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Abstract

Activated neutrophils release a range of inflammatory products that represent potential biomarkers, and there is interest in
the prognostic value of these in acute coronary syndrome (ACS) patients. We conducted a systematic review to examine
neutrophil-enriched biomarkers and the occurrence of major adverse cardiovascular events (MACE) in patients with ACS. We
identified twenty-seven studies including 17,831 patients with ACS. The most studied biomarkers were neutrophil gelatinase-
associated lipocalin (NGAL) and myeloperoxidase (MPO). Meta-analyses showed that elevated NGAL was associated with
higher MACE rates (unadjusted risk ratio (RR) 1.52, 95% CI 1.12-2.06, p = 0.006) as were elevated MPO levels (unadjusted
RR 1.61,95% CI 1.22-2.13, p = 0.01). There was limited data suggesting that increased levels of calprotectin, proteinase-3
and double-stranded DNA were also associated with MACE. These results suggest that higher levels of neutrophil-enriched
biomarkers may be predictive of MACE in patients with ACS, although higher-quality studies are needed to confirm these
observations.
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Introduction

Acute coronary syndrome (ACS) is one of the leading causes
of cardiovascular mortality and morbidity [1]. Inflammation
plays a pivotal role in driving the pathology of ACS, lead-
ing to the development of clinical trials targeting inflamma-
tion either acutely, such as in ASSAIL-MI, or chronically,
such as in CANTOS in order to improve clinical outcomes.
Alongside this, there has been extensive interest in utilis-
ing circulating inflammatory biomarkers for risk prediction
post-ACS.

Hallmarks of the early inflammatory response to ACS are
the exaggerated release of neutrophils from the bone marrow
into circulation and infiltration of circulating neutrophils into
the site of injury [2]. Neutrophils are effective phagocytes
[3] and exert their antimicrobial and proinflammatory effects
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through the generation of reactive oxygen species (ROS),
secretion of granular proteins and formation of neutrophil
extracellular traps (NETs) [4]. In patients with myocardial
infarction (MI), infiltrated neutrophils drive an inflamma-
tory response at the site of infarction to facilitate the rapid
clearance of necrotic cardiomyocytes and degradation of the
surrounding extracellular matrix (ECM) [4, 5]. While these
processes are necessary for successful scar deposition and
myocardial healing post-MI, excessive neutrophil-driven
inflammation has been associated with infarct expansion,
maladaptive changes in left ventricular (LV) structure and
function and, in turn, adverse outcomes [6].

The differential production and release of soluble granule
contents are responsible for many of the phagocytic and oxi-
dative functions of neutrophils in acute inflammation [3, 7].
Granule contents include myeloperoxidase (MPO) [4], ser-
ine proteases (proteinase 3 (PR3), neutrophil elastase (NE),
and cathepsin G [4], azurocidin [8, 9], neutrophil gelati-
nase-associated lipocalin (NGAL) [10, 11], matrix metal-
loproteinases (MMP-8 and MMP-9) [4], calprotectin [12,
13], antimicrobial peptides (a-defensin) [14] and ficolins
[15]. Previous studies have shown that these soluble factors
are significantly elevated in the circulation of patients with
ACS, and, in some instances, their release into circulation
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precedes the release of established markers of myocardial
necrosis [16, 17]. The de novo process of NET formation
[18, 19] is another important inflammatory function of neu-
trophils. NETSs are abundantly present in coronary thrombi
and have prothrombotic and proinflammatory roles during
the development of atherosclerosis and in the acute inflam-
matory response to ACS [20].

Given the importance of neutrophils in driving a pro-
inflammatory—sometimes excessive—response to ACS,
the aim of this systematic review and meta-analysis was to
assess the prognostic value of neutrophil-enriched soluble
factors in predicting long-term major adverse cardiovascu-
lar events (MACE) in patients with ACS. Many circulating
inflammatory mediators that are typically released during
neutrophil degranulation can concurrently arise from other
cellular sources. In this review, we examined markers that
are known to be predominantly released by neutrophils
including MPO, PR3, NGAL, calprotectin and markers
of NETosis. We have termed these ‘neutrophil-enriched’
biomarkers. Other factors in which neutrophils are not
considered the most significant source in blood circula-
tion, including MMP-8, MMP-9, LL-37 and IL-8, were
not assessed here.

Methods

Systematic Review Search Strategy and Eligibility
Criteria

This systematic review was conducted in accordance with
PRISMA (Preferred Reporting Items for Systematic review
and Meta-Analyses) and registered with PROSPERO (The
International Prospective Register of Systematic Reviews;
ID: CRD42021293391) [21, 22]. Circulating biomarkers
which are described in prior literature to be predominantly,
though not necessarily exclusively, released by neutrophils
were considered ‘neutrophil-enriched’ in this study. These
include double-stranded DNA (dsDNA), MPO-DNA, NE-
DNA, citrullinated histone H3 (CitH3) (all of which are
described as surrogate markers of NETosis), NE, MPO,
NGAL, calprotectin, PR3, neutrophil a-defensin, azuroci-
din, cathepsin G, lactoferrin, ficolin and neutrophil-derived
extracellular vesicles (EVs) (Supplementary Table 1).
A comprehensive review of studies published from 1946
until October 2021 was conducted using the MEDLINE,
EMBASE and EMBASE Classic, Scopus, SCIE (Web of
Science) and Cochrane Central Register of Controlled Trials
databases. Search terms are given in Supplementary Table 2.
Duplicates were removed and additional studies were identi-
fied by manual searching of reference lists (Supplementary
Table 3). Titles and abstracts were screened, and studies
reporting the association of neutrophil-enriched biomarker

levels with adverse outcome in patients with ACS were
retrieved as full-text articles. Two independent reviewers
(JY and AH) examined studies for eligibility using a stand-
ardised tool based on the PICOS format (Population, Inter-
vention, Comparison, Outcomes, Studies) (Supplementary
Figure 1). Studies were considered for inclusion according
to the following criteria: the study population comprised >
70% of patients with confirmed ACS; neutrophil-enriched
biomarkers were sampled during hospital admission with
ACS; and outcomes included, at minimum, all-cause mortal-
ity at > 6 months following admission. Where disagreements
arose, consensus was reached through discussion.

Data Extraction and Quality Assessment

Data extraction and quality assessment of eligible stud-
ies were conducted following the recommendations of
the Cochrane Review Group [23]. When required, authors
were contacted to provide further clarification. Data were
extracted regarding study design, inclusion criteria, patient
characteristics, biomarker measurement (including inter-
assay and intra-assay variability) and duration of follow-up.
Categorical variables were reported as frequency (percent-
age), and continuous variables were given as median (inter-
quartile range; IQR). For each reported MACE outcome,
we extracted the odds ratio (OR), hazard ratio (HR), risk
ratio (RR) or biomarker concentrations (median and IQR)
and event rates, as applicable. Study quality (ranging from
poor to high) was assessed using tools for cohort and case-
control studies (Supplementary Figures 2 and 3), based on
existing instruments [24-27]. Studies were excluded from
further analysis if the overall quality rating was deemed poor
due to lack of consideration of confounding variables in the
study design and analysis, or if the minimum data required
for meta-analysis was unable to be extracted.

Meta-analyses

We conducted meta-analyses of unadjusted summary sta-
tistics for neutrophil-enriched markers that were inves-
tigated in n > 3 studies. For studies reporting multiple
MACE endpoints, only the outcome comprising the high-
est number of events was analysed. Different measures
(RR, OR, HR) were used to report effect sizes across stud-
ies and required transformation prior to meta-analysis. For
completeness of data, extracted unadjusted measures were
transformed to unadjusted RR (95% CI). Crude event rates
were compared across binary groupings of marker con-
centration (most commonly median) to estimate RR and
concentrations given without sufficient event data were
approximated to RR from standardised mean differences
(Cohen’s d). For studies with rare outcomes (< 15%), OR
were approximated to RR, while HR were directly pooled
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with RR. Pooled effect sizes with RR and 95% CI were
calculated using the weighted inverse-variance method and
restricted maximum likelihood (REML) estimations [28].
A random effects model with Hartung-Knapp adjustment
was used to account for residual variability between stud-
ies [29, 30]. Heterogeneity was assessed with Cochran’s
Q test (high heterogeneity was defined as p < 0.10) and
the I* test (high heterogeneity was defined as I> > 75%)
[29, 31, 32]. Potential publication bias was evaluated by
assessment of funnel plot asymmetry with Egger’s regres-
sion test [33, 34]. All statistical tests were two-tailed, and
significance was determined by p < 0.05. Statistical analy-

9«

ses were performed using R packages “meta”, “metafor”

Fig1 Overview of study
selection for the systematic
review and meta-analysis. The
selection, screening, and inclu-
sion of studies evaluating the
association between neutrophil-
enriched soluble markers and
major cardiovascular events in

searching (n = 821):
MEDLINE (n = 166)

Cochrane (n = 31)
Scopus (n = 199)

ACS patients are detailed in the |

Records identified through database

Web of Science (n = 229)

and “MetaUtility” in R Statistical Software version 4.1.2
(R Foundation for Statistical Computing, Vienna, Austria).

Results
Study Characteristics

Of 872 articles identified, 27 studies (24 observational
cohort and three case-control) were included in the system-
atic review (Fig. 1). A total of eight neutrophil-enriched
soluble factors were measured in 17,831 patients with
ACS. These factors were dsDNA, MPO-DNA, NE-DNA
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and CitH3—all surrogate markers of NETosis—as well as
NGAL, MPO, calprotectin and PR3. The study characteris-
tics are presented in Table 1. Patients were predominantly
male (74 (67-79)%) with a median age of 62 (61-65) years.
ACS encompasses a heterogenous population of STEMI,
NSTEMI and unstable angina (UA) diagnoses. For this sys-
tematic review, five studies (19%) recruited patients with
ACS, while 19 studies (70%) included patients with acute
MI only (STEMI and/or NSTEMI); 11 of these studies speci-
fied a diagnosis of STEMI. Potential confounders such as
renal dysfunction, inflammatory disease or cancer were
excluded in a majority of the study populations (19 of 27
studies: 70%).

In 24 studies (89%), blood samples were obtained within
3 days of symptom onset. Of these, patients in 17 stud-
ies (71%) were sampled within 24 h. Blood samples were
taken prior to angiography in 18 studies (67%). Biomark-
ers were measured in plasma or serum samples in roughly
equal proportions in 26 studies (46% and 54%, respectively),
and only one study did not specify sample type. Nearly all
studies measuring NGAL, MPO or NET-related biomarkers
(dsDNA, MPO-DNA, NE-DNA and CitH3) used commer-
cial or in-house developed ELISAs (72%, 90% and 100%,
respectively) and other platforms included time-resolved
immunofluorometric assays (TR-IFA). Notably, all eight
studies using in-house developed assays for measuring
biomarkers demonstrated intra-assay and inter-assay coef-
ficients of variance of 3.8-10% and 0.63—14.8%, respectively
[35-42].

The median length of follow-up was 1 (1-2.7) year from
index admission, during which 16 (11-21) % of patients
experienced MACE. Endpoints were variably defined among
studies, and commonly included all-cause or cardiovascu-
lar death, non-fatal MI, stroke, repeat revascularisation and
new-onset heart failure.

Quality Assessment

The quality of the 24 cohort studies and the three case-con-
trol studies are summarised in Supplementary Table 4 and
Supplementary Table 5, respectively. Three (12%) cohort
studies were deemed of poor quality, while the remaining
24 studies were deemed of acceptable quality. A poor qual-
ity rating was given for three cohort studies due to poten-
tial confounders being inadequately addressed [40, 43] or
for unclear outcome assessment methods [44]. Only one
study was excluded from the final analysis for failure to
adequately discuss the possible implications of inadequate
adjustment for confounders and the inability to extract the
minimum data required to create a risk ratio value [40].
Study objectives, inclusion criteria and methodology were
generally well-defined and outcomes for primary endpoints
were largely assessed using objective measures. Complete

outcome data was provided for all participants in 22 studies,
and participants who were reported as lost to follow-up or
with incomplete data were generally excluded from analy-
sis from the remaining papers. In total, 22 cohort studies
sufficiently controlled for potential confounding factors in
multivariate models. All three case-control studies addressed
confounders either by sample matching or statistical adjust-
ment based on clinical covariates.

Association of Neutrophil-Enriched Biomarkers
and Cardiovascular Outcomes

NGAL The relationship between NGAL and either mortality
and/or MACE was examined in 11 cohort studies ranging in
size from 68 to 1832 patients with follow-up ranging from
6 months to more than 13 years (Table 2). Most commonly,
patients were categorised into high versus low NGAL groups
based on medians, tertiles or quartiles (seven studies; 64%)
or based on a threshold derived from ROC analysis (two
studies, 18%). In three studies (27%), NGAL was treated
as a continuous variable in statistical analysis (note that
one study used both categorical and continuous approaches
to analysis). A significant univariate association between
higher levels of NGAL and adverse outcomes were reported
in 10 of the 11 studies. In addition, statistically significant
multivariate relationships were reported for NGAL and
either mortality or MACE in eight (73%) of the 11 studies.

NGAL can also be released into the circulation by
injured renal cells and may confound the neutrophil-medi-
ated release of NGAL in ACS patients with renal impair-
ment [45, 46]. To account for this, four of the 11 studies
(36%) excluded patients with severe renal impairment as
indicated by chronic renal disease, serum creatinine > 1.4
mg/dL, and/or requirement for haemodialysis [44, 47-49].
Though comparable exclusion criteria were not described
in the remaining seven NGAL studies, five studies reported
levels of serum creatinine (range 0.81-1.37 mg/dL) and
eGFR (median range 65—117 mL/min/1.73 m?) within nor-
mal ranges [35, 40, 50-52], and only a small proportion of
patients were reported as requiring dialysis in three studies
(range 0.3-2.0%) [35, 50, 53]. In contrast, Barbarash et al.
did not state whether the moderate proportion of patients in
this study (29%) with marked renal impairment (eGFR < 60
mL/min/1.73 m2) were accounted for in the analysis [54].

MPO The prognostic ability of circulating MPO was
assessed in 10 studies (eight cohorts and two case-control)
that included 9074 patients with ACS (Table 3). Three stud-
ies (30%) treated MPO as a continuous variable, while eight
(80%) studies grouped patients into high versus low MPO
levels (one study did both). A total of seven studies reported
an association between increased levels of MPO and adverse

@ Springer
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clinical outcome on univariate analysis, with statistical sig-
nificance retained in six studies.

Markers of NETosis The association between markers of
NETosis (dAsDNA, MPO-DNA, NE-DNA and CitH3) and
MACE were examined in 1649 patients across four studies
(Table 4). Increased levels of dsDNA were independently
predictive of MACE in three studies [37, 38, 55], two of
which were conducted by the same institution [37, 38]. Nei-
ther MPO-DNA, NE-DNA nor CitH3 were found to predict
MACE after ACS in three studies [37, 38, 41].

Calprotectin Adjusted HRs were extracted from two stud-
ies evaluating the prognostic significance of calprotectin in
207 patients with ACS [36, 56] (Table 5). All-cause mor-
tality was reported in 9.2% of patients in Jensen et al. [36]
and in 17.2% of patients in Wang et al [56] within the first
year after coronary revascularisation. Both studies observed
a statistically significant independent association between
elevated calprotectin levels and MACE.

PR3 Ng et al. [42] demonstrated a significant independent
association between MACE at 1 year and PR3 (per 10-fold
increase in log concentration) in 900 patients with ACS
(Table 5). MACE was defined as all-cause mortality, recur-
rent MI and hospitalisation with HF and was reported in
16% of patients.

Meta-analysis of NGAL

Of the 11 studies investigating circulating NGAL lev-
els, risk ratio data from 7 studies (64%) was extracted
and pooled in a random effects model [44, 48-53].
Within these studies, a total of 1384 MACE events
were recorded for 5488 patients with ACS. Four studies
were excluded from meta-analysis due to incomplete
study data. Composite MACE [49, 50, 53] and all-cause
mortality endpoints were each assessed in three stud-
ies [44, 51, 52], while CV mortality was assessed in
one study [48]. Meta-analysis demonstrates that, when
dichotomized by high or low baseline NGAL levels,
high levels were associated with a 51.6% increased risk
of MACE (unadjusted RR 1.52, 95% CI 1.16-2.06, p
= 0.016) compared to low levels (used as the refer-
ence) (Fig. 2A). There was evidence of substantial
statistical heterogeneity in the model, with 72 of 0.09
(95% C10.03-0.57, p < 0.0001) and I*> of 99.7% (95%
CI 99.1-100.0%). Observation of a non-uniform dis-
tribution of study p-values in the contour funnel plot
alongside a significant Egger’s test (z = 2.65, p = 0.04)
indicates likely publication bias resulting from small
study effects (Fig. 2B).

@ Springer

Meta-analysis of MPO

Of the 10 studies describing the association of baseline MPO
levels with MACE, risk ratio data was extracted from nine
studies and pooled in a random effects meta-analysis. Study
effect estimates could not be approximated to RR for Ng
et al. due to incomplete study data [42]. A total of 1577
MACE events were captured in 8174 patients with ACS,
ranging from 6 months to 5 years after index admission.
Elevated circulating levels of MPO were significantly associ-
ated with an increased risk of MACE (unadjusted RR 1.61,
95% CI 1.22-2.13, p = 0.004) compared to low MPO levels
(Fig. 2C). Moderate heterogeneity was noted in the model
(% 0.07,95% CI10.01-0.52; p = 0.004 and I* 70.0%, 95% CI
25.8-94.1). The funnel plot for MPO indicates the presence
of asymmetry with a non-uniform distribution of p-values
for the studies in the contour funnel plot; however, Egger’s
test was non-significant suggesting small study effects are
not driving publication bias (z = 1.11, p = 0.3) (Fig. 2D).

Discussion

We identified 27 studies investigating the prognostic asso-
ciation of either NGAL, MPO, calprotectin, PR3 or markers
of NETosis (dsDNA, MPO-DNA, NE-DNA, CitH3) with
MACE in patients with ACS. NGAL was the most stud-
ied marker, with 11 studies reporting associations between
NGAL and MACE. Ten of these found higher levels of
NGAL were associated with worse outcomes. Seven stud-
ies contained sufficient information to be incorporated into
arandom effects meta-analysis, which showed that increased
levels of circulating NGAL during hospital admission were
associated with a 52% increase in risk for long-term MACE.
MPO was investigated in 10 studies, 9 of which could be
incorporated into a meta-analysis. This analysis demon-
strated that increased MPO levels at presentation with ACS
were associated with a 61% increased risk of long-term
MACE. The other markers were less well studied, but there
was some evidence of an association between increased cir-
culating levels of calprotectin, PR3 and dsDNA (used as a
surrogate marker of NETosis) and long-term MACE.

Both the multivariate outcomes reported within the
individual studies, and the meta-analysis of the unadjusted
outcomes support the view that elevated levels of NGAL
are associated with worse clinical outcomes. NGAL is an
acute-phase glycoprotein contained within specific gran-
ules of neutrophils and elicits antimicrobial and chemotac-
tic functions at sites of inflammation [51, 52, 57]. Within
the post-ischemia setting, NGAL acts to enhance MMP-9
activation by forming the stable NGAL/MMP-9 complex
which, in turn, can amplify and prolong ECM degradation
during infarct remodelling [57]. Within the coronary and
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Table 5 Association between calprotectin and proteinase-3 and MACE in patients with ACS
Study Population Reporting of Endpoint and Univariate analysis Multivariate analysis
effect follow-up - -
Unadjusted p-value Adjusted effect  p-value
effect (95% CI) (95% CI)
Calprotectin
Wang et al. n =273 ACS Grouped by Composite of HR 1.56 0.01 HR 2.11 < 0.01
(2019) [56] patients with ROC threshold  CV death, (1.08-4.62) (1.14-6.65)
diabetes non-fatal MI
treated with or unplanned
PCI revascularisa-
tion at 1 year'
Jensen et al. n =141 STEMI !Continuous All-cause death HR 1.30 (1.1- < 0.001';0.02 HR1.28(l.1- < 0.001%;0.01
(2010) [36] patients with variable; > at 1 yearT 1.5)" 6.28 1.5)!,7.28
acute LAD Grouped by (0.4-28.1)2 (1.6-32.9)*
occlusion ROC threshold
Proteinase-3
Ngetal. (2011) n =900 patients 'Continuous All-cause death, OR 6.42 0.001'; < HR 3.80 0.0012
[42] with MI variable hospitalisation ~ (2.25-18.3); 0.0012 (1.78-8.14)?
2Grouped by due to HF®, NR?
median and composite
of death and
HF at 1 year'

Abbreviations: ACEi, angiotensin-converting enzyme inhibitors; BMI, body mass index; BNP, brain natriuretic protein; BP, blood pressure;
CABG, coronary artery bypass graft; CAD, coronary artery disease; CitH3, citrullinated histone H3; H3(cit), see CitH3; CRP, C-reactive pro-
tein; ¢Tnl, cardiac Troponin I; ¢TnT, cardiac Troponin T; CV, cardiovascular; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate;
FBG, fasting blood glucose; GOT, glutamic oxalacetic transaminase; GRACE, Global Registry of Acute Coronary Events; HF, heart failure; HR,
hazard ratio; LVEF, left ventricular ejection fraction; MI, myocardial infarction; NR, not reported; NS, not significant (p < 0.05); OR, odds ratio;
PCI, percutaneous coronary intervention; S, p-value is statistically significant (unspecified); SA, stable angina; 95% CI, 95% confidence interval;
TIMI, Thrombolysis in Myocardial Infarction; WBC, white blood cell. "Indicates a primary endpoint; *indicates concentration is represented as
median (IQR) or mean + SD for cases vs. controls, respectively; *HF requiring high-dose diuretics, inotropes or intravenous nitrate. 'Denotes
continuous variables assessed per unit change in concentration, as specified; 2denotes endpoints compared in patients stratified according to pre-
specified categories of biomarker concentration. Statistical significance was considered as two-tailed p < 0.05 (bolded)

systemic circulation, neutrophils are the principal source
of circulating NGAL [10, 11]. However, NGAL is also an
early biomarker of acute kidney injury as a result of secre-
tion from renal tubular cells [58, 59]. It is possible that the
release of NGAL by injured renal cells in ACS patients that
also have poor kidney function may confound the prognostic
association of neutrophil-derived NGAL [40].

Eight of the studies included in this systematic review
noted that increased levels of NGAL at baseline may
reflect pre-existing renal dysfunction in addition to neu-
trophil activation during acute inflammation [35, 40,
44, 47, 48, 50, 52, 53]. Due to this interaction [60-63],
it is important to consider the ways in which potential
confounding effects of renal-mediated NGAL. Chronic
kidney disease was an exclusion criterion in four of 11
studies (37%) [44, 47-49]. In addition, all but two study
[40, 47] outcomes were adjusted for creatinine or eGFR
in multivariate analysis. Most of the studies (8 of 11;
72%) measured NGAL levels in pre-angiography blood
samples prior to any potential renal injury caused by the
administration of contrast [35, 40, 44, 47, 50-53]. One
study did not address renal function at all [40].

MPO is a haemoprotein released from the azurophilic
granules of mature neutrophils and is also released, to a
lesser degree, by other immune cells such as monocytes
and tissue-associated macrophages [64]. Within athero-
sclerotic lesions, MPO plays a prominent role in plaque
destabilisation [65]. The oxidation of ROS substrates such
as nitric oxide (NO) and protein and lipid components in
the vascular endothelium serves as important mechanisms
of MPO-mediated endothelial dysfunction [66]. As an early
participant in acute inflammation, MPO induces proteolytic
changes in tissue mediators such as MMPs and plasminogen
activator inhibitor-1 (PAI-1) to promote ECM degradation
in the infarct [67]. Seven out of 10 studies (70%) reported a
significant univariate association between increased circu-
lating levels of MPO and long-term MACE, in which MPO
remained an independent predictor of MACE in six studies
[39, 43, 68-71]. Meta-analysis of the unadjusted outcomes
supports this association between higher levels of MPO and
increased risk.

NETs are extracellular scaffolds composed of decon-
densed chromatin, citrullinated histones and granular
proteins such as MPO and NE [72-76]. Beyond their

@ Springer
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Author and Year Total Population (n) Weight (%) Risk Ratio [95% CI]
° - . @ 0.10<p=1.00
- [0 005<p=0.10
Obeid et al., 2020 1832 16.508% 1.003 [1.001, 1.004) I 0 0.01<p=0.05
. [ 0.00<p=0.01
Akcay et al., 2012 106 16.143% 1.110[1.017,1.212) © o Sludise
Helanova et al., 2015 673 14.825% 1.393 [1.143, 1.696] e e
K1
Peng et al., 2019 422 16.490% 1.610 [1.578, 1.641] %
& o .
Nymo et al., 2018 121 15.254% 1.930 [1.632, 2.283) 3 °
5
Nguyen et al., 2019 701 12.173% 2.000 [1.411, 2.836] 5
B
Liu et al., 2021 633 8.607% 2.740 [1.564, 4.800) ¥ ]
5 s
Pooled REML model e 100.000% 1.516 [1.116, 2.060]
(Q =2334.70, p<0.0001; I* = 99.7%; +* = 0.09) e 4
T T T T 1 T T T T
1 1649 2718 4482  7.389 2 - 0 1 2
Risk Ratio (log scale) Risk Ratio
C Author and Year Total Population (n) Weights (%) Risk Ratio [95% CI] D
Brugger-Andersen et al., 2008 283 10.054% 0.746 [0.463, 1.203)
o - @0.10<p=1.00
Morrow et al., 2008 1524 15.176% 1.198 [0.945, 1.519) [0 0.05<p=0.10
= 0 0.01<p=0.05
Alfakry etal., 2012 141 12.957% 1.537 [1.097, 2.155) % R . 0 000<p2001
Scirica et al., 2010 4352 15.532% 1.546 [1.240, 1.928) & - e ® Studies
H
McCann et al., 2009 550 14.161% 1.979 [1.490, 2.629) 3 5
Mocatta et al., 2007 488 10.726% 2.080 [1.336, 3.239) ; b
Baldus et al., 2003 547 10.555% 2.132[1.358, 3.349) 3 S .
Cavusoglu et al., 2007 182 7.057% 2.220 [1.140, 4.321) §
Kaya et al., 2012 73 3.783% 3.083[1.096, 8.675) § °
§ o
4
Pooled REML model - 100.000% 1.609 [1.216, 2.128] o
(Q =22.79, p=0.0036; I = 69.0%; * = 0.07) ©
I S A T =2
0.375 1 2 4 10 ° : z . ;
2 1 o 1 2

Risk Ratio (log scale)

Fig.2 Meta-analysis for neutrophil gelatinase-associate lipocalin
(NGAL) and myeloperoxidase (MPO). A, C The forest plots illustrate
the unadjusted individual and summary risk ratios (RR) for MACE
among ACS patients with high and low baseline levels of NGAL (A)
and MPO (C) during hospital admission. The summary RR is indi-
cated by the diamond and was calculated based on random effects
meta-analysis using REML estimation and Hartung-Knapp adjust-
ment. Weightings for each of the studies included in the model are

antimicrobial role, NETs accumulate in coronary thrombi
in ACS to exert prothrombotic functions [77, 78]. For exam-
ple, NETs act to promote fibrin deposition and thrombin
generation through the activation of tissue factors and plate-
let aggregation [79, 80]. Much of the literature investigat-
ing NETS as novel predictors of cardiovascular risk in ACS
has focused on circulating dsDNA as a surrogate marker of
NETosis [20, 38]. In this review, increased levels of circu-
lating dsDNA in MI patients were found to be a significant
predictor of MACE in three studies [37, 38, 55]. A caveat
in ACS patients is that dsDNA is not specific to NETosis
but can also be released from dying cardiomyocytes. Other
surrogate NET markers (namely, MPO-DNA, NE-DNA and
CitH3) have greater specificity for NETosis than dsDNA
[81-83]. Yet, based on the studies identified in this review,
there was no evidence supporting their individual utility for
predicting MACE [37, 38, 41].

We found less literature on PR3 and calprotectin. Like
MPO, PR3 is a neutrophil-derived serine protease [84].
PR3 has been associated with promoting neutrophil recruit-
ment through its ability to activate certain chemokines and
cytokines [85, 86]. In Ng et al., increased plasma levels of a
PR3 complex were significantly associated with long-term

@ Springer

Risk Ratio

proportionally reflected by the size of the box. The widths of the
intersecting horizontal lines indicate the 95% confidence intervals. B,
D Evidence used for publication bias assessment for NGAL (B) and
MPO (D) is illustrated in the funnel plots, which present the logRR of
studies investigating either NGAL or MPO against the inverse stand-
ard error. The shaded contours represent varying levels of statistical
significance as indicated by the key. The null effect is denoted by the
vertical dotted line

risk of MACE post-MI [42]. Calprotectin is predominantly
released by neutrophils [12, 17, 87, 88] and is involved in
a myriad of inflammatory functions including phagocyto-
sis [89], neutrophil and monocyte recruitment [90, 91] and
cytokine and chemokine production [92]. Both Wang et al.
[56] and Jensen et al. [36] reported calprotectin was associ-
ated with long-term MACE after adjustment for confounding
variables.

Publication bias is an issue to be mindful of when inter-
preting the results from any meta-analysis. In our meta-
analyses of NGAL and MPO, we observed some clustering
of the studies in the p = 0.01-0.05 significance bands in the
contour funnel plots. Furthermore, a significant Egger’s test
result for NGAL suggests that publication bias due to small
study effects is likely to be present. Therefore, it is possible
that studies are more likely to be published if reporting a
significant association between NGAL and MACE. In the
case of MPO, the presence of publication bias is not as clear
cut. Despite the presence of asymmetry in the standard fun-
nel plot and the observation of a non-uniform distribution
of p-values in the contour funnel plot, the Egger’s test was
not significant. An Egger’s test is often used as an objec-
tive measure of asymmetry for funnel plots and is useful for
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assessing the risk of small study bias inside a meta-analysis,
reflecting the fact that greater variance is often observed in
smaller studies [34]. However, publication bias should only
be one factor when considering the presence of asymmetry
in a funnel plot. Other important sources of selection bias
include outcome reporting bias, clinical heterogeneity and
poor methodological design, all of which are often associ-
ated with smaller studies [93]. It is difficult to ascertain the
definitive source of bias that may exist in our forest plots
for the NGAL and MPO studies, although we present some
plausible reasoning in our limitations. It must be highlighted
that these meta-analyses were conducted on 7 and 9 studies
respectively, which is below the minimum number of 10
studies recommended for analysing publication bias [93].
Therefore, the results of bias must be interpreted cautiously
from our study as the Egger’s test may not be powered to
distinguish real asymmetry from chance. We would like to
highlight that small studies, or large effect sizes reported by
small studies, are not problematic in themselves. There is
valuable information to be gathered from these types of stud-
ies. However, it is the selective publication of results which
favours the publication of smaller studies more commonly
than from larger studies that then causes bias to become an
issue.

Limitations

These studies discussed in this review are cohort and case-
control designs, none of which constitute high-quality evi-
dence for evaluating the prognostic utility of the biomarkers
studied. In addition, for the most studied biomarkers, NGAL
and MPO, there is evidence that publication bias may con-
tribute to the effect observed in both meta-analyses.

The heterogeneity of timing of blood sampling among
studies included within this review is a potential confounder.
The exact timing of peak neutrophil activity is unclear in
humans [4, 94-97]. There is currently no consensus regard-
ing an optimal timepoint to measure biomarkers in the acute
stage of myocardial infarction, nor whether biomarkers
measured at a single moment in time can sufficiently cap-
ture their contribution to MACE risk. Studies examining
biomarkers at multiple timepoints may provide insight into
the impact of timing on prognostic utility.

Length of follow-up and definitions of MACE varied
between studies, contributing to the variance in MACE rates
observed (from 6.4 [51] to 88.4% [54]). In Barbarash et al.
[54], the high MACE rate of 88.4% may likely reflect the
higher baseline risk of the population as well as the inclusion
of unstable angina as a MACE endpoint. The variance in
MACE rates, as well as differences in study populations and
length of follow-up, are likely contributors to the high het-
erogeneity observed in meta-analysis of MPO and NGAL.

For clinically practical reasons, the studies included here
examined biomarkers exclusively in peripheral blood sam-
ples. However, soluble mediators may exhibit biological
compartmentalisation that cannot be captured in periph-
eral samples. Previous studies have revealed a significantly
higher expression of markers of neutrophil degranulation
and NETosis in coronary thrombi than in peripheral plasma
[98], and in infarct-related arteries, but not in samples taken
from non-infarct-related coronaries [79, 99]. By contrast,
peripheral and coronary dsDNA are reported to be highly
intercorrelated [55]. It is possible that, compared to periph-
eral blood, coronary sinus blood may offer a better reflection
of these biomarkers within the ischaemic microenvironment.
However, questions concerning the clinical practicality,
safety and invasiveness of coronary sinus sampling remain.

It must be noted that this systematic review and meta-
analyses focused on studies reporting a correlation between
neutrophil biomarkers and clinical outcome in ACS patients.
These studies did not investigate a causative association
between the investigated biomarker and MACE, such that
interpretation of these relationships must be viewed with
caution when considering what is driving adverse outcomes
in these patients. However, clinical trials such as CANTOS
[100] and ASSAIL-MI [101] have presented compelling
results to suggest that the level of inflammation in patients
with cardiovascular disease is linked with cardiac outcomes.
Both CANTOS and ASSAIL-MI show that targeting spe-
cific inflammatory cytokines with a monoclonal antibody
therapy can reduce cardiovascular events (CANTOS) and
limit infarct expansion (ASSAIL-MI). These results give rise
to a plausible mechanistic connection between the burden of
inflammation during the acute phase of an MI and MACE
at 1 year. Whether neutrophil biomarkers, like the ones dis-
cussed in this study, are involved in this mechanistic process
remains unclear.

Conclusion

This systematic review and meta-analysis examined the
prognostic utility of eight neutrophil-enriched biomarkers
in patients with ACS. In a meta-analysis, increased levels of
circulating NGAL and MPO were found to be significantly
associated with long-term adverse cardiovascular outcomes
in patients with ACS, supporting the possibility that neu-
trophil-mediated inflammation may play an important role
in myocardial injury processes. For the remaining markers,
promising data indicates the association of dSDNA, calpro-
tectin and PR3 with long-term MACE post-ACS. However,
no such association was found for MPO-DNA, NE-DNA
or CitH3 (all surrogate markers of NETosis). While these
eight circulating biomarkers are predominantly produced
by neutrophils, the release of some of these (dsDNA and
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NGAL) are likely to be confounded by other physiological
processes in patients with ACS (cardiomyocyte necrosis and
renal injury, respectively).
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