after correction for multiple testing, there was a trend of a weak-to-moderate associations
between serial blood cytokine levels of Paraoxonase 3 (PON3) (p = 0.00075, FDR = 0.28),
Sialic-Acid-Binding Ig-Like Lectin 1 (SIGLEC1) (p = 0.00077, FDR = 0.28), and Interleukin 6
(IL-6) (p = 0.00086, FDR = 0.31) and MACE (Figure 2, Table 3).
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Table 2. Top 10 cytokines associated with myocardial presence of inflammatory cells in cardiac ATTR

and AL amyloidosis.
Assay Estimate R? p-Value FDR
CD244 —-047 0.28 0.0045 1
ADGRE2 —-0.49 0.24 0.0101 1
AOC1 —1.13 0.22 0.0134 1
CLEC4D —-1.01 0.22 0.0142 1
IL1IRL2 —-041 0.22 0.0143 1
CDg4 -0.37 0.21 0.0166 1
PRKAB1 —0.76 0.21 0.0167 1
OSCAR -0.57 0.20 0.0207 1
RGSS8 —1.04 0.18 0.0251 1
CD200 —-0.31 0.18 0.0285 1

There was no significant difference in the expression of the top 10 cytokines between patients with and without
inflammatory cells in the myocardium. The selected cytokines are the ten with the highest correlation to the
myocardial presence of inflammatory cells, as determined by differential analysis using a linear model. ADGRE2
(Adhesion G-Protein-Coupled Receptor E2), AOC1 (Amine Oxidase Copper Containing 1), CD200 (Cluster of
Differentiation 200), CD244 (Cluster of Differentiation 244, Natural Killer Cell Receptor 2B4), CD84 (Cluster
of Differentiation 84), CLEC4D (C-Type Lectin Domain Family 4 Member D, Dectin-3), IL1IRL2 (Interleukin
1 Receptor-Like 2, IL-36 Receptor), OSCAR (Osteoclast-Associated Immunoglobulin-Like Receptor), PRKAB1
(Protein Kinase AMP-Activated Non-Catalytic Subunit Beta 1), RGS8 (Regulator of G-Protein Signaling 8), Estimate
(effect size estimate), FDR (false discovery rate calculated using Benjamini-Hochberg correction), r? (coefficient
of determination).
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EMB-confirmed myocardial presence of inflammatory cells

Figure 1. Relative protein levels of the top 6 cytokines associated with myocardial presence of

inflammatory cells in cardiac ATTR and AL amyloidosis.
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Figure 2. Relative protein levels of the top 6 cytokines associated with MACE in cardiac ATTR and
AL amyloidosis.

Table 3. Top 10 cytokines associated with MACE in cardiac ATTR and AL amyloidosis.

Assay Estimate R? p-Value FDR
PON3 —0.45 0.28 0.00075 0.28
SIGLEC1 0.79 0.28 0.00077 0.28
IL6 1.55 0.28 0.00086 0.31
ITGA11 —-0.59 0.27 0.00107 0.39
GAL —0.95 0.26 0.00136 0.49
PREB 0.66 0.24 0.00193 0.70
PRKCQ 0.73 0.24 0.00196 0.71
EPCAM —0.81 0.23 0.00250 0.90
PNPT1 1.04 0.22 0.00320 1.00
TNFRSF13C 0.80 0.22 0.00330 1.00

There was no significant difference in the expression of the top 10 cytokines between patients with and with-
out MACE within +14 days of testing. The selected cytokines are the ten with the highest correlation to
MACE +14 days of testing, as determined by differential analysis using a linear model. EPCAM (Epithelial
Cell Adhesion Molecule), GAL (Galanin and GMAP Prepropeptide), IL6 (Interleukin 6), ITGA11 (Integrin Sub-
unit Alpha 11), PON3 (Paraoxonase 3), PNPT1 (Polyribonucleotide Nucleotidyltransferase 1), PREB (Prolactin
Regulatory Element Binding), PRKCQ (Protein Kinase C Theta), SIGLEC1 (Sialic-Acid-Binding Ig-Like Lectin 1),
TNFRSF13C (Tumor Necrosis Factor Receptor Superfamily Member 13C), Estimate (effect size estimate), FDR
(false discovery rate calculated using Benjamini~-Hochberg correction), r? (coefficient of determination).

4. Discussion

There is increasing evidence that myocardial inflammation in cardiac amyloidosis
may play a relevant role for prognostic outcomes [10,11,17]. Therefore, we investigated the
clinical implications of testing for myocardial inflammation by studying (a) the relationship
between peripheral blood cytokine levels and the presence of inflammatory cells within
the myocardium confirmed by EMB, and (b) the potential of cytokines as predictors of
MACE in ATTR and AL cardiac amyloidosis. We hypothesized that cardiac background
inflammation characterized by infiltration of inflammatory cells into the myocardium alters
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cytokine levels, serving as biomarkers for diagnosis, and that cytokines predict MACE in
cardiac amyloidosis.

In our analysis, which may have been limited by the small sample size, no significant
associations were found between serial blood cytokine levels and the status of myocardial
immune cell infiltration. Given that we included all patients with myocardial inflammation,
even those who did not meet the criteria outlined in the ESC position statement on my-
ocarditis [20], it is also possible that, in cases of starker cardiac inflammation in amyloidosis,
the effect on peripheral cytokine levels could be more pronounced.

The rationale behind our approach was the scientific discussion concerning to what
extent the healthy heart contains immune cells and what the cut-off value is for defining
cardiac inflammation in amyloidosis, and more generally, in cardiomyopathies caused by
etiologies other than myocarditis [21]. Additionally, since an EMB provides only a snapshot
in time, it remains unclear as to whether the biopsies from the patients of our cohort were
taken during active inflammation or potentially a period of remission [9]. A key question
in cardiac amyloidosis remains the timing and trajectory of inflammation, which also could
have influenced our data.

Some studies suggest that during the chronic phase of myocardial inflammation, the
overall density of immune cells within the myocardium decreases, while the proportion of
T cells increases [9,22]. This may also influence peripheral cytokine levels, which might
render them only an indirect measure of the status of myocardial inflammation at the time
of assessment. We have previously demonstrated that in chronic myocarditis, inflammatory
markers in the blood including C-reactive protein and troponin frequently normalize, while
inflammation in the myocardium continues to progress [23].

This complexity in detecting myocardial inflammation is further compounded by the
fact that an EMB can yield false negatives if the sample is taken from a region distant
from areas of focal inflammation, as inflammation may not be uniformly distributed
throughout the myocardium. In this regard, cardiac magnetic resonance (CMR) imaging,
while considered the non-invasive gold standard in diagnosing myocarditis [24], might
not be a suitable method in detecting myocardial inflammation in cardiac amyloidosis as
the currently available data are limited and inconsistent [25]. Furthermore, it is known
from myocarditis that CMR imaging has a limited diagnostic window of a few weeks for
detecting myocardial inflammation [26], which may reduce its utility in the context of the
chronic clinical trajectory of cardiac amyloidosis.

While our study may have been underpowered to detect robust associations for serial
blood levels of cytokines and MACE, several cytokines, such as IL-6, demonstrated weak-
to-moderate effect sizes and explained variance in relation to MACE. Nonetheless, none of
these associations withstood false discovery rate (FDR) correction, underscoring the need
for cautious interpretation. Importantly, while previous studies have reported associations
between elevated IL-6 levels and adverse outcomes in amyloidosis [27,28], our findings
may have been constrained by the limited sample size, emphasizing the need for validation
in larger, adequately powered cohorts.

Previous studies using adult cardiomyocyte (AC16)-based models have demonstrated
that AC16 cells treated with ATTR exhibit an enhanced response to pro-inflammatory
cytokines and increased apoptosis [29]. Similarly, in AC16-based models of AL, there is an
upregulation of IL-6 expression [30]. While interactions between these systems appear to
influence clinical outcomes, they do not seem to be directly measurable in our cohort in
terms of their immediate effect on MACE.

From a clinical perspective, evidence suggests that amyloidosis is associated with
inflammation, which in turn leads to worse clinical outcomes [10,11]. More mechanistic
studies are needed to stratify the role of inflammation in cardiac amyloidosis pathogenesis
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and the influence on the clinical trajectory of the patients, especially on the progression to
heart failure. Furthermore, the insufficiency of cytokines in peripheral blood samples in
assessing the status of cardiac inflammation in our cohort highlights the need for novel
methods to detect cardiac inflammation and identify patients who might benefit from
anti-inflammatory treatment. One promising tool could be the measurement of the cardiac
magnetic field using magnetocardiography [31,32]. With the latest implementation of
superconducting quantum interference device (SQUID) sensors, magnetocardiography
detects myocardial alterations with increased sensitivity and has been successfully applied
in inflammatory cardiomyopathy and cardiac amyloidosis research [32,33].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines13092254 /51, Table S1: Olink Explore 384—Inflammation
panel.
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