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a b s t r a c t

Background and aims: TACE/ADAM17 is a membrane bound metalloprotease, which cleaves substrates
involved in immune and inflammatory responses and plays a role in coronary artery disease (CAD). We
measured TACE and its substrates in CAD patients to identify potential biomarkers within this molecular
pathway with potential for acute coronary syndrome (ACS) and major adverse cardiovascular events
(MACE) prediction.
Methods: Blood samples were obtained from consecutive patients (n ¼ 229) with coronary angiographic
evidence of CAD admitted with ACS or electively. MACE were recorded after a median 3-year follow-up.
Controls (n ¼ 115) had a <10% CAD risk as per the HeartSCORE. TACE and TIMP3 protein and mRNA levels
were measured by ELISA and RT-qPCR respectively. TACE substrates were measured using a multiplex
proximity extension assay.
Results: TACE mRNA and cell protein levels (p < 0.01) and TACE substrates LDLR (p ¼ 0.006), TRANCE
(p ¼ 0.045), LAG-3 (p < 0.001) and ACE2 (p < 0.001) plasma levels were significantly higher in CAD
patients versus controls. TACE inhibitor TIMP3 mRNA levels were significantly lower in CAD patients and
tended to be lower in the ACS population (p < 0.05). TACE substrates TNFR1 (OR:3.237,CI:1.514
e6.923,p ¼ 0.002), HB-EGF (OR:0.484,CI:0.288e0.813,p ¼ 0.006) and Ep-CAM (OR:0.555,CI:0.327
e0.829,p ¼ 0.004) accurately classified ACS patients with HB-EGF and Ep-CAM levels being lower
compared to electively admitted patients. TNFR1 (OR:2.317,CI:1.377e3.898,p ¼ 0.002) and TNFR2
(OR:1.902,CI:1.072e3.373,p ¼ 0.028) were significantly higher on admission in those patients who
developed MACE within 3 years.
Conclusions: We demonstrate a possible role of TACE substrates LAG-3, HB-EGF and Ep-CAM in
atherosclerotic plaque development and stability. We also underline the importance of measuring TNFR1
and TNFR2 earlier than previously appreciated for MACE prediction. We report an important role of
TIMP3 in regulating TACE levels.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Cardiovascular events, such as acute coronary syndrome (ACS)
and ischemic stroke, remain the leading cause of mortality
Chemaly).

B.V. This is an open access article u
worldwide despite apparently optimal clinical and medical man-
agement [1]. The remaining high incidence of cardiovascular events
is attributed to several underlying mechanisms including residual
inflammation [2]. Biomarkers of inflammation such as C reactive
protein (CRP) [3] and IL-6 [4] have been shown to associate with
cardiovascular events, however, they lack specificity [5]. Novel
biomarkers or biomarker panels are needed to stratify individuals
at high risk of major adverse cardiovascular events (MACE).
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Tumour necrosis factor alpha converting enzyme (TACE/
ADAM17) is a member of the A disintegrin and metalloproteinase
(ADAM) family of ectodomain shedding proteinases [6]. TACE reg-
ulates several biological processes by cleaving cytokines, receptors,
adhesion molecules and growth factors involved in inflammation,
the immune response and cancer [7]. Many studies have high-
lighted the role of TACE in cardiovascular disease (CVD) (8) where
increased TACE levels have been reported in hypertension [8], ACS
complications, such as heart failure and arrhythmias [9,10], and
atherosclerotic ischemic stroke [11]. Not only has TACE been
directly associated with CVD, but many of the TACE substrates, such
as tumour necrosis factor alpha (TNFa) and the receptors (TNFR1
and TNFR2) [12] as well as angiotensin converting enzyme 2 (ACE2)
[13] are known to play major roles in CVD complications [14].
Nevertheless, it is still unknown which TACE substrates may be
useful as biomarkers to identify patients at higher risk of cardio-
vascular events which may shed the light on unexplored biological
pathways linking these substrates to CVD development. In this
study, levels of TACE, TACE substrates and TACE inhibitor Tissue
metalloprotease inhibitor 3 (TIMP3) were measured in coronary
artery disease (CAD) patients and controls to observe associations
with CAD presence, ACS occurrence and follow-up MACE (Fig. 1).

Materials and methods

Participant recruitment

Patients were recruited from the catheterisation laboratory at
Altnagelvin Hospital, L.Derry, UK over a two-year period (from 2015
until 2017) (see Fig. 2). A total of 243 patients undergoing coronary
angiography of their coronary arteries were recruited either via an
acute or elective admissions. A total of 229 patients with mild,
moderate and severe atherosclerosis were included in the study
where 102 had a confirmed diagnosis of acute coronary syndrome
(ACS) and 127 were electively admitted for examination of their
coronary arteries (ELEC) (Fig. 2). The remaining (n ¼ 11) patients
were excluded as their chest pain was not due to underlying
atherosclerosis but conditions such as myocarditis, Takotsubo
Fig. 1. TACE/ADAM17 substrates in ACS and follow-up MACE. Levels of TACE/ADAM17 substra
to controls. Levels of HB-EGF, Ep-CAM, TNFR1 were able to accurately classify ACS patients
TIMP3 mRNA levels were lower in CAD patients and tended to be lower in ACS compared
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syndrome or gastro-intestinal problems (Fig. 2). The control cohort
(n¼ 115) was recruited among hospital staff and researchers (mean
age 46 years old). The control cohort did not undergo coronary
angiography as this invasive procedure is not routinely performed
in the general population and is only recommended by the physi-
cian in the presence of clinical symptoms (such as chest pain,
following an ACS or in the presence of risk factors such as diabetes).
Controls had a 10-year fatal CVD risk <10% which was calculated
according to the “European low risk Systematic COronary Risk
Evaluation (HeartSCORE)” (https://www.heartscore.org/en_GB)
using the participants’ risk factors (age, sex, smoking status, systolic
blood pressure and total cholesterol levels). During a median
follow-up period of 3 years, major adverse cardiovascular events
(MACE) were documented after consulting the patient electronic
care records 3 years after admission (Northern Ireland Electronic
Care Record (NIECR), NHS, UK). These electronic records document
MACE which were serious enough for the patient to be admitted to
the hospital or seek medical consultation. MACE included acute
coronary syndrome (unstable angina, non-ST elevated myocardial
infarction or ST elevated myocardial infarction), stent re-stenosis,
persistent angina, stroke, transient ischemic attack, all cause
deaths and deaths from cardiac origins, deep vein thrombosis,
arrythmias, heart failure (including left ventricular impairment),
admissions for percutaneous coronary intervention and bypass
surgery.

The study was conducted in accordance with the declaration of
Helsinki. The research protocol was approved by the Office for
Research Ethics Committees Northern Ireland (ORECNI) (Ref:14/NI/
0068). Each participant gave informed written consent and pro-
vided a blood sample and answered a health and lifestyle struc-
tured questionnaire. Demographic information as well as previous
medical and clinical history were collected. Systolic and diastolic
blood pressure at the time of recruitment was recorded and C
reactive protein (CRP) were measured on the day. Fasting blood
samples were taken and dispensed into EDTA-tubes, after dis-
carding the first 5 ml of blood to avoid unnecessary biological
activation. Tubes were immediately cooled on ice and centrifuged
(within 4 h of collection) at 2000 RCF for 15 min. Plasma and buffy
tes TRANCE, LDLR, LAG-3 and ACE2 were significantly higher in CAD patients compared
and levels of TNFR1 and TNFR2 associated with MACE upon follow-up. TACE inhibitor,
to elective CAD patients.

https://www.heartscore.org/en_GB


Fig. 2. Patient recruitment workflow.
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coat were aliquoted and frozen at �80 �C until further analysis.
Measurement of TACE and TIMP3 plasma protein and mRNA levels

TACE plasma (soluble) and cellular protein levels were
measured by ELISA (Sigma TACE ELISA kit Sigma RAB0003)
following the manufacturer's instructions. For the cellular protein
levels, total proteins were extracted from a buffy coat preparation
containing the peripheral blood mononuclear cells and TACE was
measured by ELISA and normalised to total protein levels in each
sample. The intra-assay CVwas 11.91%. Plasma TIMP3 protein levels
were measured by ELISA (Abcam TIMP3 (MIG-5)-Human-
ab119608). The intra-assay CV was 5.49%. TACE and TIMP3 mRNA
levels were measured from patient buffy coat which was preserved
in RNAlater® Stabilization Solution (AM7020eThermoFisher Sci-
entific) at �80 �C. mRNA was extracted using the RiboPure™ RNA-
Purification-Kit (AM1924-Ambion). Quantitative real time PCR was
performed using the Roche Light cycler®480II and the Light-
Cycler®480 probe Master reagents (04707494001-Roche) and
probes (GAPDH-05532957001eAssay-ID-141139, Roche; ADAM17/
TACE-05532957001eAssay-ID-136022, Roche; TIMP3
05532957001eAssay-ID-101221-Roche) after converting RNA into
cDNA using the Transcriptor First Strand cDNA Synthesis Kit
(04379012001-Roche). TACE and TIMP3 mRNA expression levels
were normalised to GAPDH and 2∧(-DcT) was calculated for each
samplewhich represents the fold increase in gene expression of the
target mRNA compared to the control group. The inter-assay CVs
were 1.01% for GAPDH, 2.89% for TACE and 1.31% for TIMP3.
Measurement of TACE substrates protein levels in the plasma

A full list of TACE substrates was identified by consulting the
literature [15,16e18] and by identifying TACE substrates that
overlapped with the following proprietary Olink Bioscience
(Uppsala, Sweden) panels: CVDII, CVDIII, immune response and
inflammation. The list of TACE substrates which were evaluated in
this study were: Interleukin-1 receptor type 1 (IL1RT), Interleukin-
6 receptor subunit alpha (IL-6R), Tumour necrosis factor receptor 1
(TNFR1), Tumour necrosis factor receptor 2 (TNFR2), Low-density
lipoprotein receptor (LDLR), Sortilin (SORT1), Tumour necrosis
factor alpha (TNFa), Tumor necrosis factor-related activation-
induced cytokine (TRANCE), Macrophage colony stimulating factor
42
1 (CSF-1), Lymphocyte activation gene protein 3 (LAG-3), Trans-
forming growth factor alpha (TGFa), Heparin-binding EGF-like
growth factor (HB-EGF), Amphiregulin (AREG), Fms Related Tyro-
sine Kinase 3 Ligand (FLT-3L), Activated leukocyte cell adhesion
molecule (ALCAM), Junctional adhesion molecule A (JAM-A),
Epithelial cell adhesion molecule (Ep-CAM), Angiotensin convert-
ing enzyme 2 (ACE-2). Plasma protein levels were measured by
Proseek Multiplex proximity extension assay (Olink Bioscience,
Uppsala, Sweden) which utilises two steps. In the first, two specific
antibodies bind the target protein, bringing two single stranded
DNA tags into close proximity. In step two, the double stranded tag
was cleaved and amplified by qPCR. Relative expression values
(normalised protein expression, NPX) were on a log2 scale and are
derived from the qPCR step Ct values. One NPX difference corre-
sponds to 2-fold in protein concentration.
Statistical methods

Data analysis was performed using IBM® SPSS version 28.0
software (SPSS Inc., Chicago, IL). Continuous variables were
expressed as mean ± SD, if approximately normally distributed, or
as median (1st and 3rd quartile) otherwise; categorical variables
were expressed as number; percentages. Analysis of Covariance
(ANCOVA) was used to compare the levels of TACE and TACE sub-
strates between CAD and the control group while controlling for
confounding factors (age, gender, body mass index (BMI) and
cholesterol levels) which were statistically associated with the
dependant variable in question (TACE or TACE substrates) as per
[19] and adjusted for multiple comparisons (FDR set at 0.05).
Multivariable logistic regression was applied to compare levels of
TACE substrates between ACS and electively admitted (denoted
ELEC) CAD patients while controlling for creatinine levels, smoking
status, history of previous myocardial infarction, stent or bypass
and previous use of CAD medication (anti-hypertensive therapy,
anti-cholesterol therapy, anti-platelet therapy) which were signif-
icantly different between ACS and elective patients. Multivariable
Cox regression analysis was performed to evaluate the MACE pre-
dictive ability of TACE substrates, while controlling for age, creati-
nine levels, cholesterol levels, history of heart failure, history of
previous myocardial infarction, stent or bypass and ACS status
which were significantly different between ACS and elective pa-
tients. The Mann-Whitney test (non-parametric test) was used to
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compare TIMP3 mRNA expression levels between the CAD and the
control groups and the ACS and ELEC groups. Kaplan-Meier curves
were generated to describe the MACE-free survival of the patients
within this study and stratified according to the median plasma
levels of TNFR1 and TNFR2. Statistical significance was defined as
values of p < 0.05 (two-tailed).

Results

A total of 229 CAD patients and 115 controls were recruited
consecutively over a period of two years (Fig. 2 and Table 1). Out of
the recruited CAD patients, 55.4% (n ¼ 127) were admitted after an
ACS and 44.4% (n ¼ 102) were electively admitted for coronary
angiography. After a median follow-up period of 3-years, MACE
occurred in 35.5% (n ¼ 80) of the CAD patients (Fig. 2). CAD par-
ticipants were older than the controls, were mostly men and had
significant CAD risk factors as expected (Table 1).

TACE mRNA and TACE substrates plasma levels (LDLR, TRANCE,
LAG-3 and ACE2) are significantly higher in CAD participants
compared to controls.

TACE mRNA levels were significantly higher in CAD patients
compared to controls after adjusting for age, gender, BMI and
cholesterol levels (1.65 ± 0.96 vs 1.16 ± 0.63; p < 0.001). However,
this was not observed with TACE plasma levels which were not
significantly different between CAD and controls (p ¼ 0.634). Of
note, TACE plasma levels were undetectable in 48.25% of the par-
ticipants and this may be attributed to a low release of TACE protein
into the plasma which was below the limit of the detection of the
kit used (RAB0003 SIGMA) in some participants. When TACE pro-
tein levels were transformed into a detectable/non-detectable
Table 1
Population demographics.

CAD Risk Factors Controls CAD p-value

(t-test)

Number of participants 115 229
Age (years) 46.2 ± 12.3 65.3 ± 10.7 <0.0001
Male (n; %) 34; 29.6 170; 78.6 <0.0001
Weight (Kg) 76.7 ± 16.6 86.1 ± 19.5 <0.0001
Height (cm) 167.2 ± 9.3 171 ± 9.5 0.0005
BMI (Kg/m2) 27.5 ± 5.9 29.1 ± 6.4 0.0188
Systolic BP (mmHg) 124 ± 20 131 ± 24 0.0111
Diastolic BP (mmHg) 76 ± 14 72 ± 12 0.0142
Total Cholesterol (mmol/L) 5.0 ± 1.0 4.2 ± 1.3 <0.0001
LDL Cholesterol (mmol/L) 2.9 ± 0.9 2.3 ± 1.0 <0.0001
HDL Cholesterol (mmol/L) 1.6 ± 0.4 1.2 ± 0.5 <0.0001
TG (mmol/L) 1.1 ± 0.6 1.8 ± 2.1 <0.0001
CRP (mg/L) 2.5 ± 3.4 12.0 ± 31.2 0.0020

n; % p-value
(Chi 2)

Hypertension 15; 13.0 128; 55.9 <0.0001
Diabetes 0; 0 44; 19.2 N/A
Dyslipidaemia 57; 49.6 134; 58.5 0.1157
GFR <60 ml/min 3; 2.7 45; 20.0 <0.0001
Arthritis 6; 5.2 35; 15.3 0.0065
Depression 11; 9.6 43; 18.8 0.0267
Employed 104; 92.9 66; 33.3 <0.0001
Current smokers 5; 4.4 42; 19.3 0.0002
Ex-smokers 45; 39.1 110; 50.4 <0.0001
Medications % %
Statins 8.69 73.45 <0.0001
Anti-hypertensive therapy 11.30 75.78 <0.0001
Anti-platelet therapy 6.08 67.84 <0.0001
Anti-angina therapy 0.87 38.77 <0.0001
Diuretics 2.60 24.67 <0.0001

BMI, body mass index; BP: blood pressure; CAD, coronary artery disease, CRP, C-
reactive protein; GFR, Glomerular filtration rate; HDL: high density lipoprotein; LDL,
low density lipoprotein; TG, triglycerides.
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categorical variable, it is of note that a TACE plasma levels were
detectable in a significantly higher percentage of controls
compared to CAD patients (60.80% vs 47.16%, p< 0.05). TACE cellular
protein levels measured in the buffy coat (peripheral blood
mononuclear cells, PBMCs) of a subset of CAD patients were
significantly higher in CAD (n ¼ 80) compared to controls (n ¼ 36)
(383.90 ± 259.63 pg/ml vs. 221.92 ± 78.78 pg/ml; p < 0.01). These
results, as well as previous reports [20], might indicate that, in CAD,
TACE protein tends to accumulate in the cell and is less likely to be
shed from the cell surface into the plasma.

TACE substrates levels were measured using the Olink platform
(panel CVDII, CVDIII, inflammation and immune response panel).
TACE substrates are known to be involved in the immune system,
organ development, cell differentiation and cell adhesion, and
include TNFR1, TNFR2, LDLR, IL6-R, TNFa, TGFa and ACE2 (refer to
list in Table 2) among others. Plasma levels of LDLR (p ¼ 0.006),
TRANCE (p ¼ 0.045), LAG-3 (p < 0.001) and ACE2 (p < 0.001) were
significantly higher in CAD compared to controls after adjusting for
age, gender, BMI and cholesterol levels (Fig. 3). In patients with
CAD, this translates into an upregulation of pathways associated
with cholesterol metabolism (LDLR), calcification (TRANCE) and
blood pressure control (ACE2), which is already known [21e23],
but highlights an unexplored role for LAG-3, known to be associ-
ated with the immune response, cancer and HDL-C levels, in CAD
[24,25]. It is of note that there were no significant differences in
ACE2 plasma levels between CAD patients on ACE inhibitors
(38.64%) and those who were not (p ¼ 0.091) as corroborated
previously [26]. Moreover, there were no statistical difference in
LDLR plasma levels in CAD patients on statins (73.45%) compared to
those who were not (p ¼ 0.292).

ACS patients had significantly higher levels of creatinine
(100.83 ± 77.00 vs 84.39 ± 20.64 mmol/L; p ¼ 0.032) and were more
likely to be smokers (27.0% vs 11.1%; p¼ 0.004) compared to elective
CAD patients. ACS patients were less likely to be on medication or
have a previous history of myocardial infarction (MI), stent or
bypass (Table 3).

Multivariable regression analysis of NPX values showed that
TNFR1 (OR: 3.237, CI:1.514e6.923, p ¼ 0.002), HB-EGF (OR: 0.484,
CI:0.288e0.813, p ¼ 0.006), Ep-CAM (OR: 0.555, CI: 0.327e0.829,
p ¼ 0.004) plasma levels were each independently associated with
ACS after adjustment for creatinine, smoking status, previous MI,
stent or bypass and previous CAD medications (Table 4). While
TNFR1 plasma levels were significantly higher in ACS patients
(5.63 ± 0.52 vs 5.98 ± 0.71, p ¼ 0.002), Hb-EGF (5.15 ± 0.76 vs
4.78 ± 0.62, p ¼ 0.006) and Ep-CAM (4.94 ± 0.96 vs 4.54 ± 0.86,
p ¼ 0.004) plasma levels were significantly lower in ACS patients
compared to patients admitted electively with CAD history. It is of
note that TNFR1, HB-EGF and Ep-CAM were not significantly
different between patients admitted with unstable angina, NSTEMI
or STEMI within the ACS cohort. TACE mRNA levels were not
significantly different between ACS and ELC (p ¼ 0.363) nor were
TACE plasma (p ¼ 0.539) or cellular protein levels (p ¼ 0.249).
Despite TACE being the major protease responsible for HB-EGF and
Ep-CAM shedding, otherMMPs (such asMMP3) can also participate
in HB-EGF processing [27,28]. Similarly, Ep-CAM requires further
processing by another protease (BACE1) [29]. Nevertheless, HB-EGF
and Ep-CAM plasma levels were significantly decreased in the ACS
cohort regardless of the extent of their processing by TACE or other
proteases.

It is of note that in CAD patients where TACE plasma levels were
detected, no significant differences were observed between ACS
and ELEC patients (p ¼ 0.874) nor between CAD patients who
developed follow-up MACE compared to those who did not
(p ¼ 0.860) increasing the relevance of further investigating the
significance and origin of TACE plasma levels.



Table 2
TACE and TACE substrates levels in CAD patients and controls.

TACE Controls (n ¼ 114) CAD (n ¼ 225) p valuea

Median, 1st, 3rd quartile Median 1st, 3rd quartile

TACE mRNA expression levels/GAPDH
(fold change norm to Controls)

1.04, 0.68, 1.47 1.43, 0.96, 2.07 <0.001

TACE plasma levels (pg/ml) 128.8, 0, 404.9 0, 0, 351.07 0.634
TACE cell protein levels (pg/ml)

(n ¼ 36/80)
222.1, 153.2, 208.9 301.5240.32, 443.05 <0.001

TACE substrates
Protein Olink panel Controls (n ¼ 89) CAD (n ¼ 208) p valuea

Immune system Mean (NPX) SD Mean (NPX) SD

IL1R2 CVDII 4.28 0.31 4.33 0.36 0.218
IL-6R CVDIII 10.77 0.34 10.84 0.40 0.926
TNFR1 CVDIII 5.31 0.33 5.79 0.63 0.356
TNFR2 CVDIII 3.71 0.31 4.05 0.55 0.928
LDLR CVDIII 2.73 0.66 2.85 0.56 0.006
SORT1 CVDII 7.63 0.26 7.75 0.32 0.249
TNFa Inflammation 0.05 0.33 0.04 0.38 0.553
TRANCE Inflammation 4.17 0.71 4.30 0.72 0.045
CSF-1 Inflammation 7.63 0.20 7.57 0.29 0.072
LAG-3 Immune 1.71 0.50 1.54 0.45 <0.001
Development and differentiation
TGFa Inflammation 2.92 0.29 3.00 0.52 0.564
HB-EGF CVDII 4.99 0.63 4.96 0.72 0.869
AREG Immune 1.12 0.55 1.15 0.59 0.378
FLT-3L Inflammation 8.63 0.47 8.72 0.52 0.881
Cell adhesion
ALCAM CVDIII 4.47 0.23 4.51 0.26 0.815
JAM-A CVDIII 4.60 0.59 4.86 0.76 0.084
Ep-CAM CVDIII 4.89 1.03 4.78 0.95 0.756
Others
ACE-2 CVDII 3.44 0.56 4.10 0.70 <0.001

Plasma levels of TACE substrates TNFR1, HB-EGF and Ep-CAM are significantly different in ACS compared to elective CAD patients.
a p value after FDR correction and adjusted for age, gender, BMI and cholesterol levels between the two groups.
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We investigated one of the possible mechanisms for TACE
upregulation in a subgroup CAD patients (n ¼ 39) and controls
(n ¼ 20) with no significant differences in terms of baseline char-
acteristics. TACE is known to be inhibited by Tissuemetalloprotease
inhibitor 3 (TIMP3) [30]. Messenger RNA expression levels of TIMP3
were decreased in the peripheral blood in CAD patients compared
to controls (0.90 ± 0.92 vs 1.60 ± 2.51; p < 0.05). TIMP3 also tended
to be downregulated in CAD patients admitted with an ACS
compared to electively admitted patients (0.65 ± 0.52 vs 1.17 ± 1.17;
p ¼ 0.085) (Fig. 4). Nevertheless, plasma TIMP3 protein levels were
not statistically different between CAD patients and controls
(p¼ 0.486). TIMP3 plasma andmRNA levels did not predict MACE in
CAD patients. However, TIMP3 cellular protein levels measured in
the buffy coat (PBMCs) of a subset of CAD participants tended to be
lower in CAD patients (n ¼ 26) vs controls (n ¼ 15)
(1267.45 ± 1070.10 vs 1766.48 ± 1285.97 pg/ml; p ¼ 0.189).
Plasma levels of TACE substrates TNFR1 and TNFR2 are predictive of
MACE

Multivariable Cox proportional hazard regression analysis
identified that out of the measured TACE substrates, TNFR1 (OR:
2.317, CI: 1.377e3.898, p ¼ 0.002) and TNFR2 (OR: 1.902,
CI:1.072e3.373, p ¼ 0.028) plasma levels were independently
associated with MACE in CAD patients after adjustment for age,
creatinine levels, cholesterol levels, heart failure, previous MI, stent
or bypass and ACS status (Table 5 and Fig. 5A and B). It is of note that
TACE protein and mRNA levels did not associate with MACE. There
was no significant difference in the survival distributions between
ACS and elective patients estimated by the log rank test (p ¼ 0.267)
(Fig. 5C).
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Discussion

Currently, no available blood test can accurately predict the risk
of a cardiovascular event in the general population [31]. To estimate
a person's risk of cardiovascular death within 10-years, physicians
rely on risk scoring charts which hold many limitations since the
majority of people who experience an event are classified as low/
medium risk [32]. Additionally, those that are risk-managed for
their underlying CAD still experience cardiovascular events. There
is a clear need therefore to improve event prediction for patients
with CAD by optimising the methods of primary and secondary
prevention. Blood biomarkers offer promise in this field of research
and given the importance and contribution of inflammation to CAD
[33], research into inflammatory biomarkers is warranted. Overall,
this study demonstrated that TACE, a member of the ADAM protein
family of disintegrins and metalloproteases, and a number of its
substrates, which are heavily involved in regulating inflammatory
processes, were upregulated in CAD. We also identified TNFR1, HB-
EGF and Ep-CAM as potential biomarkers for ACS and corroborated
the association of TNFR1 and TNFR2 with MACE. Interestingly, we
also found that decreased levels of TIMP3, an inhibitor of TACE, was
associated with in CAD and potentially ACS (Fig. 1).

First, our study replicated previous findings of TACE upregula-
tion in patients with cardiovascular events [9e11,34]. Higher TACE
mRNA expression levels however did not translate to increased
circulating TACE plasma levels. This is potentially due to the limit of
detection of the assay used combined to a higher cellular protein
retention of TACE on the peripheral blood mononuclear cells
(PBMCs) observed in CAD patients compared to the controls. The
mechanism of TACE release into the plasma requires additional
investigation and previous studies, which have detected TACE



Fig. 3. Levels of TACE and TACE substrates in CAD patients and controls. Plasma levels of LDLR, TRANCE, CSF-1, LAG-3, JAM-A, and ACE2 were significantly higher in CAD compared
to controls after adjusting for age, gender, BMI and cholesterol levels.

Table 3
Demographics of ACS and elective CAD patients.

ELEC (n ¼ 114) ACS (n ¼ 105) p value

Mean SD Mean SD

Age (years) 64.96 10.11 65.99 10.98 0.469
BMI (Kg/m2) 29.38 7.25 29.19 5.40 0.838
Systolic BP 131.87 21.50 128.93 25.41 0.402
Cholesterol (mmol/L) 4.11 1.31 4.32 1.33 0.278
Creatinine (umol/L) 84.38 20.64 100.83 77.00 0.032
LDL cholesterol (mmol/L) 2.27 0.96 2.36 1.03 0.545
HDL cholesterol (mmol/L) 1.18 0.30 1.21 0.53 0.550
Triglycerides (mmol/L) 1.65 1.16 1.96 2.80 0.309

% %

Male 75.0 83.3 0.135
Diabetic 19.3 18.1 0.864
Smoking 11.1 27.0 0.004
HF 13.2 17.1 0.453
Previous CAD meds 83.3 70.2 0.024
Previous (MI, Stent, bypass) 53.5 35.2 0.010

ACS: Acute coronary syndrome; BMI, body mass index; BP: blood pressure; CAD:
Coronary artery disease; ELEC: Elective CAD patients; HF: Heart Failure; HDL: high
density lipoprotein; LDL, low density lipoprotein; TG, triglycerides.
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protein onmicroparticles [35,36] and in the plasma of patients with
inflammatory conditions including ANCA-associated vasculitis
[36e38], can be used as a starting point for further exploration.

Since TACE is involved in several biological processes, it is
challenging to attribute its increased mRNA expression and cellular
protein levels to specific processes and pathways. An alternative
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way of observing the consequences of TACE activation is by com-
plementing its measurement with that of its substrates, and in
particular those of relevance to CAD complications [15]. After
compiling a list of TACE substrates from the literature and over-
lapping it with those available within four Olink panels (Uppsala,
Sweden), we sought to identify the substrates of interest with
respect to their association with ACS and follow-up MACE. Among
the measured TACE substrates, several upregulated proteins reflect
pathways involving cholesterol metabolism (LDLR), calcification
(TRANCE) and blood pressure control (ACE2) in patients with CAD
which is already established [21e23]. Our investigation highlighted
however an unexplored role of LAG-3, known to be associated with
immune response, cancer and the regulation of HDL-C levels [24],
in CAD. It has been recently shown that inhibiting proprotein
convertase subtilisin/kexin 9 (PCSK9), an important regulator of
LDLR and the lipid metabolism, enhanced cancer therapy [39]. This
highlights the need to further explore associations between cancer
associated proteins, such as LAG-3, and lipid pathways.

Tissue metalloprotease inhibitor 3 (TIMP3), the only known
TACE endogenous inhibitor [40], associates with TACE dimer
structures to inhibit its proteolytic activity [41]. We investigated
one of the possible mechanisms explaining the observed increased
TACE mRNA and cellular protein levels in CAD patients by
measuring TIMP3 mRNA levels in PBMCs. Our results showed that,
in contrast to the increase in TACEmRNA and cellular protein levels
in CAD patients, TIMP3 mRNA levels were decreased compared to
the control group. This suggests that, in CAD individuals, TIMP3
downregulation may not provide enough inhibitory effect on TACE
leading to an increased protease activity and a potential higher risk



Table 4
Logistic regression analysis. Multivariable regression analysis of NPX values demonstrates that TNFR1, HB-EGF and Ep-CAM plasma levels were each independently associated
with ACS after adjustment for creatinine, smoking status, previous MI, stent or bypass and previous CAD medications for each variable separately.

ELEC (n ¼ 104) ACS (n ¼ 95) Exp(B) p valuea 95% CI for EXP(B)

mean (NPX) Sd mean (NPX) Sd Lower Upper

TNFR1 5.63 0.52 5.98 0.71 3.24 0.002 1.51 6.92
HB-EGF 5.16 0.76 4.77 0.63 0.48 0.006 0.29 0.81
Ep-CAM 4.95 0.96 4.54 0.86 0.56 0.004 0.37 0.83

ACS: Acute coronary syndrome; ELEC: Elective CAD patients, NPX: Normalised protein expression.
TIMP3 is downregulated in CAD and tends to be lower in patients admitted with ACS compared to those admitted electively.

a Each of TNFR1, HB-EGF and EpCAM were individually adjusted for creatinine levels, smoking, previous MI, stent or bypass and previous CAD medsRef category is ELEC.

Fig. 4. TIMP3 mRNA expression levels is lower in CAD patients and tends to be lower in those admitted with ACS.

Table 5
Multivariable Cox proportional hazard regression analysis.

Hazard Ratios p value 95.0% CI for Exp(B)

Lower Upper

TNFR1 (NPX) 2.65 0.002 1.447 4.86
Age 1.01 0.345 0.99 1.04
Gender 0.73 0.379 0.36 1.48
Creatinine (umol/L) 1.00 0.196 0.99 1.00
Cholesterol (mmol/L) 0.96 0.731 0.78 1.19
HF 1.60 0.134 0.87 2.92
Previous MACE 1.35 0.263 0.80 2.30
ACS/ELEC 0.90 0.715 0.53 1.55

TNFR2 (NPX) 1.97 0.031 1.06 3.66
Age 1.01 0.272 0.99 1.04
Gender 0.90 0.769 0.46 1.78
Creatinine (umol/L) 1.00 0.960 1.00 1.00
Cholesterol (mmol/L) 0.95 0.651 0.77 1.18
HF 1.80 0.058 0.98 3.26
Previous MACE 1.34 0.269 0.79 2.27
ACS/ELEC 1.15 0.590 0.69 1.93

ACS: Acute coronary syndrome; ELEC: Elective CAD patients, HF: Heart failure;
MACE: Major adverse cardiovascular events; NPX: Normalised protein expression.
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of cardiovascular events. Previous studies reported that TIMP3 gene
expression was downregulated in circulating human monocytes in
people at high risk of diabetes [42] andwas higher in stable and low
in vulnerable atherosclerotic plaques [43] implying a particular
TIMP3 down regulation in a high inflammatory state [44]. This is
also shown in our present study where TIMP3 tended to be
particularly downregulated after an ACS compared to electively
admitted CAD patients. It has been previously demonstrated that
TACE expression is increased during the early phases of an in vitro
model of acute Crohn's disease, whereas TIMP3 increased in the
later phases of the disease [45] suggesting that maintaining a bal-
ance between TACE and TIMP3 during acute phases of inflamma-
tion might be crucial to reduce adverse outcomes. From a clinical
application perspective, recent reports have highlighted the
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challenges in inhibiting TACE directly [46]. Therefore, alternative
strategies need to be explored [47,48] where TIMP3 administration
might be a potential treatment for cardiac complications, such as
heart failure [49], following ACS. Additionally, the exploration of
TACE and TIMP3 levels at the site of the atherosclerotic plaque
might also be of relevance to link the mechanisms taking place at
site of the disease with those observed systemically.

Plasma levels of TNFR1, one of the most studied TACE substrates,
were increased in ACS patients. This is a similar finding to previous
reports associating increased TNFR1 levels to infarct size and ven-
tricular dysfunction after myocardial infarction [50]. TNFR1 levels
have also been linked to heart failure and increased levels following
ACS associate with adverse outcomes such as left ventricular
remodelling following myocardial infarction [51]. We also found
that the plasma levels of both TNF-a receptors, TNFR1 and TNFR2
were associated with MACE over a 3-year follow-up period. Our
results corroborate previous findings from the CLARICOR study
where higher TNFR1 and TNFR2 plasma levels were also associated
with cardiovascular events and mortality in CAD patients during a
10-year follow-up [52]. Here, we show that the association be-
tween TNFR1 and TNFR2 plasma levels with MACE was strong
enough to be observed during a 3-year median follow-up. There-
fore, measuring TNFR1 and TNFR2 plasma levels may be beneficial
to predict short term MACE in CAD patients.

When we looked specifically at the ACS patients, we noted
significantly lower levels of two TACE substrates; heparin binding
EGF (HB-EGF) and epithelial cell adhesion molecule (EpCAM), as
compared with the elective patients. To the best of our knowledge,
these markers have not been previously reported in the literature.
HB-EGF is produced by activatedmacrophages and endothelial cells
and stimulates smooth muscle cells to proliferate and produce
extracellular matrix [53]. Higher plasma levels of HB-EGF have
been previously linked to a stable plaque phenotype and a reduced
incidence of coronary events [54]. Local overexpression of HB-EGF
is also associated with increased cardiac remodelling following MI
[55]. Therefore, patients admitted with ACS might fail to present
sufficient systemic HB-EGF levels to stabilise the atherosclerotic



Fig. 5. Kaplan-Meier Survival Curves. Survival function representing follow-up MACE
in CAD patients stratified according to median plasma TNFR1 levels (A), TNFR2 levels
(B) and ACS and elective status (C) In all graphs, the label “censored” on the graph
indicates a truncated survival time.
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plaque. We also show that plasma levels of EpCAM, a tumour
marker of epithelial origins [56], were decreased in ACS patients in
our study. A recent study associated low EpCAM levels with
microvascular obstruction and larger infarct size [57], highlighting
the need to design future studies to understand the protective
mechanisms of Ep-CAM in CAD especially in the light of recent
research of overlapping pathways between cancer and cardiovas-
cular disease [58,59].

As a limitation within the study, patients with CAD were a
heterogenous population and presented with several degrees of
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disease severity. In addition, the ACS group included patients
admitted with unstable angina, NSTEMI and with STEMI (n ¼ 6)
also representing a heterogenous group. Nevertheless, the pro-
posed biomarkers were unable to distinguish between the subtypes
of ACS. It is also impossible to exclude that the control population
did not have minor atherosclerosis. However, it is not within
routine practice to screen for atherosclerosis in the general popu-
lation without any risk factors or clinical symptoms and bio-
markers, such as those proposed in the present study, can aid in
patient referral for invasive coronary angiography. Moreover, the
control group had a low incidence of comorbidities (such as hy-
pertension and diabetes) compared to CAD patients which might
influence the biomarker levels independently.

In summary, our study highlights the important role of TACE and
its substrates in CAD development and a possible modulatory
function of TIMP3 on TACE levels. Most importantly, we describe a
novel implication of LAG-3 in CAD and report reduced levels of HB-
EGF and Ep-CAM in ACS patients highlighting a potential protective
role in atherosclerotic plaque stability which requires further
exploration. We also underline the importance of measuring TNFR1
and TNFR2 earlier than previously appreciated to predict MACE.
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