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Abstract

Background and Anti-inflammatory trials have shown considerable benefits for cardiovascular disease. High neutrophil counts, an easily ac-

Aims cessible inflammation biomarker, are associated with atherosclerosis in experimental studies. This study aimed to investigate
the associations between neutrophil counts and risk of nine cardiovascular endpoints using observational and genetic
approaches.

Methods Observational studies were conducted in the Copenhagen General Population Study (n =101 730). Genetic studies were

firstly performed using one-sample Mendelian randomization (MR) with individual-level data from the UK Biobank (n = 365
913); secondly, two-sample MR analyses were performed using summary-level data from the Blood Cell Consortium
(n=563085). Outcomes included ischaemic heart disease, myocardial infarction, peripheral arterial disease, ischaemic
cerebrovascular disease, ischaemic stroke, vascular-related dementia, vascular dementia, heart failure, and atrial fibrillation.

Results Observational analyses showed associations between high neutrophil counts with high risks of all outcomes. In the UK
Biobank, odds ratios (95% confidence intervals) per 1-SD higher genetically predicted neutrophil counts were 1.15 (1.08,
1.21) for ischaemic heart disease, 1.22 (1.12, 1.34) for myocardial infarction, and 1.19 (1.04, 1.36) for peripheral arterial dis-
ease; similar results were observed in men and women separately. In two-sample MR, corresponding estimates were 1.14
(1.05, 1.23) for ischaemic heart disease and 1.11 (1.02, 1.20) for myocardial infarction; multiple sensitivity analyses showed
consistent results. No robust associations in two-sample MR analyses were found for other types of leucocytes.

Conclusions Observational and genetically determined high neutrophil counts were associated with atherosclerotic cardiovascular dis-
ease, supporting that high blood neutrophil counts is a causal risk factor for atherosclerotic cardiovascular disease.
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Structured Graphical Abstract

Key Question

What are the causal associations between blood neutrophil counts and atherosclerotic cardiovascular disease in the general population?

Key Finding

Observational and genetically-determined higher neutrophil counts were associated with increased risk of ischaemic heart disease and

peripheral artery disease.

Take Home Message

The association between blood neutrophil counts and risk of atherosclerotic cardiovascular disease may be causal.
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Neutrophil counts and cardiovascular disease. Cl, confidence interval; MR, Mendelian randomization; SD, standard deviation.

Keywords

Introduction

Inflammation plays a crucial role in regulating the onset, progression, and
outcomes of cardiovascular disease. Several trials implementing pharma-
ceutical anti-inflammatory therapies have yielded promising results, in-
cluding canakinumab targeting interleukin (IL)-1B," colchicine targeting
microtubules,* and ziltivekimab targeting the IL-6 ligand.* These inter-
ventions showed remarkable reductions of pro-inflammatory mediators
and improved clinical cardiovascular outcomes, highlighting inflamma-
tory risk as an effective target for the prevention of cardiovascular dis-
ease, despite that ziltivekimab has not yet been tested in a Phase 3
outcome trial. Comprehensive observational and genetic studies are
hence warranted to scrutinize key pro-inflammatory mediators—of
which neutrophils stand central.

Beyond the innate immune frontline defence during infections
and tissue injury, neutrophils also contribute to atherosclerosis in a

Inflammation ¢ Neutrophil ¢ Atherosclerosis ¢ Cardiovascular disease

stage-dependent manner in pre-clinical models.>® Briefly, during
atherogenesis, activated neutrophils degranulate to promote monocyte
recruitment and secrete reactive oxygen species (ROS) and proteases
leading to dysregulation of the endothelial cell layer, which enables LDL
cholesterol extravasation. During atherosclerosis progression, neutro-
phils secrete myeloperoxidase (MPO), mediating the oxidation of LDL
particles, further promoting foam cell formation.>® In advanced athero-
sclerotic lesions, neutrophils can destabilize the plaque by secreting
neutrophil extracellular traps (NETs), which perforate and lyse vascular
smooth muscle cells, resulting in fibrous cap thinning and formation of
vulnerable rupture-prone plaques. Uncertainty remains however in
moving from animal experimental data to causal inference in humans.

The associations between leucocyte counts and atherosclerotic
cardiovascular disease have been widely explored since the 1970s in epi-
demiological observational studies. Results from multiple large-scale co-
horts worldwide have unequivocally identified an association between
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high blood neutrophil counts and increased risk of cardiovascular dis-
ease,””"? whereas results of other leucocyte subpopulations remain incon-
sistent. Observational associations are however not equivalent to causality
due to residual confounding and reverse causation—inherent limitations
of observational study designs. Randomized clinical trials can address the
question of causality, whereas genetic studies, such as the Mendelian ran-
domization (MR) strategy, can suggest causal pathways of a biomarker.
Particularly, for coronary artery disease, prior MR studies did not support
C-reactive protein as a causal factor’®?! but confirmed a potential causal
role of the IL-6 receptor®* in atherosclerotic cardiovascular disease. To
our knowledge, no study has so far investigated the causal associations be-
tween high blood neutrophil counts and risk of a broad range of cardio-
vascular diseases.

We tested the hypothesis that high blood neutrophil counts are asso-
ciated with increased risks of nine cardiovascular endpoints, including is-
chaemic heart disease, myocardial infarction, peripheral arterial disease,
ischaemic cerebrovascular disease, ischaemic stroke, vascular-related de-
mentia, vascular dementia, heart failure, and atrial fibrillation, using obser-
vational and genetic studies. Due to previously reported associations of
other leucocyte types with cardiovascular disease, we also comprehen-
sively evaluated lymphocytes, monocytes, basophils, and eosinophils.

Methods

A schematic overview of the study design is shown in Supplementary data
online, Figure ST.

Observational study

Study population and outcomes

We included 101730 White individuals of Danish descent from the
Copenhagen General Population Study (CGPS). The study was approved
by institutional review boards and Danish ethical committees and was con-
ducted according to the Declaration of Helsinki. Written informed consent
was obtained from all participants. Exact inclusion numbers are given in
Supplementary data online, Figure S2. Cause of death was obtained from
the national Danish Causes of Death Registry, as reported by hospitals
and general practitioners since 1977. Diagnoses of all disease endpoints
were collected through the national Danish Patient Registry and were clas-
sified using the International Classification of Disease (ICD) codes (see
Supplementary data online, Supplementary Methods and Table S1).

Cell counts measurement

All blood samples were analysed on standard hospital clinical haematology
equipment to estimate leucocyte cell counts. Regular internal and external
quality control programmes were performed. The samples were collected
in standard vacutainers with EDTA as an anticoagulant agent and measured
using Advia systems (Siemens, Munich, Germany). The distributions of each
cell counts are presented in Supplementary data online, Figure S3.

Covariates

The selection of covariates is detailed in the Supplementary data online,
Supplementary Methods. Age and sex were obtained from registries.
Plasma total cholesterol, HDL cholesterol, and triglycerides were measured
using standard hospital assays (Boehringer Mannheim GmbH, Mannheim,
Germany; Konelab, Thermo Fischer Scientific, Waltheim, MA, USA). LDL
cholesterol was calculated using the Friedewald equation” when plasma tri-
glycerides were <4 mmol/L (<352 mg/dL) and otherwise measured direct-
ly (Konelab). Plasma C-reactive protein levels were determined using
high-sensitivity turbidimetry (Dako) or nephelometry (Dade Behring) as-
says according to the manufacturers’ protocols, as described previously.?'
Body mass index (BMI, kg/m?) was computed by measured weight in kilo-
grams divided by height in metres squared. Education was categorized

into three groups based on self-reported schooling years: <8, 8-12, and
>12 years. Physical activity was categorized into two groups (>4 or <4
hours per week). Smoking status included self-reported current, former,
and never smoker. Alcohol consumption was grouped into high (>14/21
units per week for women/men), moderate (3—14/21 units per week for
women/men), and low (<3 units). One unit was equivalent to 12 g of alco-
hol. Type 2 diabetes mellitus (yes/no) was defined as self-reported disease,
use of insulin or oral hypoglycaemic agents, a non-fasting plasma glucose
concentration of >11 mmol/L, and/or a registry diagnosis at baseline.
Hypertension (yes/no) was defined as self-reported use of blood pressure-
lowering medication, high systolic blood pressure (=140 mmHg) or diastol-
ic blood pressure (>90 mmHg), or a registry diagnosis at baseline.
Lipid-lowering therapy (yes/no) was self-reported, and >97% was statins.

Statistical analyses

Cause-specific Cox proportional hazard regression models were used to esti-
mate hazard ratios (HRs) and corresponding 95% confidence intervals (Cls) for
different outcomes based on cell counts percentile categories (corresponding
absolute values in Supplementary data online, Table $2) and on a linear scale of
standardized log-transformed cell counts using restricted cubic splines, adjusted
for covariates. The proportionality of hazards over time was assessed by visual
inspection of plotting -log[-log(survival)] vs. log(analysis time) and tested using
Schoenfeld residuals. No major violation of proportionality was observed.
Since neutrophils are indispensable for a healthy response to infection and in-
flammation, the pathogenic effects are likely to occur in the extreme groups. To
this end, three knots located at the 5th, 50th, and 95th percentiles were se-
lected as a reasonable compromise between flexibility and overfitting (cross-
validated using Akaike’s Information Criterion®*); categorically, cell counts
were divided into five groups by percentiles, 0-5th, 5-25th, 25-75th, 75—
95th, and 95-100th to facilitate exploration of extreme cell counts. The 25—
75th group was chosen as a robust reference group, within which neutrophils
are considered predominantly essential for homeostatic functions. Three re-
gression models were fitted, where age was adjusted for as time scale, i.e. sub-
jects enter the analysis at their baseline age (delayed entry) and exit at their
event/censoring/death age. The crude model (Model 1) was adjusted for age
and sex. Multi-factorial regression models were additionally adjusted for edu-
cation, BMI, smoking, alcohol consumption, physical activity, hypertension,
and type 2 diabetes mellitus (Model 2) and additionally for HDL cholesterol,
LDL cholesterol, triglycerides, and lipid-lowering therapy (Model 3).

Several sensitivity analyses were performed including: (i) sex-
stratification analyses including test for interaction by sex; (ii) adjustment
for C-reactive protein to account for systemic inflammatory status, use
of aspirin as a common example of an anti-inflammatory drug, and use of
other cardiovascular medications; and (iii) further breaking down of the
highest percentile group (both by absolute levels and the 99th percentile)
to rule out influence of acute inflammation or other clinical situations
that extremely increase neutrophil counts. Furthermore, since the
neutrophil-to-lymphocyte ratio (NLR) has been recognized as a good bio-
marker for risk prediction in cardiovascular disease, we evaluated predic-
tions up to 10 years using Harrell's cumulative C-index® and
time-dependent area under the receiver operating characteristic curve
(AUC-ROC)* at 10 years adjusting for competing risks, comparing a model
including neutrophils vs. a model including neutrophils plus NLR.

Missing data (<1%), considered as missing at random, were imputed using
multiple imputations by chain equations. An in-depth description of the
statistical analyses is available in the Supplementary data online.

Genetic study

Selection of genetic instruments

Single-nucleotide variants (SNVs) at a genome-wide significance level
(P-value <5 x 1078) were selected as genetic instrumental variables from
the Blood Cell Consortium (BCX)—the largest genome-wide association
studies (GWAS) on blood cell traits comprising 563 085 participants of
European ancestry.?” The final beta coefficient was per 1-standard deviation
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(SD) higher cell counts per additional effect allele. The total variation ex-
plained by the instrumental variables was calculated based on the retrieved
summary statistics for each cell type using the methods described previous-
ly.2® F-statistics (beta/se)2 of all variants ranged from 30 to 2251 (see
Supplementary data online, Table S3).

One-sample Mendelian randomization analyses using
individual-level data

We included 365913 non-related white British participants from the UK
Biobank with available cell counts measurements. Nine endpoints were de-
fined according to the ICD-based definition used in the CGPS cohort (see
Supplementary data online, Table S7). We calculated a genetic risk score
(GRS) for each participant weighted by the associations of the genetic instru-
mental variables identified from the BCX consortium. Subsequently, we cate-
gorized the GRS into five groups by percentiles aligned with the observational
analyses. Mendelian randomization estimates were obtained dividing the GRS—
outcome association by the GRS—cell counts association. Non-linear MR ana-
lyses were performed to assess non-linear associations between cell counts
and different outcomes. This approach assessed how the association of cell
counts with outcomes differs across different groups of instrument-free cell
counts (residuals of cell counts regressing on their corresponding GRS).%”
Piecewise linear MR estimates within each stratum were generated, where
the local average causal effect (LACE) of different types of cell counts on end-
points is estimated by dividing GRS—endpoint associations by GRS—cell counts
associations. The assumption of the constant genetic effect on exposure was
assessed using the doubly ranked method as developed recently,*>*' and no
violation was observed. P-values from two tests were generated, the quadratic
test evaluating the trend between exposure and LACE values and Cochran’s
Q statistic assessing differences in MR estimates across groups.

Since all genetic instrumental variables for different cell counts from the
BCX are generated in the combined sample of both sexes, we also used es-
timates from sex-stratified GWAS on neutrophil counts generated solely in
the UK Biobank as made publicly available by the Neale Lab (http:/www.
nealelab.is/uk-biobank) to perform the main MR analyses for men and wo-
men separately.

Two-sample Mendelian randomization analyses using
summary-level data
We performed two-sample MR analyses for five of nine endpoints with pub-
licly available summary-level data from the to-date largest genomic consortia,
including ischaemic heart disease,32 myocardial infarction,33 ischaemic stroke,
heart failure,34 and atrial fibrillation.>® For a summarized description of the
included consortia, see Supplementary data online, Table S4 (detailed descrip-
tions in the Supplementary data online, Supplementary Methods). We per-
formed several analyses including the inverse-variance weighted (IVW),3
weighted median estimator,*” MR-Egger,*® and MR-PRESSO.*’ Since partici-
pants from the UK Biobank contributed to both the exposure and outcome
consortia, this sample overlap may lead to bias of the causal estimates to-
wards the confounded associations. Therefore, we used a method (MRlap
in R) described previously to account for sample overlap,*® which uses cross-
trait linkage disequilibrium-score regression to approximate the overlap rely-
ing only on GWAS summary statistics. We applied this method to adjust for
significant associations between cell counts and different outcomes obtained
through the IVW method.

All analyses were performed using R (v4.0.2) statistical software (The R
Foundation for Statistical Computing, Vienna, Austria).

Results

Observational analyses

Baseline characteristics for individuals in the CGPS are shown in
Supplementary data online, Table S5. In a total of up to 995 010 follow-
up person-years, 5888 ischaemic heart disease, 2090 myocardial

infarction, 2314 peripheral arterial disease, 4821 ischaemic cerebrovas-
cular disease, 2632 ischaemic stroke, 1375 vascular-related dementia,
256 vascular dementia, 2940 heart failure, and 6147 atrial fibrillation
events occurred (see Supplementary data online, Table Sé).
Correlations between subtypes of leucocyte counts and age were
low (see Supplementary data online, Table S7).

In multi-factorially adjusted Cox proportional hazard models, higher
blood neutrophil counts were associated with increased risk of nine
cardiovascular endpoints (Figure 1); no significant non-linear relation-
ships were observed (all P for non-linearity >0.1). Categorically, in
the age and sex-adjusted model (Model 1), individuals in the 95—
100th vs. the 25-75th percentile group of blood neutrophil counts
had increased risks of all outcomes (see Supplementary data online,
Table S8). These associations attenuated stepwise, however, remained
significant when additionally adjusting for education, BMI, smoking, alco-
hol consumption, physical activity, hypertension, and type 2 diabetes
mellitus in Model 2 and additional LDL cholesterol, HDL cholesterol,
triglycerides, and lipid-lowering therapy in Model 3 (Figure 2, left panel).

For other types of leucocytes, lower lymphocyte counts and higher
monocyte counts were associated with higher risks of all outcomes ex-
cept vascular dementia (see Supplementary data online, Figures $4 and
S5), whereas higher basophil and eosinophil counts were associated
with parts of the outcomes (see Supplementary data online, Figures
Sé and S7). Categorical results generally showed similar results (see
Supplementary data online, Figures S8-S11, left panel).

The analyses stratified by sex were largely similar to the main ana-
lyses; however, associations in women had larger effect sizes than in
men (see Supplementary data online, Figures S12-S21). Additional
adjustment for C-reactive protein, aspirin, and other cardiovascular
drugs did not change the estimates substantially (see Supplementary
data online, Table $8). When we broke down the 95-100th neutro-
phil percentile group, either by absolute cell counts or by the 99th
percentile, estimates in each group compared with the reference
group showed the same trend, although not all significant due to re-
duced statistical power (see Supplementary data online, Figures S22
and $23). Restricted cubic splines adding an extra knot at the 99th
percentile showed similar results as those with three knots in the
main analyses; the right tail was however not completely linear pos-
sibly due to very few cases (see Supplementary data online,
Figure S24). The C-indices were 0.706 (95% Cl: 0.699, 0.713) in
the neutrophil prediction model and 0.707 (0.701, 0.713) in the neu-
trophil plus NLR model (P for difference =.96); corresponding
AUC-ROC at 10 years were 0.811 (0.805, 0.815) and 0.812
(0.806, 0.817) (P for difference =.99), respectively.

Genetic studies

We identified 275 independent genetic variants at a genome-wide sig-
nificance level for neutrophil counts, explaining ~4% of the total vari-
ation (see Supplementary data online, Table S3). The associations of
genetic variants and types of leucocyte counts were subsequently
used to calculate the weighted GRS in the UK Biobank, which were as-
sociated with the measured types of cell counts (see Supplementary
data online, Figure S25). The baseline characteristics of the UK
Biobank are quite comparable with the CGPS (see Supplementary
data online, Table S5), except for some behavioural factors, possibly
due to the well-acknowledged selection bias towards a healthier popu-
lation of the UK Biobank.

For neutrophils, on a continuous scale, a 1-unit higher weighted GRS
was associated with ischaemic heart disease, myocardial infarction, and
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Figure 1 Multi-factorially adjusted hazard ratios between blood neutrophil counts and cardiovascular endpoints in the Copenhagen General
Population Study. The x-axis represents the standardized neutrophil counts (per standard deviarion), and the y-axis represents the hazard ratio and
the distribution of the population. The red and green colours indicate the lowest and highest fifth percentiles of neutrophil counts. The solid lines
are hazard ratios from Model 3, adjusted for age, sex, education, body mass index, smoking, alcohol consumption, physical activity, hypertension,
type 2 diabetes mellitus, LDL cholesterol, HDL cholesterol, triglycerides, and lipid-lowering therapy. The grey shaded areas are the corresponding con-
fidence intervals from restricted cubic splines with three knots at the fifth, median, and 95th percentile of neutrophil counts. Specific numbers of in-
dividuals and numbers of incident cases are presented in Supplementary data online, Table Sé6. Cl, confidence interval; HR, hazard ratio; SD, standard

deviation

peripheral arterial disease, with odds ratios (ORs) (95% CI) of 1.13
(1.07,1.19), 1.20 (1.11, 1.29), and 1.16 (1.03, 1.31), respectively (see
Supplementary data online, Table §9). This was also reflected categor-
ically across GRS percentile groups (Figure 2, right panel). P-values from
non-linear analyses ranged from .20 to .97 for quadratic test and .08 to
.96 for Cochran Q test, suggesting linear genetic relationships between
neutrophil counts and outcomes (Figure 3). The LACE estimates sup-
ported associations between high neutrophil counts and modestly in-
creased risk of ischaemic heart disease, myocardial infarction, and
peripheral arterial disease (Figure 3). In one-sample MR analyses based
on GRS, ORs for genetically determined per 1-SD higher neutrophil
counts were 1.15 (1.08, 1.21) for ischaemic heart disease, 1.22 (1.12,
1.34) for myocardial infarction, and 1.19 (1.04, 1.36) for peripheral ar-
terial disease, respectively (Figure 4). In the sex-stratified analyses, the
estimates were similar between men and women for ischaemic heart

disease, myocardial infarction, and peripheral arterial disease; however,
for ischaemic stroke and vascular-related dementia, effect sizes were
significant and were larger in men than women (see Supplementary
data online, Figure S26).

In two-sample MR analyses, detailed information for included SNVs
and their associations with neutrophil counts and outcomes are shown
in Supplementary data online, Table S10. A 1-SD increase in genetically
determined neutrophil counts was associated with higher risks of is-
chaemic heart disease and myocardial infarction [IVW-OR: 1.14
(1.05, 1.23) and 1.11 (1.02, 1.20)] (Figure 5). Results did not differ ma-
terially using other MR sensitivity methods; however, the point esti-
mates were slightly attenuated upon correction for genetic outliers
using MR-PRESSO or when adjusting for other types of leucocyte
counts in multivariable MR. No significant pleiotropic association
was detected using the MR-Egger intercept (all P-values >.1). After
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(observational)

Copenhagen General Population Study

UK Biobank

(genetic: weighted GRS)

Neutrophil (percentiles) HR (95% ClI) p-value OR (95% CI) p-value
Ischemic heart disease
0-5 0.95 (0.83, 1.10) o 0.49 0.94 (0.90, 0.99) o 0.02
5-25 0.94 (0.88, 1.01) Ll 0.11 0.98 (0.96, 1.01) L 0.26
25-75 reference . - reference (] -
75-95 1.08 (1.02, 1.16) L d 0.02 1.04 (1.01, 1.07) L 0.006
95-100 1.24 (1.11,1.38) ot 1x107 1.05 (1.01, 1.11) ot 0.03
Myocardial infarction
0-5 0.91(0.70, 1.16) —e—i 0.44 0.90 (0.83, 0.97) o 0.006
5-25 0.98 (0.87, 1.11) o 0.75 0.97 (0.93, 1.01) gl 0.19
25-75 reference L] - reference L] -
75-95 1.02 (0.92, 1.14) o 0.67 1.02 (0.98, 1.06) L gl 0.34
95-100 1.25 (1.05, 1.49) —e— 0.01 1.10 (1.02, 1.18) —e— 0.009
Peripheral arterial disease
0-5 0.86 (0.67, 1.11) —e—i 0.25 0.92 (0.81, 1.03) —e—i 0.15
5-25 0.99 (0.87,1.11) e 0.81 0.99 (0.92, 1.05) .l 0.68
25-75 reference . - reference (] -
75-95 1.12 (1.01, 1.24) aal 0.03 1.02 (0.96, 1.09) o 0.54
95-100 1.57 (1.36, 1.83) o 3x107° 1.11 (0.99, 1.24) —e—i 0.06
Ischemic cerebrovascular disease
0-5 0.98 (0.84, 1.14) e 0.79 1.00 (0.93, 1.08) e 0.95
5-25 0.92 (0.85, 1.00) o 0.05 0.99 (0.95, 1.04) gl 0.82
25-75 reference . - reference (] -
75-95 1.09 (1.01,1.17) 1o 0.02 1.04 (1.00, 1.09) gl 0.06
95-100 1.28 (1.14, 1.44) e 4x107° 1.00 (0.93, 1.08) e 0.98
Ischemic stroke
0-5 1.09 (0.89, 1.34) —e—i 0.40 1.03 (0.92, 1.15) ——i 0.62
5-25 0.80 (0.71, 0.90) o 3x1074 0.98 (0.92, 1.05) o 0.63
25-75 reference . - reference (] -
75-95 1.10 (1.00, 1.21) 2al 0.05 1.00 (0.94, 1.06) R 0.96
95-100 1.40 (1.21, 1.63) o 1x107° 0.98 (0.87, 1.10) —e—i 0.74
Vascular-related dementia
0-5 0.88 (0.63, 1.22) —e—i 0.43 0.95 (0.81, 1.11) —— 0.53
5-25 0.89 (0.76, 1.05) o 0.17 1.03 (0.94, 1.12) —e— 0.51
25-75 reference [ - reference (] -
75-95 1.20 (1.06, 1.37) el 0.005 1.09 (1.00, 1.19) —e— 0.049
95-100 1.29 (1.05, 1.59) —e—i 0.02 0.95 (0.81, 1.11) —e—i 0.52
Vascular dementia
0-5 1.33 (0.67, 2.63) —_—— 0.42 0.79 (0.58, 1.06) «——e&— 0.12
5-25 1.12 (0.77, 1.62) ——i 0.55 1.01 (0.87, 1.17) —— 0.92
25-75 reference L] - reference L] -
75-95 1.50 (1.12, 2.02) —e—i 0.007 1.08 (0.93, 1.25) —e—i 0.32
95-100 2.00 (1.26, 3.17) ——e——  0.003 1.04 (0.80, 1.35) ——— 0.76
Heart failure
0-5 0.84 (0.66, 1.06) —e— 0.14 0.94 (0.86, 1.03) —e— 0.17
5-25 0.86 (0.77, 0.96) e 0.008 1.00 (0.95, 1.04) B4 0.88
25-75 reference . - reference (] -
75-95 1.13 (1.03, 1.23) ogl 0.008 0.98 (0.94, 1.03) o 0.42
95-100 1.64 (1.43,1.87) gl 1x107"® 1.04 (0.96, 1.13) o 0.36
Atrial fibrillation
0-5 1.05 (0.92, 1.20) gl 0.47 1.01 (0.95, 1.07) sl 0.72
5-25 0.98 (0.91, 1.05) L 0.61 1.02 (0.98, 1.05) o 0.36
25-75 reference L - reference L] -
75-95 1.02 (0.96, 1.09) o 0.48 1.02 (0.99, 1.05) L 0.24
95-100 1.22 (1.09, 1.36) o 5x107* 1.01 (0.95, 1.07) o 0.69
T 1T 1 T T 1
050 1.0 20 3.0 0.60 1.0 1.214

Hazrd ratio (95% CI) Odds ratio (95% ClI)

Figure 2 Associations between blood neutrophil counts percentile groups and cardiovascular endpoints in the Copenhagen General Population
Study and the UK Biobank. The observational studies were performed in the Copenhagen General Population Study (left panel) where percentiles
were based on blood neutrophil counts. Hazard ratios were from Model 3, adjusted for baseline age, sex, education, body mass index, smoking, alcohol
consumption, physical activity, hypertension, type 2 diabetes mellitus, LDL cholesterol, HDL cholesterol, triglycerides, and lipid-lowering therapy.
Genetic studies were conducted in the UK Biobank using individual-level data, where percentiles were based on the weighted genetic risk score of
neutrophil counts. Odds ratios were adjusted for age at recruitment, sex, genotype batch, and first 10 principal components. Cl, confidence interval;
GRS, genetic risk score; HR, hazard ratio; SD, standard deviation
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UK Biobank

Ischemic heart disease

Myocardial infarction

Peripheral arterial disease

Tests for non-linearity: 1.02
Pquagratic = 0-23, Pcochran o = 0.08

Tests for non-linearity:
Pauagratic = 0.92,  Pconran @ = 0.65 1.01

Tests for non-linearity:
Pquadratic = 0-76,  Pcognran o = 0.34

Mlar di

Ischemic stroke

Vascular-related dementia

1.010
1.02 Tests for non-linearity:

Pquadratic = 0.20, Pcoghranq = 0.36
1.005

1.000

OR (95% CI)

0.995:

0.99

Tests for non-linearity:
Pguadratic = 037, Pgochran @ = 0.09

1.010

Tests for non-linearity:

Pauagratic = 093, Pcochran @ = 0.74
1.005

1.000

0.995:

Vascular dementia

Heart failure

Atrial fibrillation

1.005

Tests for non-linearity:

Pauadratic = 0.63, Pcoghran @ = 0.94 1.01

1.003

1.001

0.999

0.997

Tests for non-linearity:
Pguadratic = 0-89, Pcochranq = 0.25 1.01

Tests for non-linearity:
Pquadratic = 0.85, Pcochranq = 0.96

-2 -1 0 1 2 -2 -1

0

1 2 -2 -1 0 1 2

Neutrophil counts (per SD)

Figure 3 Non-linear Mendelian randomization estimates between blood neutrophil counts and cardiovascular endpoints in the UK Biobank. Localized
average causal effects for nine cardiovascular endpoints were estimated using the piecewise linear method. Dots and corresponding whiskers from left
to right represent the localized average causal effect (95% confidence interval) from five strata of 0-5th, 5-25th, 25—75th, 75-95th, and 95-100th,
respectively. Pquadratic and Pcochran @ are derived from the non-linear test and Cochran’s Q statistic assesses differences in Mendelian randomization
estimates across groups and quadratic test evaluates the trend between exposure and localized average causal effect values

accounting for sample overlap, the estimates for ischaemic heart dis-
ease and myocardial infarction were similar [[VW-ORs: 1.12 (1.01,
1.24) and 1.11 (0.99, 1.24)].

For monocytes and eosinophils, on a continuous scale, a 1-unit higher
weighted GRS was associated with myocardial infarction, with ORs of
1.07 (1.02, 1.12) for both cell counts (see Supplementary data online,
Table S9). Categorically (see Supplementary data online, Figures S8—
$11, right panel), this was reflected for eosinophils for the 95-100th
vs. the 25—75th GRS percentile group [OR 1.09 (1.01; 1.17)] (see
Supplementary data online, Figure $10, right panel). P-values from non-
linear analyses ranged from <.001 to .94 for Cochran Q tests and <.001
to .99 for quadratic tests (see Supplementary data online, Figures S27—
$30), suggesting non-linear genetic relationships between eosinophils
and ischaemic heart disease, myocardial infarction, ischaemic stroke,
vascular dementia, heart failure, and atrial fibrillation (see
Supplementary data online, Figure S30). In one-sample MR analyses
based on GRS, ORs for genetically determined higher eosinophil and
monocyte counts and myocardial infarction were 1.09 (1.03-1.15)

and 1.08 (1.02-1.14), respectively (see Supplementary data online,
Figure S37). Using the most powerful genetic approach, the two-sample
MR assuming linear relationships, no associations were observed for
monocyte, lymphocyte, basophil, and eosinophil counts (see
Supplementary data online, Figures $32-S35). For lymphocytes and ba-
sophils, no robust associations across the spectrum of genetic analyses
were observed.

Discussion

The principal findings of the present study were that observational and
genetically determined higher neutrophil counts were associated with
increased risk of ischaemic heart disease, myocardial infarction, and
peripheral arterial disease in the overall analysis and when men and wo-
men were analysed separately (Structured Graphical Abstract). These
findings were obtained from large cohorts of the general population
and from the to-date largest genomic consortia. The consistent and
biologically plausible observational and genetic findings suggest that a
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Cardiovascular endpoints Cases
Ischemic heart disease 45,754
Myocardial infarction 17,364
Peripheral arterial disease 6,815
Ischemic cerebrovascular disease 15,447
Ischemic stroke 6,555
Vascular-related dementia 3,550
Vascular dementia 1,199
Heart failure 12,634
Atrial fibrillation 27,779

OR (95% CI)  p-value
e 1.15(1.08,1.21)  2.5x10°®
—e—i 1.22(1.12,1.34)  45%x10°°

B 1.19 (1.04,1.36) 0.01
e 1.07 (0.98,1.17) 0.13
e 0.95 (0.83,1.09) 0.50
—— 1.14 (0.95,1.37) 0.17
e 1.26(0.92,1.73) 0.16
e 1.06 (0.96,1.17) 0.28
e 0.99 (0.92,1.06) 0.71

0.80 1.0 1214 1.8

OR (95% Cl)

Figure 4 Mendelian randomization estimates between blood neutrophil counts and cardiovascular endpoints in the UK Biobank. Estimates were
obtained through dividing the genetic association with outcomes by the genetic association with neutrophil counts, where logistic regression and linear
regression were used for disease outcomes and cell counts, respectively. Cl, confidence interval; OR, odds ratio

high neutrophil counts is a causal risk factor for atherosclerotic cardio-
vascular disease.

The associations between leucocyte counts and cardiovascular dis-
ease were first described in 1974 by Friedman et al.,” who observed
that high leucocyte counts were associated with myocardial infarction
using a case-control design. Subsequently, several studies from different
large cohorts have been carried out worldwide. In the NHANES-I
follow-up study, individuals aged 25-74 years with a neutrophil count
in the third vs. first tertile had increased risk of coronary heart disease
and cardiovascular mortality,®® while no corresponding associations
were identified for lymphocyte and monocyte counts. In the
CALIBER cohort that included about 4% of the population of UK
(n=775 231), high neutrophil counts and low lymphocyte counts with-
in the normal clinical range had strong linear associations with a broad
range of cardiovascular outcomes, including myocardial infarction, per-
ipheral arterial disease, and heart failure.”®"" Using the UK Biobank data
(n=478259), individuals in the highest decile of neutrophil counts
were at higher risk of non-fatal cardiovascular disease, and the esti-
mates were similar between men and women."? In the EPIC-NLL cohort
study of 14362 individuals, comparing the highest with the lowest
tertile, increased total neutrophil, lymphocyte, and monocyte counts
were associated with higher risk of cardiovascular disease.'® Other
large-scale cohorts from Asia also found similar results, e.g. higher
neutrophil and monocyte counts, but not lymphocyte counts,
were associated with higher risk of cardiovascular risk in the Chinese
Dongfeng-Tongji cohort (n = 26 655),"* whereas individuals with high-
er lymphocytes and monocytes were at an increased risk of cardiovas-
cular disease in a Korean cohort (n=12752)."" The observed
conflicting associations for lymphocytes, monocytes, and other granu-
locytes may attribute to heterogeneities among study populations, dis-
ease status, and different confounding factors adjusted for in the
analytic models. Yet, these findings, in line with our results, imply posi-
tive associations between high neutrophil counts and increased risk of

cardiovascular disease in individuals of different ages, sexes, and ethni-
cities. The consistent findings of neutrophils in the global literature are
now further supported by the present robust genetic observations.
Current anti-inflammatory intervention trials on cardiovascular dis-
ease are focusing on inhibiting nucleotide-binding oligomerization
domain-like receptor family pyrin domain containing 3 (NLRP3) func-
tion or altering its downstream IL-6 signalling,"~* with remarkable bene-
ficial effects. A recent study comprising over 60 000 participants from
five randomized clinical trials showed that a decreased NLR independ-
ently predicted decreased cardiovascular risk and advocated NLR as a
potential biomarker in cardiovascular risk assessment.*! The ratio re-
duction might however be due to a decrease in neutrophils, an increase
in lymphocytes, or a combination of both. Interestingly, canakinumab
(targeting IL-1B), which reduced NLR in a dose-dependent manner
and only decreased neutrophil counts but did not influence lymphocyte
counts, showed a significant reduction in cardiovascular disease. In con-
trast, methotrexate increasing NLR due to a decrease in lymphocytes
failed to show any benefits.*" In our sensitivity analyses, when we add-
itionally added NLR to the neutrophil prediction model, the AUC and
Harrell’s C-index did not differ significantly between the models, indi-
cating that NLR does not confer additional predictive value beyond
the neutrophil counts. The differences between the C-index and the
AUC are likely due to the large fraction of censored individuals in the
cohort, which may have led to an under-estimation of the C-index
for estimation of the 10-year risk of cardiovascular disease.®®
Moreover, a recent two-sample MR study using instrumental variables
for NLR from the BCX consortium did not provide any evidence sup-
porting NLR as a causal risk factor for coronary artery disease.*?
Collectively with our findings, it seems that the beneficial effects are dri-
ven, or at least partly mediated, by neutrophil reduction.
Mechanistically, studies during the past decade have elucidated import-
ant functions of neutrophils in cardiovascular inflammation throughout
various stages. At the site of vascular inflammation, activated neutrophils
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Cardiovascular endpoints No. of SNPs OR (95% Cl) p-value . MR-Egger
intercept (p-val)
Ischemic heart disease
Inverse variance weighted 236 —— 1.14 (1.05, 1.23) 0.001
Weighted median 236 —— 1.05 (0.96, 1.15) 0.32
MR Egger 236 —e—  1.23(1.02, 1.47) 0.03 -0.002 (0.38)
MR PRESSO 231 —e—i 1.12(1.04,1.21)  0.002
Multivariable MR 593 —e—t 1.11 (1.04,1.17)  0.001
Myocardial infarction
Inverse variance weighted 259 —— 1.11 (1.02, 1.20) 0.02
Weighted median 259 ——i 1.08 (0.97, 1.19) 0.16
MR Egger 259 —_— 1.10 (0.90, 1.35) 0.35 0 (0.96)
MR PRESSO 252 —e—i 1.10 (1.01, 1.19) 0.02
Multivariable MR 658 ——i 1.07 (1.00, 1.14) 0.04
Ischemic stroke
Inverse variance weighted 265 ——i 1.03 (0.96, 1.10) 0.45
Weighted median 265 —— 1.04 (0.95, 1.14) 0.35
MR Egger 265 —— 0.93 (0.78, 1.11) 0.42 0.002 (0.23)
MR PRESSO 261 —e—i 1.03 (0.96, 1.10) 0.44
Multivariable MR 672 e 0.99 (0.95, 1.04) 0.74
Heart failure
Inverse variance weighted 237 —— 1.01 (0.94, 1.09) 0.73
Weighted median 237 —— 1.05 (0.95, 1.16) 0.33
MR Egger 237 —_— 1.03 (0.86, 1.22) 0.77 0(0.87)
MR PRESSO 234 —— 1.01 (0.94, 1.08) 0.87
Multivariable MR 600 ——i 1.04 (0.99, 1.10) 0.10
Atrial fibrillation
Inverse variance weighted 264 —e—i 1.00 (0.93, 1.07) 0.09
Weighted median 264 ——i 0.99 (0.90, 1.08) 0.18
MR Egger 264 — 1.03 (0.88, 1.21) 0.71 -0.001 (0.62)
MR PRESSO 263 —e—i 1.00 (0.94, 1.07) 0.18
Multivariable MR 684 —— 1.01 (0.96, 1.06) 0.90
\ \ \ \
0.8 1 1.2 1.4

OR (95% Cl)

Figure 5 Two-sample Mendelian randomization estimates between blood neutrophil counts and cardiovascular endpoints using publicly available
summary-level data. Estimated odds ratios represent the effects of per 1-SD increase in neutrophil counts on risk of five cardiovascular endpoints,
obtained from different methods. Multivariable Mendelian randomization was adjusted for the other four types of leucocytes. OR, odds ratio; Cl, con-

fidence interval; MR, Mendelian randomization

develop several synergistic strategies to accomplish their functions, includ-
ing the release of ROS, the release of proteolytic enzymes through de-
granulation, including several pro-inflammatory alarmins (such as
S100A8/A9) and proteases (such as cathepsin G, neutrophil elastase,
and MPO), and the formation of NETSs. Secreted excessive ROS dysregu-
late and activate the endothelium and disintegrate the underlying extracel-
lular matrix and further enable enhanced adhesion and recruitment of
monocytes and the transfer of LDL from the lumen to the arterial in-
tima.*® Reactive oxygen species mediate the formation of oxidized LDL
and could also lead to matrix metalloproteinases activation, resulting in
plaque rupture.** Extracellular ST00A8/A9 binds to the receptor for ad-
vanced glycation end products on myeloid progenitor cells and acts as a

potent activator of the innate immune response, subsequently induces
the activation of the nuclear factor kappa-light-chain-enhancer of activated
B cells signalling pathway, which in turn stimulates granulopoiesis in the
bone marrow leading to increased accumulation of neutrophils.*>*
Moreover, ST00A8/A9 has been shown to directly suppress mitochon-
drial function under hypoxic conditions, leading to cardiomyocyte death,*
and short although not long-term S100A9 blockade also improves cardiac
function after myocardial infarction.**° Myeloperoxidase catalyzes the
conversion of hydrogen peroxide to hypochlorous acid, which oxidizes
LDL and consequently accelerates foam cell formation.>'
Myeloperoxidase also impedes adenosine triphosphate-binding cassette
transporter A1-dependent cholesterol efflux from macrophages as well
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as dysfunctional HDL that competes with native HDL in lipid uptake via
scavenger receptors on macrophages.”> Myeloperoxidase indirectly
causes endothelial dysfunction by interfering with nitric oxide metabolism,
one of the key elements for endothelium and vasculature maintenance.>®
Neutrophil extracellular traps lead to interferon responses and the secre-
tion of IL-1f and IL-18 by macrophages through the NLRP3 inflamma-
some, which acts as a positive feedback loop to induce NETs
formation.>* Finally, pro-inflammatory responses, including secretion of
MPO, ROS, and cytotoxic histone H4 driven by NETS, cause an inflamma-
tory environment that favours plaque destabilization and rupture and sti-
mulates the death of vascular smooth muscle cells.

In addition to the findings for ischaemic heart disease and peripheral
arterial disease, we also found an observational association between
higher neutrophil counts and all other endpoints, and genetic associa-
tions in the UK Biobank for cerebrovascular disease and vascular-
related dementia, particularly in men. These associations are likely to
be mediated mechanistically by atherosclerosis. The integrity and func-
tional damage of blood vessels supplying the brain caused by athero-
sclerosis
neurovascular coupling
disease and vascular dementia. Population-based studies have sup-
ported an association between atherosclerosis and ischaemic stroke
and vascular dementia®” ™% however, more powerful future studies
are needed to assess whether neutrophils play roles in their pathogen-
esis. The potential association between neutrophil counts and heart
failure, an important complication resulting from ischaemic heart dis-
ease, may be attributed to the development of ischaemic heart disease
through the synergistic influence of multiple risk factors. Consequently,
genetic studies have not replicated this association as a distinct inde-
pendent causal risk factor. Additionally, inflammation plays a critical
role in the structural remodelling of the atria, perpetuating the develop-
ment of atrial fibrillation.°® A high neutrophil counts is commonly asso-
ciated with a pro-inflammatory status, characterized by increased
biomarkers. Therefore, the observed association may be linked to in-
flammation rather than specifically to neutrophils.

For other types of leucocytes, previous results are conflicting.
1416719 The present genetic studies of individual-level data from the UK
Biobank suggested associations between high monocyte and eosinophil
counts and myocardial infarction and found a non-linear relationship for
eosinophils. The association between eosinophils and myocardial in-
farction is likely driven by the extremely high eosinophil group. A recent
study highlighted that eosinophil cells interact with platelets to promote
atherosclerosis by stabilizing thrombosis through eosinophil extracellu-
lar traps.®! The present most powerful two-sample MR did not support
these individual-level data—this strategy however cannot evaluate po-
tential non-linear relationships. Thus, more powerful individual level
data are warranted to scrutinize the role of high eosinophil counts in
myocardial infarction. Monocytes are recruited into and accumulate
at the intima, where they may differentiate into lesional macrophages
and further proliferate to foam cells—the key component of the ath-
erosclerotic plaque, promoting plaque formation, progression, rupture,
6263 and ultimately myocardial infarction. The relative
inconsistent results on monocytes in the present analyses may however
be due to the heterogeneity of monocytes, in which the Ly6C"" but
not the Ly6C'®" subtype is the major contributor to atherosclerosis.®?
More experimental evidence is warranted to clarify the potential roles
of monocytes and eosinophils in cardiovascular pathogenesis.

Our study has several strengths. The two independent prospective co-
horts with large size of individual-level data, comprehensive confounding
information, and a wide spectrum of cardiovascular disease were exploited

reduce the cerebral blood flow and break down

5556__hallmarks of ischaemic cerebrovascular

8-10,12—

and thrombosis

for observational and genetic studies, respectively. Furthermore, we con-
ducted two-sample MR with different sensitivity analyses in the largest gen-
omic consortia currently available, ensuring sufficient statistical power. The
triangulation from three different compensatory approaches yielded con-
verged results, largely strengthening the robustness and validity of the find-
ings. However, there are also important limitations. To minimize the
confounding by population stratification, all analyses were restricted to
participants of European ancestry wherever possible. Therefore, the ex-
trapolation of our findings to other populations with different ethnicities
is limited. In addition, there is sample overlap in the two-sample MR ana-
lyses, predominantly derived from the inclusion of the UK Biobank data in
both BCX and genomic consortia of cardiovascular disease. Due to the
construction of the publicly available summary statistics in the consortia,
we are not able to perform all the analyses using completely independent
datasets; however, the corrected estimates using the most novel statistical
method for correction of sample overlap were similar to the main ana-
lyses, indicating that our study is unlikely to suffer from severe bias from
sample overlap. Lastly, although the GRS for cell counts were generated
based on the genetic associations identified by the BCX Consortium,
this consortium integrated data from UK Biobank, and thus the GRSs
are not completely externally weighted.

Our findings indicate that observational and genetically determined
higher neutrophil counts are associated with atherosclerotic cardiovas-
cular disease, implying that a high neutrophil counts is a causal risk fac-
tor for atherosclerotic cardiovascular disease. These novel findings may
provide potential implications for future disease prevention and anti-
inflammatory trial design.
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This is a correction to: Grégory Franck, Unravelling the heart’s comic drama: can TLRs and hyaluronan metabolism stoke neutrophil rage
in acute coronary syndrome?, European Heart Journal 2023;44:3908-10, https:/doi.org/10.1093/eurheartj/ehad455

In the originally published version of this editorial, in-text references to article ‘Toll-like receptor 2, hyaluronan, and neutrophils play a key role
in plaque erosion: the OPTICO-ACS study’, by D. Meteva et al., were incorrectly given as “Laggerbauer et al.”.

This has been corrected.

© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com

https://doi.org/10.1093/eurheartj/ehad714
Online publish-ahead-of-print 9 November 2023



https://doi.org/10.1002/gepi.22522
https://doi.org/10.1093/eurheartj/ehaa1034
https://doi.org/10.1093/eurheartj/ehaa1034
https://doi.org/10.1161/circgen.121.003553
https://doi.org/10.1161/circgen.121.003553
https://doi.org/10.1016/j.freeradbiomed.2011.05.004
https://doi.org/10.1016/j.freeradbiomed.2011.05.004
https://doi.org/10.21037/atm.2017.06.27
https://doi.org/10.21037/atm.2017.06.27
https://doi.org/10.1016/j.cmet.2013.04.001
https://doi.org/10.1007/s00395-012-0250-z
https://doi.org/10.1007/s00395-012-0250-z
https://doi.org/10.1161/circulationaha.118.039262
https://doi.org/10.1073/pnas.0405292101
https://doi.org/10.1093/eurheartj/ehz461
https://doi.org/10.1161/circresaha.120.315865
https://doi.org/10.1016/j.bbalip.2006.03.024
https://doi.org/10.1172/jci21109
https://doi.org/10.1172/jci21109
https://doi.org/10.1016/j.redox.2017.08.004
https://doi.org/10.1161/circresaha.120.315931
https://doi.org/10.1186/s12868-018-0465-5
https://doi.org/10.1186/s12868-018-0465-5
https://doi.org/10.3389/fnins.2021.673440
https://doi.org/10.1002/ana.25645
https://doi.org/10.1016/s0140-6736(96)09328-2
https://doi.org/10.1016/s0140-6736(96)09328-2
https://doi.org/10.1002/ana.21073
https://doi.org/10.1002/ana.21073
https://doi.org/10.1002/joa3.12077
https://doi.org/10.1002/joa3.12077
https://doi.org/10.1182/blood.2019000518
https://doi.org/10.1182/blood.2019000518
https://doi.org/10.1038/nrcardio.2009.228
https://doi.org/10.1016/j.immuni.2017.09.008

	Neutrophil counts and cardiovascular disease
	Introduction
	Methods
	Observational study
	Study population and outcomes
	Cell counts measurement
	Covariates
	Statistical analyses

	Genetic study
	Selection of genetic instruments
	One-sample Mendelian randomization analyses using individual-level data
	Two-sample Mendelian randomization analyses using summary-level data


	Results
	Observational analyses
	Genetic studies

	Discussion
	Acknowledgements
	Supplementary data
	Declarations
	Disclosure of Interest
	Data Availability
	Funding
	Ethical Approval
	Pre-registered Clinical Trial Number

	References
	References




