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Abstract: Serum levels of cytokines interleukin 1 beta ( IL-1β) and interleukin 33 (IL-33) are highly
abnormal in heart failure and remain elevated after mechanical circulatory support (MCS). However,
local cytokine signaling induction remains elusive. Left (LV) and right ventricular (RV) myocardial
tissue specimens of end-stage heart failure (HF) patients without (n = 24) and with MCS (n = 39;
594 ± 57 days) were analyzed for cytokine mRNA expression level of IL-1B , interleukin 1 receptor
1/2 (IL-1R1/2), interleukin 1 receptor-like 1 (IL-1RL1), IL-33 and interleukin-1 receptor accessory
protein (IL-1RaP). MCS patients showed significantly elevated IL-1B expression levels (LV: 2.0 fold,
p = 0.0058; RV: 3.3 fold, p < 0.0001). Moreover, IL-1R1, IL-1RaP and IL-33 expression levels strongly
correlated with each other. IL-1RL1 and IL-1R2 expression levels were significantly higher in RV my-
ocardial tissue (RV/LV ratio IL-1R2 HF: 4.400 ± 1.359; MCS: 4.657 ± 0.655; IL-1RL1 HF: 3.697 ± 0.876;
MCS: 4.529 ± 0.5839). In addition, IL1-RaP and IL-33 RV expression levels were significantly elevated
in MCS. Furthermore, IL-33 expression correlates with C-reactive protein (CRP) plasma levels in
HF, but not in MCS patients. Increased expression of IL-1B and altered correlation patterns of IL-1
receptors indicate enhanced IL-1β signaling in MCS patients. Correlation of IL-1 receptor expression
with IL-33 may hint towards a link between both pathways. Moreover, diverging expression in LV
and RV suggests specific regulation of local cytokine signaling.

Keywords: heart failure; interleukin 1 beta; interleukin 33; mechanical circulatory support

1. Introduction

Heart failure (HF) is a major cause of mortality and morbidity in industrialized
nations [1]. Due to the ongoing shortage of available donor organs, mechanical circulatory
support (MCS) devices have been increasingly utilized for managing HF as a bridge to
transplantation or destination therapy [1,2]. The use of left ventricular assist devices
(LVADs) leads to decreased mortality and improved quality of life. However, MCS may be
associated with device-related complications, such as infection, thromboembolic events and
bleeding complications. Further, recent evidence suggests an increase in general systemic
inflammation levels in patients with MCS [2,3].
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Interleukin 1 beta ( IL-1β) is a potent pro-inflammatory mediator that has been cor-
related to a number of diseases like myocardial infarction, cardiomyopathy and acute
myocarditis [4–7]. IL-1β signaling is involved in inflammation and the fibrotic remodeling
of heart tissue [8–10]. Plasma and myocardial expression levels of IL-1β are elevated in
end stage HF and remain high after the implantation of MCS devices [11,12]. The consti-
tutively expressed IL-1 type 1 receptor (IL-1R1) and its co-receptor, interleukin-1 receptor
accessory protein (IL-1RaP), mediate effects of IL-1β signaling. The decoy receptor, IL-1
receptor type 2 (IL-1R2), competitively inhibits signaling by binding IL-1β without signal
transduction [13].

In contrast, IL-1 family member, interleukin 33 (IL-33), likely has a cardio-protective
function in the context of HF [14,15], but may also aggravate cardiac inflammation [16].
IL-33 is rapidly released from cells during necrosis or tissue injury and has been shown to in-
hibit cardiomyocyte hypertrophy, fibrosis, and apoptosis [14,17]. IL-33 binds to interleukin
1 receptor-like 1 (IL-1RL1), also known as suppression of tumorigenicity-2 (ST2), which
exists in two major isoforms: membrane-bound and truncated soluble form (sST2) [18].
Circulating sST2 levels are associated with the risk of cardiovascular death or worsened
HF, making sST2 a promising prognostic biomarker for HF [19–21]. Although sST2 likely
acts as a decoy receptor for IL-33 [15], the role of IL-33 signaling in HF has not been fully
elucidated. sST2 plasma levels do not correlate with tissue expression of ST2 [22], and
previous studies have suggested that the main source for elevated plasma levels of IL-33
and sST2 are vascular endothelial cells [23,24], indicating that global cytokine levels are
regulated, regardless of local signaling within the heart. While serum levels of IL-1 and
IL-33 signaling molecules have been addressed in several studies [25–27], local regulation
of receptors within the heart remains elusive. To shed light on local regulation in patients
with HF, we analyzed myocardial tissue expression levels of IL-1 and IL-33 receptors and
co-receptors in this study. Following the hypothesis that LVAD support is associated with
alterations of local inflammatory pathways [3], we compared interleukin expression levels
in the myocardium of patients with and without MCS. Assuming topographic differences,
we examined left (LV) and right ventricular (RV) tissue.

2. Materials and Methods
2.1. Study Design

This is a retrospective study utilizing myocardial samples obtained between August
2011 and December 2018 undergoing heart transplantation (HTx). LV and RV myocardial
tissue samples were collected at the time of HTx, shock frozen and stored in liquid nitrogen.
The entire study population included 101 patients. Patients with significant medical history,
including cancer or infectious diseases, were excluded, and clinical data from remaining
63 patients were analyzed retrospectively. Exclusion criteria amongst others were short
LVAD implantation period, HF causes other than ischemic cardiomyopathy (ICM) or non-
ischemic dilated cardiomyopathy (DCM), and previously otherwise analyzed myocardial
tissue samples (see also Figure S1). The finally analyzed cohort contained 24 patients with
HF who did not require LVAD assistance and 39 patients with MCS. Clinical data, including
demographics, medications, comorbidities, and laboratory data, were collected prior to
cardiac transplantation and are displayed in Table 1. Twenty-five patients were diagnosed
with ICM and 38 patients with DCM. An overview on study selection criteria is given
in Figure S1. The study protocol was approved by the ethics committee of the Heinrich-
Heine-University (No. 4567) and conforms to the principles outlined in the Declaration of
Helsinki. Written informed consent was obtained from all individuals prior to inclusion
into the study.
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Table 1. Baseline characteristics.

HF (n = 24) MCS (n = 39) p-Value

Gender (male), n (%) 17 (70.8%) 33 (84.6%) n.s.
Age (years) 53 ± 2.2 55 ± 1.8 n.s.

BMI 24.58 ± 1.36 27.90 ± 0.92 n.s.
NYHA Class IV 0 (0%) 4 (10.3%) 0.001

III 2 (8.3%) 18 (46.2%)
II 18 (75.0%) 16 (41.0%)
I 4 (16.7%) 1 (2.6%)

LVEF % 26 ± 2.1 22 ± 4.5 n.s.
DCM, n (%) 18 (75%) 20 (51.3%) n.s.
ICM, n (%) 6 (25%) 19 (48.7%) n.s.

Comorbidities

Diabetes, n (%) 8 (33.3%) 13 (33.3%) n.s.
Hypertension, n (%) 9 (37.5%) 21 (53.8%) n.s.
Dyslipidemia, n (%) 8 (33.3%) 8 (20.5%) n.s.

Kidney disease, n (%) 14 (58.3%) 22 (56.4%) n.s.
History of smoking, n (%) 2 (8.3%) 3 (7.7%) n.s.

Pre OP laboratory values

NT-proBNP (pg/mL) 6674 ± 1580 2304 ± 883 0.002
Bilirubin (mg/dL) 1.2 ± 0.26 0.9 ± 0.12 n.s.

Creatinine (mg/dL) 1.7 ± 0.43 1.2 ± 0.08 n.s.
Leucocytes (1000/µL) 9.4 ± 0.84 8.2 ± 0.47 n.s.

CRP (mg/dL) 3.2 ± 1.6 2.1 ± 0.43 n.s.

Treatments

ACE-I and/or ARB, n (%) 17 (70.8%) 18 (46.2%) n.s.
Beta blockers, n (%) 16 (66.7%) 34 (87.2%) n.s.

Statins, n (%) 10 (41.6%) 20 (51.3%) n.s.
Antiplatelet agents, n (%) 9 (37.5%) 32 (82.1%) 0.001
Inotropic support, n (%) 2 (8.3%) 0 (0%) n.s.

MR / Aldosterone antagonists, n (%) 13 (54.2%) 28 (71.8%) n.s.
Other diuretics, n (%) 19 (79.2%) 27 (69.2%) n.s.

Antiarrhythmic therapy, n (%) 12 (50%) 8 (20.5%) 0.025
Antidiabetic agents, n (%) 2 (8.3%) 7 (17.9%) n.s.
Calcium antagonists, n (%) 1 (4.2%) 10 (25.6%) 0.040

PDE5i, n (%) 4 (10.3%) 22 (56.4%) 0.003
Allopurinol, n (%) 6 (26.7%) 7 (25%) n.s.

Values are presented as mean ± standard error of mean or as n (percentage). Abbreviations: BMI—body
mass index; NYHA class—New York Heart Association class; LVEF—left ventricular ejection fraction; DCM—
dilated cardiomyopathy; ICM—ischemic cardiomyopathy; NT-proBNP—N-terminal pro brain natriuretic peptide;
CRP—C-reactive protein, ACE-I—angiotensin-converting-enzyme inhibitor; MCR—mineralocorticoid receptor,
PDE5i—phosphodiesterase-5 inhibitor.

2.2. mRNA-Isolation and Real-Time PCR

In the following, gene names are written in italics. In the case of IL-1β, IL-1B refers
to the corresponding gene name. Tissue samples were homogenized and mRNA was
isolated using trizol-chloroform extraction followed by mRNA precipitation out of the
aqueous phase (TRI Reagent from Sigma-Aldrich, Munich, Germany; protocol according
to manufacturer’s instruction). Further purification of mRNA and reverse transcription
were performed using Qiagen RNeasy Mini Kit (Qiagen, Hilden, NRW, Germany) and
QuantiTectR Reverse Transcription Kit (Qiagen, Hilden, NRW, Germany) according to
manufacturer’s specifications. Real-time PCR-Mix contained GoTaqR real-time PCR Master
Mix (Promega, Madison, Wisconsin, USA) containing SYBR green as fluorophore and
CXR as reference dye, cDNA (10 ng) and exon spanning forward (fw) and reverse (rv)
primers (RPL13A fw: GTACGCTGTGAAGGCATCAA, rv: GTTGGTGTTCATCCGCTTG,
IL-1B fw: AGCTGATGGCCCTAAACAGA, rv: GGAGATTCGTAGCTGGATGC; IL-1R1 fw:
TGTGATTGTGAGCCCAGCTA, rv: ACTGACCCATTCCACTTCCA, IL-1R2 fw: TGAAG-
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GCCAGCAATACAACA, rv: CTTGACCCCAGAGAAGCTGA, IL-1RaP fw: TGTCAAACC-
GACTATCACTTGG, rv: TTGAAATTAAGGCAATGAGGAAA, IL-33 fw: TGCCAACAA-
CAAGGAACACT, rv: AGGACAAAGAAGGCCTGGTC, IL-1RL1 fw: TGTGGCAGCT-
TAATGGAACA, rv: TCTAGACAAGCCAGCCCATT, final concentration 0.15 mM). Real-
time quantitative amplification of mRNA was performed according to the manufacturer’s
instructions in a StepOnePlus Real Time PCR System (Applied Biosystems Inc, Waltham,
MA, USA) in duplicates. Specificity of obtained real-time quantitative PCR products was
checked via melting curve analysis (Figure S2). Fold change of gene expression levels was
calculated using comparative ∆∆CT method with RPL13A as reference gene.

2.3. Statistical Analysis

Significance of differences within the study population was tested using Mann-
Whitney U test or (for dichotome values) two-sided Fisher’s exact test. Relative mRNA
expression levels were presented as boxplots and whisker plots, and significant differences
between groups were determined with nonparametric testing (Kruskal-Wallis Test and
Dunn’s post-hoc test). Differences in gene expression of RV and LV myocardia within
the same patient was analyzed with Wilcoxon signed-rank test. Data are reported as
mean ± standard error mean (SEM). p-values ≤ 0.05 were considered statistically sig-
nificant. All datasets were analyzed using GraphPad Prism version 5.01 for Windows
(GraphPad Software, La Jolla, California, USA) and IBM SPSS Statistics Version 25.0.0.2 for
Windows (IBM Corp. Armonk, NY, USA).

3. Results
3.1. Patient Demographics

Patients’ ages at transplantation ranged from 33 to 70 years (mean 54 years), and
50 out of 63 patients (79%) were male. 24 patients had HF, and 39 patients received MCS.
Patients with MCS prior to HTx were supported for at least 90 days, with a mean du-
ration of 594 days ± 57 days. The majority (27 patients, 69%) were supported with a
HeartWare, 8 patients (21%) with a HeartMate II and 4 patients (10%) with a HeartMate
III. Nine patients (23%) received an additional right ventricular assist device (RVAD) or
an extracorporeal life support system (ECLS) within the period of LVAD support. Demo-
graphics are summarized in Table 2. Patient groups were comparable regarding gender,
age, body mass index (BMI), ejection fraction, comorbidities and most laboratory values.
N-terminal prohormone of brain natriuretic peptide (NTproBNP) levels were elevated
in both patient groups, but were significantly higher in HF patients (p = 0.002). In ad-
dition, the New York Heart Association classification (NYHA) was significantly altered
between groups (p = 0.0001). The majority of MCS patients was treated with antiplatelet
agents (MCS: 32 (82%), HF: 9 (38%), p = 0.001) and phosphodiesterase-5 inhibitors (MCS:
22 (56%), HF: 4 (10%), p = 0.003). In contrast, HF patients were more frequently treated
with antiarrhythmic therapy (HF: 12 (50%), MCS: 8 (21%), p = 0.001), while patients with
MCS weretreated with calcium antagonists (MCS: 10 (26%), HF: 1 (4%), p = 0.04).

3.2. Increased Gene Expression of IL-1B in Patients with MCS

To shed light on the role of IL-1β and IL-33 signaling within the myocardium of
heart failure patients, the expression levels of IL-1B, IL-1 receptors IL-1R1, IL-1R2 and
IL-1RaP and of IL-33 and IL-1RL1 were determined via real-time quantitative PCR analysis
(Figure 1). The LV and RV myocardial tissues of patients with and without MCS were
analyzed. Expression levels of the IL-1 receptor antagonist ranged at the level of the
analytical detection limit and were, therefore, not included in further analysis (data not
shown). IL-1B expression levels were significantly higher in the MCS group compared to
the HF group (LV: 2.0 fold, p = 0.0058; RV: 3.3 fold, p < 0.0001; Figure 1A(I)). This applied to
both the LV and RV myocardial tissues. While MCS was not associated with changes in
IL-1R2 and IL1-RL1 expression, comparing LV and RV specimens resulted in significantly
altered gene expression (Figure 1A(III,V)). Moreover, expression of IL1-RaP and IL-33
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was increased in right ventricular specimens of MCS patients, compared to left ventricle
specimens, but was unaltered between ventricles in HF patients (Figure 1A(IV,VI)). mRNA
expression levels of IL-1R1 (Figure 1A(II)) showed no significant differences in patients
due to MCS or between ventricles.

Table 2. Strong correlation between IL-1R1, IL-1RaP and IL-33.

r-Value
HF LV RV

IL1RaP IL1RL1 IL-33 IL1RaP IL1RL1 IL-33

IL1R1 0.73 0.48 0.93 0.79 0.75 0.78
IL1RaP 0.46 0.75 0.68 0.77
IL1RL1 0.32 0.58

MCS

IL1R1 0.83 0.46 0.78 0.75 0.36 0.65
IL1RaP 0.29 0.74 0.29 0.57
IL1RL1 0.22 0.02

p-Value
HF LV RV

IL1RaP IL1RL1 IL-33 IL1RaP IL1RL1 IL-33

IL1R1 <0.0001 0.0163 <0.0001 <0.0001 <0.0001 <0.0001
IL1RaP 0.0248 <0.0001 0.0003 <0.0001
IL1RL1 n.s. 0.0031

MCS

IL1R1 <0.0001 0.0028 <0.0001 <0.0001 0.0224 <0.0001
IL1RaP n.s. (0.073) <0.0001 n.s. (0.078) 0.0001
IL1RL1 n.s. n.s.

Spearman correlations are calculated analyzing mRNA expression levels of IL-1R1, IL-1RaP, IL-1RL1 and IL-33.
Correlation coefficient r is displayed in the upper part of the table, and significant correlation is indicated with
bold formatting, p-values are listed in the lower part.

In addition, we calculated the Spearman correlation of MCS duration with gene ex-
pression. IL-33 gene expression showed a moderate negative correlation with the duration
of LVAD support in both ventricles (LV: r = −0.32, RV: r = −0.33; Figure 1B). However, the
observed effect remained within the scattering of IL-33 gene expression levels that were
observed in the HF group.

3.3. Correlation of IL-1 Receptor and IL-33 Expression

Next, we analyzed whether a correlation of receptor gene expression within the
examined pathways existed. Unsurprisingly, strong and highly significant correlations of
IL-1R1 mRNA expression and its co-receptor, IL-1RaP, were detectable in all conditions
(r ≥ 0.73, p < 0.0001; Table 2). Interestingly, correlation patterns indicated a crosslink
between IL-1 receptors and IL-33. Both IL-1R1 and IL-1RaP expression showed a strong,
highly significant correlation with IL-33 expression (r ≥ 0.57, p ≤ 0.0001). In addition,
expression of IL-1R1 and IL-33 receptor IL-1RL1 significantly correlated in both ventricles
and all patient groups (r ≥ 0.36, p ≤ 0.0224). Moreover, the correlation of IL-1RaP and
IL-1RL1 was significant in HF patients (LV: r = 0.46, p = 0.0248, RV: r = 0.68, p = 0.0003). In
contrast, the correlation of IL-33 and its receptor, IL-1RL1, was only observed in the RV
tissue of HF patients (r = 0.58, p = 0.0031), but was not significant in the other conditions.
Overall results indicate the correlation of IL-1 receptors to IL-33 signaling.
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Figure 1. Significantly elevated IL-1B expression due to MCS (mechanical circulatory support).
(A) Fold change of (I) IL-1B, (II) IL-1R1, (III) IL-1R2, (IV) IL-1RaP, (V) IL-1RL1 and (VI) IL-33 mRNA
expression levels are displayed for patients with heart failure (HF) or MCS in left (LV) and right
ventricular (RV) myocardial tissue. Data are presented as boxplots with whiskers (Tukey method).
Significance of differences is calculated with Kruskal-Wallis-Test and Dunn’s post-hoc test and
indicated with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) IL-33 expression levels are plotted
against MCS duration and analyzed with Spearman correlation. Regression line is indicated in grey.
VAD, ventricular assist device.

3.4. Altered Expression and Correlation Patterns in Right versus Left Ventricle

As indicated further above, RV myocardial tissue showed a significantly higher ex-
pression of IL-1R2 and IL1RL1 (Figure 1A(III,V)). Significant differences within the same
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patient were confirmed with Wilcoxon matched-pairs signed-rank test in both the HF and
the MCS groups (p-values displayed in Figure 2A). For further validation, the effect-size
RV/LV expression ratio was determined (Figure 2B). The mean RV/LV expression ratio
indicated a fourfold higher RV expression of IL-1R2 (HF: 4.400 ± 1.359; MCS: 4.657 ± 0.655,
Figure 2B(I)) and IL-1RL1 (HF: 3.697 ± 0.876; MCS: 4.529 ± 0.584, Figure 2B(II)). The num-
ber of patients with an RV/LV expression ratio lower than one was 17% in HF and 3%
in the MCS group for both genes. Moreover, right ventricular IL-1R2 mRNA levels were
elevated in MCS patients by a strong trend (p = 0.056), while left ventricular expression
remained unaffected (p = 0.540). In addition to higher RV mRNA expression levels of
IL-1R2 and IL-1RL1, expression of both genes correlated in RV HF and in patients with
MCS (p-values displayed in Figure 2C).

Furthermore, higher expression of IL1-RaP and IL-33 in RV was confirmed by the
following results: Wilcoxon matched-pairs signed-rank test results remained not significant
for HF, but highly significant for MCS (Figure 2A). The mean RV/LV expression ratio
showed twofold higher RV expression of IL1-RaP (HF: 2.113 ± 0.369; MCS: 1.964 ± 0.2156,
Figure 2B(III)) and IL-33 (HF: 1.734 ± 0.2910; MCS: 2.062 ± 0.258, Figure 2B(IV)). Therefore,
expression levels were affected specifically by the topographic origin of the analyzed
myocardial tissue.

3.5. Correlation with CRP Plasma Levels and Leucocyte Count

To validate whether an association of local expression with systemic levels of inflam-
mation exists, gene expression levels were correlated with CRP serum levels and circulating
leucocyte counts (Table 3). The correlation of CRP serum levels with gene expression was
observed in both ventricles and patient groups, while the correlation with leucocyte counts
was only observed in the LV tissue of HF patients. The Spearman correlation of IL-1R1 with
CRP-serum levels was significant in the LV of HF patients (r = 0.56) and with a strong ten-
dency in the LV of MCS patients (r = 0.32, p = 0.053). IL-1R1 also correlated with leucocyte
counts in the LV of HF patients (r = 0.52). Further, IL-33 expression correlated significantly
with the CRP levels in both ventricles of HF patients (LV: r = 0.58, RV: r = 0.48) and the
LV of HF patients (r = 0.46). Some other receptors investigated here showed weak or no
association of their expression with CRP levels or leucocyte counts, indicating a correlation
of systemic inflammation markers and local gene expression levels for some, but not all,
analyzed markers (see Table 3).

3.6. Differences between Patients with ICM and DCM

Since IL-1β and IL-33 signaling impacts on wound repair and fibrosis after myocardial
infarction, we divided our patient cohort into patients with ICM and DCM. The group
with DCM was younger (DCM: 50 ± 1.8 years, ICM: 60 ± 1.4 years, p = 0.02) and had,
on average, a lower NYHA class (p = 0.014), but did not significantly differ in gender,
BMI or LV ejection fraction. Hypertension (DCM: 14 (37%), ICM: 16 (64%), p = 0.044),
diabetes (DCM: 6 (16%), ICM: 15 (60%), p = 0.0001) and treatment with antidiabetic agents
(DCM: 2 (5%), ICM: 7 (28%), p = 0.023) were less common in the DCM group, as well as
treatment with statins (DCM: 13 (34%), ICM: 17 (68%), p = 0.011). Other comorbidities,
medical treatments and laboratory data did not significantly differ between the ICM and
DCM groups (see Table S1).

Analysis of mRNA expression levels (Figure 3) showed significantly lower levels of
IL-1R1 in the LV myocardial tissue of DCM patients, compared to the RV of both DCM and
ICM patients (Figure 3B). Similar effects were observed for IL-1RaP expression (Figure 3D).
Furthermore, IL-33 expression was significantly lower in the LV tissue of DCM patients,
compared to the RV, but no significant differences between the DCM and ICM groups
existed (Figure 3F). In summary, expression patterns were altered depending on the type
of cardiomyopathy.
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Figure 2. Elevation of gene expression in right ventricular tissue. (A) p-values of Wilcoxon matched-
pairs signed-rank test comparing left versus right ventricular expression within the same patient
is displayed. (B) Ratio of right ventricular (RV) to left ventricular (LV) mRNA expression levels of
(I) IL-1R2, (II) IL-1RL1, (III) IL-1RaP and (IV) IL-33 are calculated. Values higher than one (dotted line)
indicate elevated expression in RV. (C) Spearman correlation (r) of IL-1R2 with IL-1RL1 is calculated
as displayed.

Table 3. Local expression levels correlate with CRP and leucocyte serum levels.

r HF MCS p HF MCS

LV RV LV RV LV RV LV RV

IL-1B −0.15 0.05 0.00 −0.06 n.s. n.s. n.s. n.s.
IL-1R1 0.56 0.41 0.32 −0.06 0.0067 n.s. (0.059) n.s. (0.053) n.s.
IL-1R2 0.10 0.11 0.32 0.08 n.s. n.s. n.s. (0.061) n.s.

IL-1RaP 0.27 0.18 0.15 −0.18 n.s. n.s. n.s. n.s.
IL-1RL1 0.23 0.44 0.34 0.17 n.s. 0.0421 0.0402 n.s.
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Table 3. Cont.

r HF MCS p HF MCS

LV RV LV RV LV RV LV RV

IL-33 0.58 0.48 0.19 −0.06 0.0041 0.0239 n.s. n.s.
Serum leucocyte number

r HF MCS p HF MCS

LV RV LV RV LV RV LV RV

IL-1B 0.01 0.15 0.19 0.05 n.s. n.s. n.s. n.s.
IL-1R1 0.52 0.05 0.18 0.02 0.0097 n.s. n.s. n.s.
IL-1R2 0.11 −0.20 0.17 0.10 n.s. n.s. n.s. n.s.

IL-1RaP 0.12 −0.12 −0.03 0.04 n.s. n.s. n.s. n.s.
IL-1RL1 0.35 0.06 0.16 0.09 n.s. (0.09) n.s. n.s. n.s.

IL-33 0.46 0.07 −0.15 0.05 0.0242 n.s. n.s. n.s.

IL-1B, IL-1R1, IL-1R2, IL-1RaP, IL-1RL1 and IL-33 expression levels are correlated with CRP levels and leucocyte count. Spearman correlation
coefficient r (right) is indicated in bold formatting for significant correlations and p-values are listed (left).
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Figure 3. Decreased left ventricular expression of IL-1R1 and IL-1RaP in dilated cardiomyopathy
(DCM) versus ischemic cardiomyopathy (ICM). Expression levels of (A) IL-1B, (B) IL-1R1, (C) IL-1R2,
(D) IL-1RaP, (E) IL-1RL1 and (F) IL-33 are compared for left (LV) and right ventricular (RV) my-
ocardium of patients with heart failure (HF) or left ventricular assist devices (LVAD) support. Data
are presented as boxplots with whiskers (Tukey method). Data were analyzed with Kruskal-Wallis
Test and Dunn’s post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001).
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4. Discussion

Inflammatory mediators contribute to the development and progression of HF and are
associated with the deterioration of cardiac function. Although MCS improves functional
capacity and overall survival [28], systemic inflammation levels remain highly elevated [3].
The implications of a persistent inflammatory response remain unclear, highlighting the
importance of determining the impact of MCS on pro-inflammatory signaling. The herein
presented study investigated the local expression of IL-1B and IL-33 and their respective
receptors in HF and MCS patient groups undergoing HTx. Our results demonstrate that
IL-1B gene expression is significantly higher in patients with MCS than in HF patients.
Previous work in this field has demonstrated an upregulation of IL-1β in heart failure
patients, compared to non-failing controls [12,29], and even higher levels in deteriorating
patients requiring LVAD implantation [11,30]. Longitudinal data have shown no significant
changes in the first three months (89 ± 66 days) of LVAD support [12]. In contrast, our data,
derived from a cohort with a mean LVAD support of 594 ± 57 days, demonstrates a clear
elevation of IL-1B levels, indicating that IL-1B upregulation may occur later. Moreover, in
MCS, IL-1R1 expression does not correlate with markers of systemic inflammation, which
may suggest an enhanced activation of local IL-1β signaling, independent of systemic
inflammation levels in MCS patients.

Further, the expression patterns of IL-1R1, IL-1RaP and IL-33 show a strong correlation,
in both ventricles as well as in both sub-groups, which indicates a direct or indirect
association of IL-1 and IL-33 signaling. This hypothesis is supported by a significant
correlation of IL-R1 and IL-33 receptor, IL-1RL1, in all conditions. IL-1β upregulates IL-33
in vitro in cardiac myocytes, cardiac fibroblasts and vascular smooth muscle cells [24], while
IL-1β stimulation of endothelial cells leads to downregulation of IL-33 expression [31]. In
local immune response, IL-1β acts as an upstream inducer of IL-33 and IL-1RL1 [32]. Since
both IL-33 and IL-1 signaling are promising targets for drug therapy affecting inflammation-
driven fibrotic remodeling of myocardial tissue, a putative link between IL-33 and IL-1
signaling requires further exploration.

Comparison of MCS patients with HF patients in this study showed that these two
patient groups in part required modification in pharmacologic therapy due to LVAD implan-
tation, e.g., more antiplatelet drugs, PDE5i and calcium antagonists but less antiarrhythmic
therapy. Here, medication may additionally affect local signaling, since several studies
report the influence of these agents on IL-1 signaling [33,34]) or IL-33 signaling [35,36]. Our
study provides insight into the topographic differences between the LV and RV myocardia.
Expression levels of IL-1RL1 and of IL-33 (for MCS) are significantly higher in the RV, which
may suggest an increased activation of IL-33 signaling. However, MCS does not lead to
significantly altered IL-33 expression levels, which is consistent with previous findings [30].
Likewise, in our study, IL-1RL1 levels do not significantly change due to MCS, in contrast
to a report by Caselli et al. [37]. This could be due to the different mean duration of LVAD
support or due to the relatively small group size (Caselli et al. studied 7 HF patients
versus 6 patients after LVAD support). Therefore, elevated expression within the RV is
likely due to topographic differences between ventricles. Various in vitro studies show
that IL-33 and IL-1RL1 expression in the heart impact cardiac remodeling, with improved
cardiac function [14,16,38], and IL-33 / IL-1RL1 signaling may be enhanced by medical
treatment [36,39]. Therefore, targeting IL-33 / IL-1RL1 signaling with pharmaceutical
therapies may be beneficial to improve RV function. Clinical data [40–42] and experimental
models of chronic RV pressure overload [43,44] show an association of RV failure with in-
creased pro-inflammatory mediators and infiltrating immune cells in RV tissue. In contrast,
IL-33 RV expression remains unchanged or decreases during RV failure [43,44]. Further,
concentrations of IL-33 are lower in HF patients than in healthy controls, indicating a role
in HF progression [45]. Hence, further investigation of topographic features of the RV
myocardium may lead to new therapeutic approaches.

Comparing patients with ICM and DCM, our data show significantly higher LV ex-
pression levels of IL-1R1 and IL-1RaP in ICM patients, while IL-1B expression is comparable
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in both patient cohorts. Since analyzed myocardial samples are not explicitly picked from
the infarct region and patients with acute or recent myocardial infarction (MI) are excluded,
these results indicate that the regulation of IL-1 signaling in ICM may not be limited to
the early phase of remodeling after MI. Since IL-1 signaling plays an important role in
MI and the development of ischemic injury [4,46], inhibition of IL-1 signaling may be a
promising strategy not only after MI [47–50] but also MI-related HF [51]. However, there is
no large-scale post-ischemic anti-inflammatory therapeutic strategy successfully translated
into clinical practice yet. Our data support the hypothesis that the sensitivity of the LV
to IL-1 may have an impact on the progression of ischemia-derived heart failure, since
IL-1 receptors show enhanced expression in ICM. This theory is supported by a recent
study showing that inhibition of IL-1β starting at an extended time-point after reperfusion
results in improved systolic function in an ischemia-reperfusion rat model, with already
established cardiac dilation and dysfunction [52]. Therefore, inhibition of IL-1 signaling
may be a promising therapeutic strategy for heart failure patients, even with a considerable
delay since the index MI event.

Taken together, our results show that MCS is associated with specific changes in
IL-1 and IL-33 receptor expression and the correlation of receptor expression patterns,
indicating an impact of MCS on local signaling in ventricular tissue. The majority of studies
focuses on plasma levels of cytokines or soluble receptors, not taking into account local
expression changes on the myocardial tissue level [3,19,25]. On the other hand, a number
of in vitro studies have analyzed IL-1 and IL-33 signaling in the context of HF, hinting at
promising new therapeutic approaches aiming at enhancing IL-33 signaling [36,53,54] or
inhibiting IL-1 signaling, e.g., with neutralizing antibodies. Therefore, analysis of local
cytokine receptor expression levels serves as a link between observation in patients and
in vitro studies. Further investigations should aim at cell-type-specific analysis of receptor
expression to provide a deeper insight into the regulation of IL-1 and IL-33 signaling
within patients.

5. Strengths and Limitations of the Study

The comparatively large patient cohort is one of the strengths of the present study.
Moreover, the standardized sample recovery by a trained team, in combination with a
single-center approach, provides data from a coherent tissue collection. However, some
limitations warrant further consideration when evaluating the results of this study. First,
the presented data mirror a single time-point picture of gene expression levels, at the time
of transplantation. A longitudinal analysis, possibly comprising myocardial specimens
derived from endomyocardial biopsies or LV apex tissue obtained during LVAD implan-
tation, may provide further insight into the dynamics of myocardial expression. Further
mRNA expression levels are obtained from whole myocardial tissue samples, therefore not
allowing for a detailed specification of cell-type-specific expression. Moreover, it should
be noted that causality cannot be necessarily concluded from the significant correlations
observed. Moreover, analysis of blood samples at transplantation was not possible in
this study because of the lack of respective samples in our biobank. Since device therapy
required modification in the pharmacologic therapy of LVAD patients, this in turn may
affect the expression of the herein analyzed genes.

6. Conclusions

HF and MCS are accompanied by elevated systemic inflammation, however regulation
of cytokine receptors within the heart remains elusive. Our results indicate an enhanced
local IL-1β signaling in patients after long term MCS. The correlating expression of the IL-1
receptor and IL-33 may hint at a crosslink between IL-33 and IL-1β signaling. Furthermore,
some receptors show significantly higher expression in the RV, indicating topographic
differences in IL-1β and IL-33 signaling. The higher expression of IL-1β receptors, partic-
ularly in ICM, leads to the hypothesis that enhanced IL-1β signaling may play a role in
remodeling even over an extended period after MI. Both IL-33 and IL-1 signaling pathways
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are promising drug therapy targets for inflammation-driven fibrotic remodeling, therefore
further exploration of local IL-33 and IL-1 signaling is required.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10214856/s1, Figure S1: selection criteria of myocardial tissue samples, Table S1: baseline
characteristics of patients with DCM versus ICM; Figure S2: validation results of real time PCR.
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