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Background: An involvement of neutrophil extracellular traps (NETs) in the aortic stenosis (AS) pathogenesis
is unknown.
Methods:We enrolled 50 patients, median age 66.5 years with isolated severe AS, after aortic valve replacement
and 20 healthy sex/age-matched controls. Autopsy-derived aortic valves from 5 healthy donors served as con-
trols. Valvular expression of citrullinated histone H3 (citH3), myeloperoxidase (MPO), and neutrophil elastase
(NE) and macrophages (CD68) were evaluated by immunostaining. Plasma citH3 and interleukin 6 (IL-6)
were also determined.
Results: All stenotic and healthy valves expressed citH3 in the leaflets' endothelial and sub-endothelial layers at
the aortic side. Amount of valvular citH3-positive cells was higher in AS patients compared with controls (53.5
[33–62]% vs. 5.7 [4.1–9.0]%, p b 0.0001) and correlated with aortic valve area (AVA; r = −0.69, p b 0.0001)
and mean transvalvular gradient (r = 0.6, p b 0.0001). Double-staining revealed that in AS valves 27.2 ± 9.8%
of cells were citH3/MPO- and 25.3 ± 8.9% citH3/NE-positive. Within stenotic valves, 6.4 ± 2.5% of cells showed
citH3/CD68 double-positivity and were identified as macrophages. AS patients compared to controls had 83%
higher plasma citH3 (p b 0.0001). In AS, plasma citH3 correlated with IL-6 (r = 0.39, p = 0.0054) levels and
AVA (r = −0.45, p = 0.0009).
Conclusions: The presence of NETs in stenotic valves and association with AS severity suggest novel mechanisms
involved in the disease progression.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Aortic stenosis (AS) is the most common cause of acquired valvular
heart disease in the adult population,with no available pharmacological
treatment to inhibit the disease progression [1,2]. AS is closely linked to
atherosclerosis, at least in terms of risk factors and underlying
pathomechanisms, namely chronic inflammation. Infiltration of the aor-
tic valve leaflets by monocytes is followed by their differentiation into
macrophages and the resulting calcification [3–7]. Growing evidence in-
dicates an involvement of T cells, B cells, mast cells, and platelets in AS
[8–11]. The neutrophil involvement in AS progression has not been
shown, however recent studies demonstrated that enhanced hemody-
namic forces, similar to those observed in AS patients, can activate neu-
trophils and induce release of chromatin-based structures called
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neutrophil extracellular traps (NETs) [12]. Neutrophils and NETs are
emerging as important mediators of pathogenic inflammation and trig-
ger blood coagulation, recruiting platelets and creating scaffolding upon
which thrombus can be assembled [13]. Both inflammation and coagu-
lation have been documented to be involved in AS development and
progression [14], while the presence of NETs has been documented in
human atherosclerotic vessels [15].

An involvement of NETs in atherosclerosis development is related to
endothelial injury or dysfunction due to i.e. hypertension or lipids oxi-
dation [16]. After tissue injury neutrophils migrate to the site of tissue
damage and release NETs consisting of nuclear histones and neutro-
philic proteins such as myeloperoxidase (MPO) and elastase (NE) [17].
Of note, Pérez-Sánchez et al. have demonstrated an association between
increased level of cell-free nucleosomes and the carotid intima-media
thickness as a marker of atherosclerosis progression [16]. Moreover,
NETs stimulate macrophages to produce pro-inflammatory cytokines,
including interleukin-1β (IL-1β), responsible for the recruitment of
immune cells to aortic valves [18].

To our knowledge, there have been no reports investigatingwhether
neutrophils/NETs are involved in the development and/or AS
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progression. Thus, we sought to evaluate NETosis in patients with AS.
We hypothesize that NETs activated by either affected valvular endo-
thelium or activated macrophages might contribute to AS progression.

2. Materials and methods

2.1. Patients

We enrolled 50 patients with isolated AS between February 2018 and August 2018 in
theDepartment of Cardiovascular Surgery and Transplantology at the JohnPaul IIHospital,
Krakow. All AS patients enrolled to our study were diagnosed in peripheral hospitals and
were referred to our clinicwhen they became severe symptomatic AS patients. ASwas de-
fined as mean transvalvular gradient ≥40 mm Hg and/or aortic valve area (AVA) b1 cm2

based on transthoracic echocardiography, made by an experienced cardiologist on a GE
Vivid 7 (GEHealthcare, Chalfont StGiles, UK) ultrasoundmachine. Left ventricular ejection
fraction (LVEF) was routinely measured during echocardiography. The exclusion criteria
were: atherosclerosis, rheumatic AS, acute infection, diagnosed malignancy, endocarditis,
diabetesmellitus, chronic kidney disease, previous heart surgeries in the last 3months be-
fore inclusion, mitral valve surgery, heart attack, stroke, and pregnancy. The diagnosis of
atherosclerosis was based on angiographically documented coronary artery stenosis
N20% diameter. Hypercholesterolemia was diagnosed based on medical records,
cholesterol-lowering therapy or total cholesterol of 5.0 mmol/L or more. Arterial hyper-
tension was diagnosed based on a history of hypertension (blood pressure
N 140/90 mm Hg) or preadmission antihypertensive treatment. Smoking was defined as
the use of one or more cigarettes per day [19]. The study was designed as the group-
matched. The control group comprised 20healthy, age- and sex-matched volunteers to as-
sess plasma concentrations of citrullinated histone H3 (citH3) and interleukin-6 (IL-6)
levels. Aortic valves obtained at autopsy from age-matched apparently healthy subjects
(n=5),withoutmorphological valvular or other cardiac disorders servedas negative con-
trol. The Jagiellonian University Medical College Ethical Committee approved the study,
and participants provided informed consent. The study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the
institution's human research committee.

2.2. Laboratory analysis

After an overnight fast venous blood drawn between 7:00 and 9:00 AM before valve
replacement from the antecubital vein into citrated tubes (9:1 of 0.106M sodium citrate)
was centrifuged at 2500g at 20 °C for 20min and stored in aliquots at−80 °Cuntil analysis.
Blood drawn into serum tubes was centrifuged at 1600g at 4 °C for 10 min and stored at
−80 °C. To determine lipid profile, glucose and creatinine, routine laboratory assays
were used. High-sensitivity C-reactive protein (CRP) was determined using
immunoturbidimetry (Roche Diagnostics, Mannheim, Germany). Fibrinogen was mea-
sured by the von Clauss method.

2.3. Enzyme-linked immunosorbent assay (ELISA)

CitH3 and IL-6 serum levels were determined using commercial ELISA kits (BlueGene
Biotech, Shanghai, China and R&D System, Minneapolis, MN, USA, respectively) following
the manufacturers' instructions.

2.4. Aortic valves preparation

Valve samples embedded in Tissue Tek-OCT compound (Sakura, Torrance, CA, USA)
were cryosectioned (5 μm) onto SuperFrost slides (Menzel-Glaser, Braunschweig,
Germany) by a Leica CM 1520 cryostat. Transverse sections were taken from the mid
and commissural areas of the leaflet and stored at−20 °C until immunostaining.

2.5. Immunofluorescence analysis

Valvular sections prepared as previously described [11] were stained using primary
adequate antibodies overnight at 4 °C. Single-label fluorescence was performed using
monoclonal antibodies against citH3 (1:250; Abcam, Cambridge, UK), MPO (1:1000;
GeneTex, Irvine, CA, USA), NE (1:50; GeneTex, Irvine, CA, USA), and macrophages
(CD68) (1:400; Abcam, Cambridge, UK). Primary antibodies were followed by the corre-
sponding secondary antibodies conjugated with fluorochrome AlexaFluor 488 or
AlexaFluor 594 (Abcam, Cambridge, UK) (1:1500) at room temperature for 1 h. Double-
label immunofluorescence analyses were performed using the same antibodies. A nega-
tive control (without primary antibody incubation) was included routinely (Fig. 1A).
Data were expressed as a percentage of positively-stained cells after adjustment for
non-specific staining. The analyses were performed using Olympus BX 43 microscope
equipped with software Cell Sense Standard (version 11.0.06). The number of
immunopositive cells was quantified per 100 consecutive cells per each section and 3 sec-
tions per each valve were assessed giving 300 cells analyzed per each valve [11].

2.6. Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD) or median
with interquartile range (IQR). Normality of the data was assessed using the Shapiro-
Wilk test. Categorical variables were presented as numbers and percentages and were
compared by Pearson's χ2 or Fisher's exact-test. Differences between 2 groups were com-
pared using the Student's t-test for normally distributed continuous variables and for non-
normally distributed continuous variables the Mann-Whitney U test was used. Associa-
tions between nonparametric or parametric variables were assessed by the Pearson's
test. p-Value of b0.05 was considered statistically significant. All statistical analyses were
performed using STATISTICA software Version 12.5 (StatSoft STATISTICA™, Poland).

3. Results

3.1. Characteristics of the studied groups

Baseline characteristics of AS patients and controls are shown in
Table 1. AS patients and healthy volunteers did not differ with regard
to demographic factors or cigarette smoking, except for lower body-
mass index (BMI) observed in controls compared with AS patients
(p=0.026) (Table 1). AS patients more often had arterial hypertension
and hypercholesterolemia, but did not differ in other clinical and demo-
graphic factors (Table 1). No intergroup differences were observed in
laboratory parameters (Table 1).

3.2. Valvular NETs specific biomarkers

Immunofluorescence analysis revealed the presence of citH3-
positive cells within aortic valves in both groups. All stenotic and
healthy donors' valves showed citH3-positive staining in the endothe-
lial and sub-endothelial layers at the aortic side of the leaflets (Fig. 1B,
C). The percentage of citH3-positive cells was higher in AS valves com-
pared to the control valves (53.5 [33–62]% vs. 5.7 [4.1–9.0]%, p b 0.0001,
Fig. 2A). The valvular expression of both MPO and NE was observed
within stenotic (Fig. 1D, E) but not control valves. Double staining re-
vealed that within stenotic valves 27.2 ± 9.8% of cells were positive
for both citH3 and MPO (Fig. 1F), while 25.3 ± 8.9% of cells were
citH3 and NE positive. Of note, MPO/NE-positivity was observed in
93% of citH3-positive cells. Within stenotic valves, 6.4 ± 2.5% of cells
showed double-positivity for both citH3 and CD68 and were identified
as macrophages (Fig. 1G, H).

3.3. Plasma markers

AS patients were characterized by 83% higher plasma citH3 concen-
trations (12.24 [8.7–18.0] vs. 6.7 [4.4–8.6] ng/ml, p b 0.0001; Fig. 2B)
compared to healthy volunteers, also after adjustment for body-mass
index (p = 0.0014) and hypercholesterolemia (p = 0.03). Similarly,
IL-6 level was 70% higher in AS compared with controls (4.6 [3.2–6.0]
vs. 2.7 [2.3–2.9] pg/ml, p b 0.001). There were no age-, gender-,
smoking- or drug-related differences in the citH3 levels in any of exam-
ined groups. Of note, plasma citH3 levels correlated with valvular citH3
amounts (r = 0.42, p = 0.0027).

3.4. citH3 associations

In AS patients, but not in controls, plasma IL-6 concentrations were
positively correlated with citH3 (Fig. 3A) plasma levels. In AS patients
the amount of valvular citH3 correlated with the disease severity mea-
sured as AVA (Fig. 3B) andmean transvalvular gradient (Fig. 3C). More-
over, in AS patients plasma citH3 levels were also associated with AVA
(Fig. 3D).

4. Discussion

Our study is thefirst to demonstrate that in patientswith ASwithout
documented significant atherosclerotic vascular disease, NETs are pres-
ent not only within the aortic valve leaflets giving about 25% of total
endothelium/subendothelium cells number, but their biomarker citH3
is elevated in plasma compared to controls. Moreover, associations of
valvular and plasma citH3 amounts with the disease severity, reflected



Fig. 1. Specific biomarkers of neutrophil extracellular traps (NETs) within stenotic aortic valve. (A) Negative control stained without citH3 primary antibody, (B) citrullinated histones
(citH3, green) within a healthy valve, (C) citrullinated histones (citH3, green), (D) myeloperoxidase (MPO, red), and (E) neutrophil elastase (NE, red), (F) merged citH3 (green) and
MPO (red) within aortic stenotic valves. (G) CD68 staining (red) and (H) double-staining of macrophages (CD68, red) and citH3 (green) performed to identify macrophages
extracellular traps. Cell nuclei are stained in blue (DAPI). Colocalized areas of each factor are stained yellow and orange (combination of red and green). * aortic site of the leaflet.
Original magnification 40×.
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Table 1
Baseline characteristics of the study groups.

Variable Patients with
AS
(n = 50)

Healthy
volunteers
(n = 20)

p-Value

Age, years 66.5 [58–69] 66 [63–68] 0.96
Female, n (%) 26 (52) 11 (55) 0.82
BMI, kg m−2 28.4 ± 3.8 26.2 ± 3.5 0.026
Risk factors, n (%)

Arterial hypertension 39 (78) 0 0.000
Hypercholesterolemia 35 (70) 9 (45) 0.047
Current smoking 6 (12) 3 (15) 0.5

Medications, n (%)
Beta-blockers 30 (60) 0 0.0000
Acetylsalicylic acid 25 (50) 0 0.0000
Angiotensin-converting enzyme
inhibitors

22 (44) 0 0.0001

Statins 34 (68) 0 0.0000
Echocardiographic parameters

Mean gradient, mmHg 52.4 ± 12.2 NA –
Maximum gradient, mmHg 83.4 ± 17.6 NA –
LVEF, % 61 [60–66] NA –
AVA, cm2 0.80 ± 0.18 NA –
V max, m/s 4.9 ± 0.51 NA –

Laboratory investigations
Fibrinogen, g/L 3.3 [2.7–3.9] 3.3 [3.1–3.8] 0.61
Creatinine, μmol/L 75.6 ± 16.2 71.3 ± 8.4 0.41
hsCRP, mg/L 1.9 [1.0–2.2] 2.9 [1.8–3.4] 0.22
Glucose, mmol/L 5.5 [5.0–5.8] 5.4 [4.9–5.6] 0.61
TC, mmol/L 4.2 ± 1.1 4.8 ± 1.0 0.46
LDL-C, mmol/L 2.5 ± 1.0 3.4 ± 0.8 0.27
HDL-C, mmol/L 1.3 [1.1–1.7] 1.6 [1.3–1.9] 0.92
Triglycerides, mmol/L 1.3 [1.0–1.8] 1.6 [1.2–1.9] 0.29

Data presented as numbers (percentages), mean ± SD or medians (interquartile range).
AS – aortic stenosis, BMI - body mass index, LVEF - left ventricular ejection fraction, AVA
- aortic valve area, Vmax -maximumvelocity, hsCRP - high-sensitivity C-reactive protein,
TC - total cholesterol, LDL-C - low density lipoprotein cholesterol, HDL-C - high density li-
poprotein cholesterol, NA - not applicable.
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by echocardiographic parameters, might indicate novel link between
valvular NETosis and AS progression.

AS is considered as an active inflammatory process that occurs in re-
sponse to endothelial damage through high shear stress, which in our
opinion could promote neutrophil influx and subsequent NETosis. At
the same time, neutrophils and NETs are emerging as important media-
tors of pathogenic inflammation [13]. It has been shown that NETosis is
promoted by IL-6 and IL-8, both expressed within stenotic valves
[20–22]. Thus it is likely that proinflammatory cytokines released by ac-
tivated valvularmacrophages promote NETosis, which in turn could en-
hance valvular inflammation in a vicious cycle, contributing to valvular
Fig. 2. Levels of citrullinated histone (citH3) in aortic stenosis (AS) patients and healthy sub
interquartile range and (B) the level of plasma citH3 expressed as median and interquartile ra
thickening, damage and calcification. It is possible that NETosis inhibi-
tion might slow down the AS progression.

It has been shown that platelets contribute to the progression of AS
[10]. On the other hand, platelets have been described as active players
in NETosis, through their interactions with charged extracellular his-
tones [23]. Platelet activation and accumulation on NETs lead to in-
creased permeability of endothelial monolayer, which might promote
an influx of inflammatory cells within aortic valve leaflets [23]. More-
over, platelets recruited by NETs activate the coagulation cascade and
serve as a scaffold upon which fibrin can be deposited enhancing in-
flammatory processes [13].

Taking into account similarities between atherosclerosis and AS, it
seems important that a relationship between circulating cell-free DNA,
NETosis, and atherosclerosis has been demonstrated. The severity of coro-
nary artery disease was predicted by levels of cell-free DNA as well as a
number of NET markers (nucleosomes, citH3, and MPO-DNA complexes)
[24]. Data on the role of NETs in different diseases including rheumatoid
arthritis, systemic lupus erythematosus, diabetes or ulcerative colitis dem-
onstrate that in humans NETosismight be a therapeutic target by blocking
this process or locally neutralizing NET signaling [25]. Moreover, in mice
NETs were detected in close association with atherosclerotic plaques,
while NETosis inhibitor - Cl-amidine decreased atherosclerotic lesion
area in this model [26]. Further studies are needed to clarify the cross-
talk between NETosis and fibro-calcification of aortic valve leaflets in AS.

We observed that only about 82% among citH3-positive cells were
classified as neutrophils undergoing NETosis. Interestingly, about 18%
of citH3-positive cells showed double-positivity for both citH3 and
CD68 antigens identifying them as macrophages. It was reported that
macrophages are able to release extracellular traps (METs) [27]. METs
have been shown to capture and mediate clearance of bacteria, fungi,
and parasites [28,29] and their formationwas associatedwith the activa-
tion of elastase andNADPHoxidase [30]. However, this phenomenonhas
been poorly described so far. Our observation is thefirst to show that val-
vular macrophages in AS patients may release histones, but mechanism
and importance of METosis in AS should be further explored.

Neutrophils and NETs have been linked to thrombosis [31]. The abil-
ity of neutrophils to expose functional tissue factor (TF) on NETs [32] is
considered as a link between inflammation and coagulation. On the
other hand, stenotic aortic valves exhibit the expression of TF and pro-
thrombin [33–35]. In addition, enhanced expression of both coagulation
and inflammatory proteins, i.e. TF, prothrombin, CRP, and IL-6, corre-
lated with the severity of AS and the degree of valvular calcification
[20,34,35]. Thus, valvular TF-bearing NETs might contribute to local
microthrombosis and accelerate valvular damage resulting in the dis-
ease progression.
jects. (A) Semiquantitative analysis of immunostained citH3 expressed as median and
nge. A p-value b0.05 was considered statistically different.



Fig. 3. Pearson's correlation coefficients (r) visualized as scatterplots. (A) Plasma interleukin-6 and citrullinated histone H3, (B, C) valvular expression of citrullinated histone H3 and
echocardiographic parameters, and (D) plasma citrullinated histone H3 levels and aortic valve area in patients with severe aortic stenosis.
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This study has several limitations. The group size was limited and
type II errors cannot be avoided. However, the study represents typical
patients with advanced AS in clinical practice and it was sufficiently
powered to detect intergroup differences. Second, the expression of
NET-specific biomarkers was determined semiquantitatively, thus po-
tentially making the estimation less precise. However, all analyses
were performed by two independent experienced investigators un-
aware of the sample origin. Third, the present study is cross-sectional
by design and refers to the valves obtained from patients with severe
AS, often having hypertension and hypercholesterolemia concerned as
confounding factors [12,36]. Thus, our results cannot be directly extrap-
olated on subjects with less severe AS.

The present study increases the knowledge on the pathophysiology
of AS suggesting that NETosis might be involved in AS progression.
NETosis is not the factor triggering AS development but rather NETs
can, at least partially, contribute to AS progression and vice versa but
most likely at advanced stage of the disease. Further studies are needed
to validate this intriguing concept.
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