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Abstract

Aims Our previous studies suggested that the complement system was critical in the prognosis of arrhythmogenic right ven-
tricular cardiomyopathy (ARVC). The acylation-stimulating protein (ASP), generated through the alternate complement path-
way, was reported to regulate lipogenesis and triglyceride storage. This study aimed to investigate the role of ASP in predicting
adverse cardiac events in an ARVC cohort.

Methods and results We enrolled 111 ARVC patients and 106 healthy volunteers, and measured their plasma ASP levels
using enzyme-linked immunosorbent assays. Plasma ASP levels were significantly higher in the ARVC patients than in the
healthy controls (2325.22 + 20.08 vs. 2189.75 + 15.55, P < 0.001), with a similar trend observed in the myocardial explant
assay. Spearman correlation analysis indicated plasma ASP level associated with cardiac structural (right ventricular internal
dimension, P = 0.006) and functional remodelling (left ventricular ejection fraction, P = 0.002) in ARVC patients. The ARVC pa-
tients were followed up for an average of 17.79 £ 1.09 months. Heart failure-associated events (HFAEs) were defined as heart
transplantation, on a cardiac transplant list, or death due to end-stage heart failure. Plasma ASP levels in patients with HFAEs
were significantly higher than in those without clinical events (2486.03 + 26.70 vs. 2268.83 + 23.51, P < 0.001) or those with
malignant arrhythmic events (2486.03 + 26.70 vs. 2297.80 * 60.46, P = 0.008). LASSO (least absolute shrinkage and selection
operator) and multivariable Cox regression analyses showed the ASP level (HR = 1.004, 95% CI [1.002,1.006], P = 0.002) was an
independent predictor for adverse HFAEs in ARVC patients. The spline-fitting procedure was applied to illustrate the HFAE-free
probabilities at different time points.

Conclusions  Our results suggest that plasma ASP may be a useful biomarker in prediction of adverse HF-associated events in
ARVC patients.
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Introduction

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is
a genetic cardiomyopathy, with a prevalence of 0.02%-0.1%
in the general population, and is one of the leading causes
of sudden cardiac death (SCD) in people under the age of
35 years.? ARVC is characterized by malignant arrhythmias
and right ventricular (RV) dysfunction, and sometimes left

ventricular (LV) dysfunction.>* The pathological hallmarks of
ARCV include the progressive loss and replacement of cardio-
myocytes with fibro-fatty tissue and infiltration of inflamma-
tory cells.>™’ Pathogenic mutations in genes encoding desmo-
somal proteins account for ~50% of ARVC cases. Other genes
associated with ARVC include TMEM43, PLN, LMNA, DES,
CDHZ2, and so on.*® With the improved diagnosis of ARVC
and subsequent prevention of malignant arrhythmias, heart
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failure (HF) prevalence in ARVC is increasing, drawing more
attention.>*? Studies show that ARVC patients with HF are
more likely to undergo heart transplantation or die during
medical follow-up.’

Our previous deep-proteome study demonstrated that the
complement system, an essential arm of the immune sys-
tem, was highly activated in the hearts of ARVC patients.**
The complement system plays a crucial role in immune
regulation, phagocytosis, and cellular damage.**** The
uncontrolled activation of the complement system induces
extensive inflammation and cardiac remodelling. Further-
more, complement activation was reported to promote
disease progression in ARVC.***> Recent studies suggested
that the complement system was critical in pathomechanism
of HF.2**® Elevated plasma levels of complement factors
(such as C5a and sC5b9) were associated with adverse clini-
cal events in HF patients.'>?° Acylation-stimulating protein
(ASP), also known as C3a des-Arg, is generated through the
alternate complement pathway?® and regulates lipogenesis
and triglyceride storage.?>® Thus, it is important to assess
changes in plasma ASP levels during HF progression in ARVC
patients.

The current diagnosis and risk stratification of ARVC
patients mainly focused on clinically detectable changes or
biomarkers in arrhythmia burden.?**®> Nevertheless, this
study focused on the risk stratification and prognosis
evaluation of the complement system in HF-associated
events for ARVC patients. Through a 17.79 + 1.09-month
follow-up, we demonstrated that plasma complement fac-
tor, ASP/C3a des-Arg, significantly correlated with the se-
verity of HF and could predict the HF-associated events
for ARVC patients.

Methods
Study design

Our ARVC cohort included 118 unrelated probands from
Fuwai hospital in Beijing, China from October 2015 to July
2018.%%%7 Adverse clinical events had already occurred be-
fore specimen collection in some patients. Of these, 111
ARVC patients (80 males, 38.46 + 1.32 years) who had plasma
samples were enrolled in this study, with seven patients not
included in the analysis due to missing plasma samples. All
the probands were Han Chinese. ARVC diagnosis was con-
firmed by two separate cardiologists (not privy to the assay
results) using the 2010 Revised Task Force Criteria.”® The
healthy controls (n = 106, 65 males, 42.11 + 1.47 years) were
confirmed to be free of any ARVC-related features using data
from medical history, 12-lead electrocardiograph (ECG), and
echocardiography. They were also confirmed to be free from
pathogenic mutation using Sanger sequencing.

Baseline demographics and medical details of ARVC
patients were retrospectively obtained from the chart
review. The follow-up started with blood collection and
ended with the observation of clinical endpoint events.
Malignant arrhythmic cardiac events (MACE) were
defined as SCD, survived SCD, ventricular fibrillation (VF),
sustained ventricular tachycardia (VT), and appropriate
implantable cardioverter-defibrillator (ICD) discharge. Heart
failure-associated events (HFAE) were defined as heart
transplantation, on a cardiac transplant list, or death due
to end-stage heart failure. The diagnosis of ARVC was made
at the time of blood sample collection. The study was
approved by the Ethics Committee of Fuwai Hospital,
China, and all participants provided hand-written informed
consent.

Measurement of circulating complement level

Peripheral venous blood was collected in pyrogen-free EDTA
tubes and immediately centrifuged at 2000 g for 10 min at
4°C, and the plasma (supernatant) was stored at —80°C until
assayed. Circulating levels of ASP/C3a des-Arg in plasma were
assessed by an enzyme-linked immunosorbent assay (ELISA)
(catalogue # ab133037, Abcam) according to the manufac-
turer’s protocol.

Statistical analysis

All continuous data were presented as mean * standard er-
ror of the mean (SEM) and categorical variables as numbers
(percentages). Categorical variables were analysed using XZ
and Fisher’s exact tests, whereas continuous variables were
analysed using the Mann—Whitney U test for comparisons
between two groups and the Kruskal-Wallis test for multiple
groups (>3 groups). The relationships between variables
were tested using Spearman’s rank correlation test.
Event-free survival rates were estimated using Kaplan—Meier
curves and compared by the log-rank test. LASSO (least abso-
lute shrinkage and selection operator) regularization analysis
was used to achieve shrinkage and variable selection -
simultaneously using the glmnet package (http://cran.r-pro-
ject.org/web/packages/glmnet/index.html) in R.  Cox
regression analyses were used for multivariate analysis. The
spline-fitting procedure was applied to illustrate the
HFAE-free probabilities at different time points in ARVC
patients. A two-tailed P < 0.05 was considered significant.
All statistical analyses were performed using SPSS Statistics,
version 23.0 (IBM Corp, Armonk, NY, USA). A statistical chart
was plotted using GraphPad Prism 7 (GraphPad Software
Inc., CA, USA).
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Results

Baseline characteristics and plasma ASP levels in
ARVC patients

Clinical data and plasma levels of ASP/C3a des-Arg were pre-
sented in Table 1. The average age of ARVC-related symptom-
onset was 28.17 + 1.13 years, ranging from 2 to 60. At the
time of blood sampling, 51 patients (46.79%) have suffered
the baseline MACEs, whereas 40 patients (36.04%) had LV
dysfunctions (defined as LVEF <50%). Similar to other cohort
reports,” HF is highly prevalent among our ARVC patients.

The ASP-C5L2 pathway is overexpressed in ARVC
patients

As an intermediate product of the alternative complement
pathway, ASP was mainly studied in adipocyte and metabolic
homeostasis but not in myocardial tissue. Results showed
that plasma ASP levels in the ARVC group were significantly
higher than in the control group (2325.22 + 20.08 vs.
2189.75 + 15.55, P < 0.001) (Figure 1A). We further assessed
myocardial ASP levels in an independent explanted cohort of
16 ARVC, 16 dilated cardiomyopathy (DCM), and 16 healthy
heart explants (Table S1). Western blot analysis of the ex-
plant cohort showed a significant increase in ASP levels (fold
change = 4.194, P = 0.001) in ARVC myocardium compared

with DCM and healthy myocardium (Figure 1B,C). Mean-
while, C5L2, the ASP receptor, was significantly up-regulated
in the ARVC myocardium, with an elevated mRNA expression
level (fold change = 2.377, P = 0.0013) compared with the
healthy donors (Figure 1ID). Immunohistochemical staining
revealed elevated levels of ASP was primarily expressed in
the myocardial extracellular matrix of ARVC myocardium, es-
pecially around the fibrofatty infiltration area (Figure IE).
C5L2 was also overexpressed in residual cardiomyocytes
surrounded by fibrofatty components (Figure 1E). Our previ-
ous study showed that plasma sC5b9 level significantly in-
creased with progressive cardiac involvement in ARVC
patients.® We found a significant correlation between
plasma ASP and sC5b9 in this study (Figure 1F). Considering
the ASP-C5L2 pathway regulates lipid storage, a hallmark pa-
thology of ARVC, we further evaluated the correlation be-
tween ASP-C5L2 and adipogenesis in ARVC. Spearman corre-
lation analysis revealed that the expression of C5L2 was
significantly correlated with CEBPA (P < 0.001), PPARG
(P < 0.001), and PLINZI (P = 0.006) in ARVC myocardium (Fig-
ure 1G).

Circulating ASP level is associated with cardiac
dysfunction in ARVC patients

Results showed a significant correlation between plasma ASP
levels and ARVC-associated clinical features, including left

Table 1 Baseline characteristics and the complement level of patients with ARVC and controls (N = 217)

Characteristics ARVC (N = 111) Control (N = 106) P
Male (%) 80/111 65/106 0.113
Age (year) 38.46 = 1.32 4211 £ 1.47 0.089
Weight (kg) 67.28 + 1.41 65.65 + 1.36 0.644
Height (cm) 168.25 + 1.36 166.62 + 0.99 0.348
Body mass index (kg/mz) 23.48 = 0.50 23.53 + 0.38 0.572
IVS (mm) 8.68 = 0.16 8.27 = 0.20 0.117
RVID (mm) 31.67 £ 1.12 22.42 + 0.37 <0.001
LVEDD (mm) 49.20 + 0.97 4590 + 0.48 0.047
LVEF (%) 52.18 = 1.67 63.81 = 1.67 <0.001
Gene mutation (%) 70/103 (67.96%)
Age of onset (year) 28.17 £ 1.13
Positive family history (%) 25/108 (23.15%)
NYHA

1 (%) 38/102 (37.25%)

Il (%) 25/102 (24.51%)

1l (%) 22/102 (21.57%)

IV (%) 17/102 (16.67%)
Baseline MACE (%) 51/109 (46.79%)
TWI (%) 21/108 (19.44%)
ICD (%) 33/107 (30.84%)
RFA (%) 52/107 (48.60%)
NT-pro BNP (pg/mL) 1405.48 = 185.2
ASP (ng/mL) 2325.22 + 20.08 2189.75 = 15.55 <0.001

Note: Data are expressed as either mean = SEM or as number and percentage.

Abbreviations: ARVC, arrhythmogenic right ventricular cardiomyopathy; IVS, interventricular septal thickness; RVID, right ventricular inter-
nal dimension; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association;
MACE, malignant arrhythmic cardiac events; TWI, T-wave inversion; CRBBB, complete right bundle branch block; ICD, implantable
cardioverter-defibrillator; RFA, radiofrequency ablation; ASP, acylation-stimulating protein.
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Figure 1 Elevated ASP-C5L2 pathway in patients with ARVC. (A) Plasma ASP levels in healthy and ARVC patients. (B,C) Representative western blot
analysis and quantification of ASP in the myocardium of healthy controls, ARVC patients, and DCM patients (n = 16/group). (D) of the difference in
the transcription of C5L2 mRNA in cardiac tissue of ARVC patients and healthy controls or DCM (n = 16 separately; hRPL5 was used as the reference
gene). (E) Immunohistochemical staining of ASP and C5L2 in cardiac tissue sections obtained from healthy controls and ARVC patients. (F) Correlation
between plasma ASP and plasma sC5b9 concentration in ARVC patients. The solid line represents the linear correlation, and the dotted lines represent
95% confidence intervals. (G) The association between the expression of C5L2 gene and CEBPA, PPARG, and PLINI. ARVC, arrhythmogenic right ven-
tricular cardiomyopathy; DCM, dilated cardiomyopathy; ASP, acylation-stimulating protein.
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ventricular ejection fraction (LVEF), New York Heart Associa-
tion functional class (NYHA), and right ventricular internal
dimension (RVID) (Figure 2A—C, Table 2). Similar results were
obtained after applying age and sex correction to the corre-
lation analysis (Table S2). Considering the significant varia-
tion in plasma ASP levels among ARVC patients, we divided
the ARVC patients into non-dysfunction, isolated RV dysfunc-
tion, and bi-ventricular dysfunction groups. The clinical char-
acteristics of the three groups were presented in Table S3.
Plasma ASP levels were significantly higher in the
bi-ventricular dysfunction group than in the other groups
(Figure 2D). Meanwhile, plasma ASP levels were not associ-
ated with arrhythmias such as ventricular extrasystole (VE)
(P =0.376) and baseline MACEs (P = 0.704) (Figure ZE). In ad-
dition, there was no significant difference in plasma ASP
levels between the males and females in the study cohorts
(Figure 2F). Furthermore, plasma ASP levels were not differ-
ent among ARVC patients with/without pathogenic muta-
tions or family history (Figure 3A,B). A majority of patients
(70/103) were genotype positive (Figure 3C), including 19
patients with plakophilin-2 (PKP2), 16 patients with
desmoglein-2 (DSG2), 5 patients with desmoplakin (DSP), 4

patients with desmocollin-2 (DSC2) mutations, and 9 patients
with more than one pathogenic variant (at least one desmo-
somal mutation each). The Kruskal-Wallis test showed that
plasma ASP levels did not correlate with the underlying
genetic mutations (Figure 3D).

Plasma ASP levels predict adverse HF-associated
events in ARVC patients

Given the SCD was effectively prevented by ICD in ARVC
patients, HF was significantly associated with increased risk
and poor prognosis in ARVC patients.?® Our findings indicated
that ARVC patients with cardiac dysfunction had higher
plasma ASP levels than those without dysfunction. Thus, a
follow-up study was conducted among 111 ARVC patients
to evaluate the predicting value of plasma ASP on
HF-associated events. During the 17.79 * 1.09-month fol-
low-up period, 2 patients were withdrawn, 34 patients expe-
rienced HFAEs, and 16 experienced MACEs. Plasma ASP levels
were significantly higher in patients with HFAEs than in those
without clinical events (2486.03 + 26.70 vs. 2268.83 * 23.51,

Figure 2 The association between plasma ASP levels and the baseline characteristics of the ARVC patients. (A—C) There were significant differences in
plasma ASP levels among groups with different NYHA, LVEF, and RV dilation in ARVC patients. (D) Plasma ASP levels were gradually up-regulated with
the development of cardiac involvement, especially in ARVC patients with bi-ventricular dysfunction. (E, F) Plasma ASP levels had no association with
the baseline MACE events and genders. ARVC, arrhythmogenic right ventricular cardiomyopathy; ASP, acylation-stimulating protein; LVEF, left ventric-
ular ejection fraction; NYHA, New York Heart Association; MACE, malignant arrhythmic cardiac events.
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Table 2 Plasma ASP correlation with clinical characteristics in
ARVC patients

Spearman’s

Variables correlation (ASP) P

Height (cm) -0.137 0.192
Weight (kg) -0.192 0.066
Body mass index (kg/mz) —-0.120 0.230
Age (year) —0.155 0.112
Age at onset (year) -0.124 0.200
Age at ICD (year) 0.100 0.586
Age at RFA (year) —0.061 0.665
VE (/24 h) -0.209 0.376
LVEDD (mm) 0.112 0.261
LAAP (mm) —-0.124 0.249
IVS (mm) —0.030 0.771
RVID (mm) 0.290 0.006
LVEF (%) -0.302 0.002
NYHA 0.397 <0.001
Albumin (g/L) —0.152 0.169
AST (1U/L) 0.125 0.212
FFA (mmol/L) -0.016 0.883
BUN (mmol/L) 0.102 0.314
CK-MB (1U/L) 0.115 0.260
CHOL (mmol/L) —0.246 0.016
NT-proBNP (pg/mL) 0.366 <0.001

Note: P values with significance were bolded.

Abbreviations: ARVC, arrhythmogenic right ventricular cardiomy-
opathy; ASP, acylation-stimulating protein; ICD, implantable
cardioverter-defibrillator; RFA, radiofrequency ablation; VE, ven-
tricular extrasystole; LVEDD, left ventricular diastolic end-stage di-
ameter; LAAP, left atrial diameter; RVID, right ventricular internal
dimension; LVEF, left ventricular ejection fraction; NYHA, New York
Heart Association; AST, aspartate aminotransferase; CK-MB, crea-
tine kinase-MB; CHOL, total cholesterol.

P < 0.001) or those with MACEs (2486.03 * 26.70 vs.
2297.80 + 60.46, P = 0.008) (Figure 4A). The relationship be-
tween plasma ASP level and ARVC progression was further
assessed by Kaplan—Meier analysis, with the median value
of ASP level (2321 ng/mL) serving as the group condition.
The analysis showed a significant difference in HFAE-free
rates between the groups (log rank P < 0.001) (Figure 4B).
Four possible prognosis factors for HFAEs were screened
out by the LASSO regression (Figure 4C). Multivariate Cox
regression demonstrated plasma ASP level (HR = 1.004, 95%
Cl [1.002,1.006], P = 0.002) was identified as an independent
prognostic factor for HF-associated events in ARVC patients
(Table 3). The spline-fitting procedure was applied to
illustrate the 3, 6, 12 and 24-month HFAE-free probabilities
(Figure 4D). These results indicated that elevated levels of
plasma ASP could predict HF progression in ARVC.

Discussion

Previous studies on ASP-C5L2 mostly focused on adipocyte
expansion, insulin resistance, and metabolic homeostasis.
This is the first study to reveal that the ASP-C5L2 pathway

is activated in the human heart and may contribute to lipid
storage in ARVC. We also found that elevated plasma ASP
levels were associated with cardiac dysfunction and could
predict HF-associated events in ARVC patients.

Based on our proteomic profiling and analysis of plasma
complement factors, it can be inferred that the complement
system is activated through the alternative pathway and
influences the pathogenesis of ARVC.}“** ASP is a 76
amino-acid peptide derived from the activation of precursor
protein complement 3 (C3).%! C5L2 is the known receptor
for ASP.3° ASP-C5L2 signalling promotes fatty acid uptake,
glucose transport, and triglyceride synthesis.>' Because
myocyte replacement with adipocytes is the primary patho-
genesis of ARVC, we checked ASP accumulation in the myo-
cardium and plasma, especially at the progressive/end stage
of ARVC patients. We also found that C5L2 was associated
with adipogenesis-related genes, including PPARG, CEBPA,
and PLINZ. Our previous study showed that CEBPA was in-
volved in lipogenesis in ARVC. An iPSC-CM (induced pluripo-
tent stem cells-cardiomyocyte) study revealed that PPARG
was crucial in the pathogenesis of ARVC.3? PLINI is the
marker gene for lipid droplets. These results indicated that
activation of the ASP-C5L2 pathway might contribute to the
progression of ARVC, although further gain-of-function study
was needed to illuminate this pathogenesis.

Thus, it is speculated that the ASP-C5L2 pathway is
activated secondary to alternative complement activation
and further stimulates fat storage in the ARVC myocardium.
However, as C5L2 is also the receptor of C5a and C3a, the in-
flammatory role of (C3a/C5a-C5L2 activation remained
controversial.*®* The interaction between C5L2 and C5aR in
adipocytes and immune cells contributed to differential re-
sponses following ASP and C5a stimulation.>* Therefore, it
is necessary to further illuminate the role of the ASP-C5L2
axis in regulating inflammation and metabolic homeostasis
using cell or animal models to provide new insights into the
pathogenesis of ARVC.

Our current study focused on plasma complement system
factors in ARVC patients. Through a follow-up of
17.79 £ 1.09 months, plasma ASP levels specifically increased
in ARVC patients with bi-ventricle dysfunction and could pre-
dict HF-associated events. However, it is noteworthy that
plasma ASP levels were normal in the isolated RV dysfunction
stage, although patients showed severe RV failure pheno-
type. Patients with left ventricle dysfunction are more likely
to undergo heart transplantation or die during follow-up.’
The role of complement activation in LV remodelling remains
undetermined. Future studies should explore the role of the
ASP-C5L2 pathway in the pathogenesis of ARVC as a potential
target for disease intervention.

Current studies mainly focused on the risk assessment
and prognosis of malignant arrhythmias or SCD in ARVC. Al-
though HF is also significantly associated with increased risk
and poor prognosis in ARVC.>*> BNP/NT-proBNP, a common
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Figure 3 Plasma ASP levels in ARVC patients with different genetic mutations. (A) There is no significant difference in plasma ASP levels between ARVC
patients with or without a family history. (B) Plasma levels of ASP did not differ significantly among ARVC patients with/without gene mutations. (C)
Genetic mutation status of ARVC patients in this study (n = 103). (D) Plasma ASP levels had no association with the underlying genetic mutation in

ARVC patients.
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biomarker in HF, could predict the risk of HF-associated Limitations

events in ARVC patients.®® Circulating troponin levels of
ARVC patients negatively correlated with LVEF.?” Novel bio-
markers, such as tumorigenicity-2 (sST2), galectin-3 (Gal-3),
and growth differentiation factor-15 (GDF-15), have been
identified to be associated with adverse HF events in ARVC
patients.®® A cohort study based on 554 ARVC patients
found that DSP gene mutation was the risk marker for
LVEF.>® The ECG indicators, first-degree atrioventricular
block, epsilon waves, and lateral precordial T-wave inver-
sions, were shown to be related to HF hospitalization in
ARVC patients.>> Our study also provided a novel bio-
marker and a possible mechanism for HF progression in
ARVC patients.

There might be selection bias since it was an observational,
retrospective study. Moreover, the small sample size of the
study could influence the results. In this respect, additional
multicenter studies involving large cohorts are needed. Be-
cause our hospital is the National Center for Cardiovascular
Disease in China, we have a lot of referral patients from local
hospitals, some of whom are in serious condition. This ad-
vanced stage of disease in our ARVC cohort may limit the ex-
trapolation of the research results. Special considerations
should also be made about the variable selection since there
may be incomplete adjustments or unknown confounders
not incorporated into the multivariable models. Directed
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Figure 4 The relationship between plasma ASP levels and adverse HF-associated events during the follow-up. (A) Plasma ASP levels are significantly
higher in ARVC patients with HF-associated events, compared with other groups. (B) Kaplan—Meier survival curves of ARVC patients with the median
value of ASP level (2321 ng/mL) serving as the group condition showed a significant difference in HFAE-free rates between the groups (log rank
P < 0.001). (C) Variables screening process with the LASSO regression. (D) The spline-fitting procedure was applied to illustrate the HFAE-free prob-

abilities at different time points. ASP, acylation-stimulating protein; HFAE,

LASSO, least absolute shrinkage and selection operator.
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Table 3 Increasing plasma ASP level is an independent predictor of
heart failure-associated events in ARVC patients (Cox regression
analysis)

Multivariate analysis

Variables HR (95% Cl) P-value
ASP (ng/mL) 1.004 (1.002-1.006) 0.002
RVID (mm) 1.042 (1.004-1.082) 0.029
NT-proBNP (pg/mL) 1.000 (1.000-1.001) 0.308
LVEF (%) 0.949 (0.914-0.985) 0.005

Abbreviations: HR, hazard ratio, Cl, confidence interval; RVID, right
ventricular internal dimension; LVEF, left ventricular ejection
fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide.

acyclic graphs (DAGs) may be useful in covariates adjustment
or estimated residual confounding. Further work is also
required for the comparison of the ASP and NT-proBNP.

Conclusions

Plasma ASP levels in ARVC patients with bi-ventricular
dysfunction are significantly higher than in those with

non-dysfunction or isolated RV dysfunction. The high levels
of plasma ASP are strongly linked to HF-associated events in
ARVC patients.
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