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Zusammenfassung 

Nur zwei Drittel der Myokardinfarkte werden durch eine Plaque-Ruptur ausgelöst, wäh-

rend bei ca. einem Drittel der Patienten die fibröse Kappe intakt bleibt und die Thrombo-

genese durch den Verlust der Endothelzellschicht hervorgerufen wird (1).  

Der Mechanismus der Plaque-Ruptur (RFC-ACS) ist durch das Konzept der vulnerablen 

Plaque mit großem Lipidkern und dünner fibröser Kappe bereits gut charakterisiert(2). Im 

Gegensatz dazu ist die Pathogenese der Plaque-Erosion (IFC-ACS) nicht vollständig ver-

standen. Aus Post-mortem--Analysen(3, 4) und aus ersten pathophysiologischen Stu-

dien(5, 6) ergeben sich für die Plaque-Erosion Hinweise für spezifische inflammatorische 

Mechanismen mit Fokus auf die neutrophilen Granulozyten als die ersten Immunzellen 

und im Verlauf die T-Zellen(7). Mittels optischer Kohärenztomographie (OCT) ist es heut-

zutage möglich in-vivo die Diagnose der Plaque-Erosion oder –Ruptur zu stellen und da-

mit unterliegende Pathomechanismen in-vivo zu untersuchen. Das Ziel der vorliegenden 

Arbeit ist es die genaue Rolle der neutrophilen Granulozyten in der Pathophysiologie der 

Plaque-Erosion und Plaque-Ruptur besser zu charakterisieren.  

Es wurden zweiunddreißig Patienten mit Plaque-Erosion zu zweiunddreißig Patienten mit 

Plaque-Ruptur anhand von Alter (±5 Jahren), Geschlecht und Diabetes Mellitus Typ II 

zugeordnet. Aus den entnommenen lokalen und systemischen Blutproben wurden die 

neutrophilen Granulozyten für die funktionellen in-vitro Experimente isoliert. Mittels 

Durchflusszytometrie wurde eine Immunophänotypisierung der verschiedenen Neutro-

philen-Rezeptoren durchgeführt. Die koronaren Thromben wurden auf die Expression 

von spezifischen Neutrophilen-Markern immunhistochemisch untersucht.  

Obwohl es keine Unterschiede in der Absolutzahl der Neutrophilen zwischen Patienten 

mit Plaque-Erosion und Plaque-Ruptur gab, beobachteten wir eine erhöhte Toll-like Re-

zeptor 2 (TLR2) Expression auf den Neutrophilen der Plaque-Erosion Patienten. Nach 

Aktivierung des TLR 2 in-vitro sezernierten die neutrophilen Granulozyten der Patienten 

mit Plaque-Erosion mehr aktive Matrixmetalloproteinase 9 (MMP9). Ebenfalls zeigten sie 

eine gesteigerte Zytotoxizität gegenüber Endothelzellen als Hauptmerkmal der Plaque- 

Erosion. Hyaluronan kann als endogener Aktivator des TLR2 dienen (8). Passend dazu 

beobachteten wir eine erhöhte lokale Plasma-Konzentration von Hyaluronan (HA) in Pa-

tienten mit Plaque-Erosion, sowie eine erhöhte Expression des HA-generierenden En-

zyms Hylauronidase 2 (HYAL2) in den Thromben der Patienten mit Plaque-Erosion. 



6 

 

Zusammenfassend beschreibt die aktuelle Studie neue spezifische Mechanismen der 

TLR2-vermittelten Aktivierung von neutrophilen Granulozyten im betroffenen Koronarge-

fäß von Patienten mit Plaque-Erosion und stellt dadurch die Grundlage für die Entwick-

lung von gezielten therapeutischen und präventiven Ansätzen für diese Patientenpopu-

lation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 

 

Abstract 

Background: Endothelial cell desquamation (ECD) due to inflammatory activation is one 

of the main pathophysiological features of acute coronary syndrome with intact fibrous 

cap (IFC-ACS, plaque erosion) (2, 5). The neutrophil granulocytes are the first immune 

cells to arrive at the coronary culprit lesion after ACS. Therefore, the current subanalysis 

of the OPTICO-ACS study aims to provide a better understanding of their molecular acti-

vation patterns. 

Methods:  Using optical coherence tomography (OCT) of the ACS-causing culprit lesion 

two groups (IFC-ACS vs. RFC-ACS) were generated, each consisting of thirty-two pa-

tients matched by age, gender and diabetes mellitus type II. Local and systemic blood 

samples were collected from the site of the ACS-causing culprit lesion (LOC) and from 

the arterial sheath (SYS). Quantification of neutrophil counts and expression of activation 

markers was carried out by flow cytometry. MMP9 activity was assessed by fluorescence-

based zymography. The combined effect of MMP9 and disturbed flow conditions were 

studied in an Ibidi flow chamber imitating coronary bifurcations. The direct cytotoxic ef-

fects of TLR2 pre-activated neutrophils was examined in a co-culture with endothelial 

cells. Immunohistological staining of thrombus specimens characterized the expression 

of hyaluronidase 2 (HYAL2), an enzyme known to produce pro-inflammatory low molec-

ular weight hyaluronan as one of the endogenous TLR2-ligands (9, 10).  

Results: Neutrophils of IFC-ACS patients show significantly higher expression of the toll-

like receptor 2 (TLR2) in comparison to RFC-ACS-derived neutrophils, despite an equal 

cell count. Furthermore, the MMP9 plasma activity is significantly higher in local samples 

from IFC-ACS patients, indicating secretion and proteolytic activation of the enzyme dur-

ing ACS. Local IFC-ACS- derived neutrophils increased their secretion and activity rates 

of MMP9 in response to TLR2-stimulation using Pam3CSK4, which was reversible after 

TLR2 blockade by a monoclonal neutralizing antibody. However, the combination of 

MMP9 and turbulent flow conditions leads to significant ECD. Furthermore, the TLR2-

activation increases the survival of local IFC-ACS derived neutrophils, which induce 

higher rates of endothelial cell death in co-culture, independently of TLR2. Last but not 

least, IFC-ACS derived thrombi show higher expression of HYAL2 with subsequent 

higher local plasma concentration of hyaluronic acid as one of the main endogenous 

TLR2-ligands.  
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Conclusion: By revealing novel local TLR2-dependant neutrophil activation patterns in 

IFC-ACS patients the current study provides new insights into the mechanism of plaque 

erosion. Moreover, the data suggest a crucial role of the hyaluronan metabolism in the 

endogenous activation of the TLR2 pathway in IFC-ACS. Further research is needed to 

assess the beneficial effects of a temporary TLR2-blockade in IFC-ACS and the possible 

application in secondary prevention. 
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1. Introduction 

1.1. The Pathophysiology of Acute Coronary Syndrome with Intact Fibrous 

Cap (IFC-ACS, Plaque Erosion) 

1.2. Prevalence of Plaque Erosion  

Acute Coronary Syndrome (ACS) is defined as an insufficient oxygen supply to the myo-

cardium due to a partial or total thrombotic coronary occlusion caused by either plaque 

rupture (45-65%), plaque erosion (30-50%) or, more rarely, calcified nodules (1-2%)(11).  

In 1994 van der Wal et al. described eight out of twenty patients, who died from ACS and 

showed histological signs of plaque erosion (12). Some subsequent larger post-mortem 

studies confirmed the prevalence of plaque erosion in about 31% of fatal myocardial in-

farction patients (13). With modern intracoronary imaging modalities such as optical co-

herence tomography (OCT), it has become possible to characterize the culprit lesion in 

vivo, which opened the door to a better characterization and following  application of per-

sonalized treatment approaches for this patients population. The OCT-based diagnosis 

of plaque erosion relies on exclusion of signs of plaque rupture or calcified nodules and 

it has been reported in around 41% of ACS patients (14).  

1.3. Clinical Characteristics of Plaque Erosion 

Generally, plaque erosion is more common in non ST-segment elevation myocardial in-

farction (NSTEMI) with 61.5% than in ST-segment elevation myocardial infarction 

(STEMI)(15). Using multivariate analysis Yamamoto et al. showed that the combination 

of the following five independent parameters increased the probability of plaque erosion 

to 73,1%: age<68 years, normal kidney function, absence of diabetes mellitus type 2, 

anterior ischemia and hemoglobin >15g/dl (1). A recent study by Seegers et al. disproved 

the hypothesis that plaque erosion is more common in younger women, but showed a 

similar distribution of the culprit plaque morphology in both sexes with a rising trend to-

wards plaque rupture in older women (16).  
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1.4. Pathological Characteristics of Plaque erosion 

From histological studies we know that plaque rupture arises from the so called ‘vulnera-

ble plaques’ or ‘thin cap fibroatheromas’ (TCFAs), which are characterized by a large lipid 

core, less smooth muscle cells covering the core and a thin fibrous cap (<65µm)(17). 

Meanwhile, the coronary thrombosis in plaque erosion is triggered by a local detachment 

of endothelial cells on the surface of coronary plaques with intact fibrous caps and without 

the above-mentioned vulnerability features (7). Through excessive lipid lowering we di-

rectly address the pathological core of RFC-ACS and as a consequence we observe a 

rise in the prevalence of IFC-ACS in recent years (2). 

Now the question arises which biological mechanisms may trigger superficial erosion? 

Hemodynamic studies postulate coronary bifurcations with turbulent flow conditions as 

the predisposition locations for plaque erosion (18). Furthermore, it seems that multiple 

different hits are required as some animal studies suggest not only distinct flow conditions 

but their combination with neutrophils and activated endothelium as crucial for the initia-

tion of plaque erosion (6, 7). Recently, some first in-human data suggested distinct local 

inflammatory patterns in the coronary vessel marked by elevated T-cell cytotoxicity with 

higher coronary distribution of CD4+ and CD8+ T cells as well as their pro-inflammatory 

metabolites as one of the characteristics of IFC-ACS (19). 

1.5. Inflammation and plaque erosion 

Inflammation and atherosclerosis have been associated since the very early years of cor-

onary research, especially in the context of macrophages developing to foam cells by the 

uptake of oxidized low-density lipoprotein (oxLDL) as the pathological hallmark of the 

vulnerable plaque (7). In this context, modern atherosclerosis research advances this 

concept by showing us distinct inflammatory pathways typical for plaque rupture or ero-

sion, allowing thereby to identify novel therapeutic targets.  

The neutrophil granulocytes orchestrate the immune cascade after acute coronary syn-

drome through a regulated cytokine and granule content release(20). They are important 

immune modulators with both pro- and anti-inflammatory functions. Neutrophils are even 

capable of aggravating the coronary thrombosis by the release of neutrophil extracellular 

traps (NETs) during the process of controlled cell death known as NETosis (21). 
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Therefore, the current study focuses on the neutrophil activation patterns in patients with 

plaque erosion and plaque rupture, aiming to identify distinct pathological signatures suit-

able for targeted immune modulatory treatments in plaque erosion.  
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2. Methods 

 

2.1. Study Design 

The prospective, multicentre OPTICO-ACS registry examined patients with acute coro-

nary syndrome (non-ST-elevation myocardial infarction, NSTEMI or ST-elevation myo-

cardial infarction, STEMI) who are admitted to the hospital and undergoing percutaneous 

coronary intervention (PCI) in combination with OCT-imaging of the culprit lesion. The 

OPTICO-ACS registry studied not only the clinical outcomes and rates of major cardiac 

events in association with the culprit plaque morphology, but also the distribution of dif-

ferent immune cells and their cytokines, allowing for a deep characterization of the differ-

ent ACS-phenotypes.  

 

The study was registered at ClinicalTrials.gov under NCT03129503 and conducted after 

approval by the ethics committee of the Charitè University Berlin (No. EA1/270/16) after 

written informed consent of all participants. In total 557 patients where included according 

to the previously reported inclusion and exclusion criteria (5). Most importantly patients 

with other inflammatory/rheumatic or malignant co-morbidities were excluded in order to 

study inflammatory patterns in atherosclerosis only. After OCT-evaluation of the culprit 

lesion by two independent core labs 360 patients were considered suitable for study par-

ticipation. The experiment operator was blinded to the underlying pathology.  

 

For the purpose of the current sub-study 32 patients with plaque erosion were matched 

1:1 to patients with plaque rupture by biological sex, age (± 5 years) and diabetes mellitus 

type 2 in order to minimize the previously observed biological heterogeneity in the main 

cohort as well as to control for known variables to affect the neutrophil response like ag-

ing, biological sex and diabetes mellitus type 2 (22-26) (Figure 1).  
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Figure 1: Study Flow Chart 

Abbreviations: ACS: acute coronary syndrome, OCT: optical coherence tomography, CL: 

culprit lesion, RFC-ACS: acute coronary syndrome with ruptured fibrous cap, IFC-ACS: 

acute coronary syndrome with intact fibrous cap, n=number;  

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

 

2.2. Blood Sampling and Processing 

Upon admission to the catheterization laboratory and before OCT-imaging and PCI, two 

blood samples were obtained from each patient: 30ml of local coronary blood collected 

by thrombectomy with the Export Advance aspiration catheter system (Medtronic, Minne-

apolis, MN, USA) and 50ml of systemic blood from the peripheral artery (Figure 2). Prior 

to the collection of the blood samples all patients received the standard intravenous med-
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ical treatment for ACS with 70-140IE heparin /kg up to a maximal amount of 5000IE hep-

arin in total and 150-300mg aspirin. Using a cell strainer with 70µm pores, thrombotic 

material was recovered from the local blood samples and washed twice in PBS, fixed in 

4% paraformaldehyde for 15minutes, dehydrated in 30% sucrose for 10minutes and cry-

opreserved in OCT-mounting medium (Tissue Tek, Sakura, Japan) at -80°C for immuno-

histochemistry.  

 

 

Figure 2: Study Design  

Abbreviations: LOC: local, SYS: systemic, OCT: optical coherence tomography, IFC-

ACS: acute coronary syndrome with intact fibrous cap, RFC-ACS: acute coronary syn-

drome with ruptured fibrous cap;  

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

Furthermore, 100µl of non-centrifuged EDTA blood was stained using our pre-defined 

flow cytometry antibody panel for a pre-selected set of neutrophil surface markers (Table 

1) for 20minutes, fixed in 0.5% paraformaldehyde. The median fluorescence intensity 

(MFI) for each marker was measured 16-24h later on the Attune NxT Acoustic Focusing 

Flow Cytometer (Thermo Fischer, USA).  
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Table 1: Neutrophil Flow Cytometry Panel 

Antibody Supplier Laser Detector 

CD284-BV421 Biolegend violet (405 nm) VL1 (440/50) 

CD16-BV510 Biolegend violet (405 nm) VL2 (512/25) 

CD11b-BV650 Biolegend violet (405 nm) VL3 (603/48) 

CD45-BV711 BioLegend violet (405 nm) VL4 (710/50) 

CD282-AF488 Biolegend blue (488 nm) BL1 (530/30) 

VEGFR1-PE Biolegend blue (488 nm) BL2 (574/26) 

CXCR4-

PE/Dazzle594 
Biolegend blue (488 nm) BL3 (695/40) 

CD88–PE/Cy7 Biolegend blue (488 nm) BL4 (780/60) 

Abbreviations: CD: cluster of differentiation, VL: violet laser, BL: blue laser, VEGFR1: Vas-

cular Endothelial Growth Factor Receptor 1, CXCR4: Chemokine Receptor Type 4; 

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

 

Data was analysed on the Kaluza v1.5 software (Beckmann Couter Inc, USA). The dou-

blets were discriminated using forward scatter height (FSC-H) vs. width (FSC-W) gating. 

Afterwards the granulocytes were selected based on their high granularity using their typ-

ical side scatter height (SSC-H) profile. In the last step the MFI of each parameter was 

measured on the CD16hi neutrophil population (Figure 3). 

 

The remaining blood was filled into EDTA- and citrate-anticoagulated tubes and centri-

fuged twice at 1200g for 10min at room temperature (20-25°C) to generate platelet free 

plasma, which was preserved in sterile cryotubes at -80°C for long-term preservation and 

further measurements.  
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Figure 3: Flow Cytometry Gating Strategy 

Abbreviations: FSC-H/W: forward scatter-height/width; SSC-H: side scatter-height; lo: 

low; hi: high;  

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

2.3. Neutrophil Isolation 

Fresh local and systemic heparin-anticoagulated blood samples from the above men-

tioned patients were used for isolation of polymorphnuclear neutrophils (PMNs) with the 

density centrifugation technique using the Polymorphprep medium (Alere Technologies, 

Oslo, Norwegen). First, the whole blood was carefully layered on the top of the medium 

in a ratio 1:1 in 15ml sterile tubes and centrifuged at 500g, Acceleration 1, Deceleration 
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1 for 35min allowing for visual separation of the PMNs, which were further collected in a 

separate tube with fresh cold PBS. Secondly, remaining erythrocytes were lysed with cold 

distilled water in a volume ratio 1:1 for 30 sec (for example 10ml of neutrophil suspension 

and 10ml of distilled water). Physiological osmolality was immediately restored by adding 

the same amount of 2x cold PBS. Cells were washed at 300g, Acceleration 9, Decelera-

tion 9 for 5min. The viability and cell count of isolated PMNs were assessed by staining 

with propidium iodide (PI) and flow cytometry assessment. The cells were kept on ice for 

further experiments in Roswell Park Memorial Institute (RPMI) 1640 Medium, supple-

mented with 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid (HEPES), pyruvate, 

4.5g glucose, 0.5% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Thermo 

Fisher Scientific, USA). 

 

2.4. Plasma Concentration of Metabolites of Interest 

The concentration of matrix metalloproteinase 9 (MMP9) was assessed in citrate-antico-

agulated plasma samples using an enzyme-linked immunosorbent assay (catalogue 

number: BMS2016-2TEN, MMP 9 Human ELISA, Thermo Fischer, USA) according to the 

manufacturer’s instruction. Furthermore, we measured the concentration of neutrophil-

gelatinase associated lipocalin (NGAL), which is a known stabilizer of MMP9,  in EDTA-

plasma samples using the Human NGAL ELISA Kit (catalogue number: KIT 036CE from 

Bioporto, Hamburg). Using a non-competitive ELISA-like technique (catalogue number: 

029-001, Corgenix, Broomfield, CO, USA), the hyaluronic acid (HA) plasma levels were 

measured in EDTA-plasma samples. 

 

2.5. MMP9 Activity Measurement 

The enzymatic activity of MMP9 after activation of the isolated neutrophils was measured 

in supernatants by fluorescence gelatine zymography using the EnzCheck Gelati-

nase/Collagenase Assay Kit according to the manufacturer’s instructions (catalogue num-

ber: E12055, Invitrogen, Fisher Scientific, Göteborg, Sweden). 1x104 of isolated neutro-

phils in OPTI-MEM medium supplemented with 5mM CaCl2 (Reduced serum medium, 

catalogue number: 11058021, Thermo Fischer, USA) were activated by a human recom-

binant TLR2/1 agonist Pam3CSK4 at a final concentration: 500ng/ml (Invivogen, USA) 

for a total time of 120 minutes. The control group was pre-treated with a selective inhibi-

tory anti-TLR2 antibody (mouse monoclonal IgG1 anti-human antibody to TLR2, clone 
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T2.5) at a final concentration of 1.25µg/ml (catalogue number ab16894, Abcam, Cam-

bridge, England) for 15min prior to activation with Pam3CSK4 as described above. In the 

beginning of the assay the fluorescence marked DQ gelatine was added to the samples 

in a ratio 1:1. The samples were incubated at 37.3°C in the spectrophotometer plate 

reader (Tecan, Switzerland) and measured after pre-selected time points with an absorp-

tion maxima at 485nm and the fluorescence emission was measured at 530nm. The ac-

tivity of the commercially available Clostridium histolyticum collagenase, provided with 

the assay kit, was used as a positive control enzyme according to the manufacturer’s 

instruction.  

 

2.6. Co-Culture of Neutrophils and Human Aortic Endothelial Cells 

In order to assess the TLR2-dependant cytotoxic effect of neutrophils on human aortic 

endothelial cells (HAECs) a co-culture assay of 1x106 as previously described pre-treated 

neutrophils on a monolayer of 1x105 commercially available human aortic endothelial 

cells passage 7 (Lonza, Basel, Switzerland) was established for 24h. The endothelial 

cells were initially grown to 80-90% confluence in 12-well-cell-culture plates using endo-

thelial cell growth medium (EGM, Lonza, Basel, Switzerland), supplemented with 10% 

fetal calf serum (FCS) and 1% penicillin/streptomycin. Prior to the co-culture experiment 

the endothelial cells were pre-conditioned in growth-factor deprived and low serum (0,5% 

FCS) in order to increase their reactivity towards the neutrophils. After 24h of co-incuba-

tion the cells were harvested into suspension using trypsin/EDTA and afterwards imme-

diately stained for 15minutes with Sytox Orange (Thermo Fischer, USA) as a nucleic acid 

stain, Annexin V-Pacific Blue for detection of apoptosis, anti-human CD45-BV711 for de-

tection of leucocytes, CD146-AF488 for detection of endothelial cells, anti-CD16 

PerCP/Cy5.5 for detection of neutrophils (all antibodies from BioLegend, San Diego, 

USA). The rates of live/apoptotic/dead endothelial cells was estimated on the Attune NxT 

Acoustic Focusing Flow Cytometer (Thermo Fischer, USA) immediately after staining by 

co-expression of AnnexinV and Sytox Orange as shown in Figure 4. 
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Figure 4: Apoptosis Assay Gating Strategy 

Abbreviations: FSC-H/W: forward scatter-height/width, SSC-H/W: side scatter-

height/width, HAEC: human aortic endothelial cells, CD: cluster of differentiation;  

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

2.7. Assessment of Neutrophil Survival upon TLR2 Activation 

Furthermore, we assessed the survival of neutrophils after 24hours of TLR2 activation 

indirectly by measuring the shedding of CD16 as a marker of apoptosis (27). For this 

purpose we divided the neutrophil population into CD16hi and CD16lo neutrophils, based 

on their CD16 expression and gated the proportion of live, apoptotic and dead neutrophils 

for both subpopulations according to the same gating strategy as described in Figure 4. 

Figure 5 shows a graphical summary and a representative analysis of the live/apop-

totic/dead percentages in both CD16hi and CD16lo neutrophil populations.  
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Figure 5: Assessment of Neutrophil Survival Gating Strategy 

Abbreviations: NTRs: neutrophils, lo: low, hi: high, CD: cluster of differentiation;  

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

2.8. Analysis of Flow conditions on Endothelial Cell Detachment in Combina-

tion with MMP9 

Using the Ibidi Flow Chamber System (Gräfelfing, Germany) with endothelial cell mono-

layers grown in double-y-shaped microchannel slides coated with 1% gelatine we tested 

two different flow conditions: laminar defined as unidirectional flow with 12dyn/cm2 or os-

cillatory defined as bidirectional flow with 12dyn/cm2 and the simultaneous effect of hu-

man recombinant MMP9 at a final concentration of 500ng/ml (Enzo Lifesciences, New 

York, USA) on endothelial cell detachment after 24hours. For this purpose, the slides 

were stained with phalloidin for F-actin and Hoechst for cell nuclei. Images were taken on 
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a BZ-9000 inverted fluorescence phase contrast microscope (Keyence, USA) in 10x mag-

nification and endothelial cell detachment was assessed by ImageJ software version 1.48 

(University of Wisconsin, USA). 

2.9. Immunohistochemistry of Thrombus Specimens  

OCT-embedded thrombus aspirates from twenty patients with plaque erosion and twenty 

patients with plaque rupture were cut into 5µm sections and were stained with a primary 

anti-HYAL2 antibody (1:500, Abcam, Cambridge, UK) at 4 °C overnight after treatment 

with antigen retrieval solution (CAT. N°. 00-4955-58, Thermo Fisher Scientific, Inc. Wal-

tham, MA, USA) in a pre-heated water bath and after permeabilization with 1% Triton X-

100 (Sigma-Aldrich, St. Louis, MO, USA). In order to block non-specific bindings we ap-

plied 0,5% Bovine Serum Albumin (BSA, Thermo Fisher Scientific, Inc. Waltham, MA, 

USA) for 15 minutes. The staining with the goat anti-rabbit secondary antibody conjugated 

to Alexa Fluor 546 (1:500; Thermo Fisher Scientific, Waltham, MA, USA) was carried out 

on the next day for a total incubation time of 90 minutes. For nuclei detection staining with 

4′,6-diaminophenyl-indole (DAPI) (Invitrogen, Carlsbad, CA, USA) was used for 10 

minutes. At the end the sections were preserved with ibidi mounting medium (ibidi GmbH, 

Gräfelfing, DE, EU) and images acquired on an Eclipse T-i2 microscope using 20x and 

3x magnification (Nikon Corp., Tokyo, JP). Fiji Image J and NIS-Elements (Mager Scien-

tific, Dexter, MI, USA) software was used for image processing. A representative image 

is shown in Figure 6. 

 

Figure 6: Immunohistochem-

istry Analysis of IFC-ACS vs. 

RFC-ACS- derived Thrombi 

Abbreviations: DAPI: 4′,6-dia-

minophenyl-indole; HYAL2:  

hyaluronidase 2;  

Own illustration modified from the 

original publication: Meteva et al., 

EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 
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3. Statistical Analysis 

In order to minimalize the biological heterogeneity of the neutrophil function resulting from 

different age, gender and diabetes mellitus type 2 status we chose a matched case-con-

trol study design.   

Comparisons between two groups of continuously distributed variables were carried out 

using the Wilcoxon matched-pairs signed rank test, while categorical variables were an-

alysed by Mc Nemar chi² test (28). Multiple comparisons within a patient including a factor 

(for example treatment or plaque phenotype) were carried out by a repeated measures 

analysis of variance (Repeated measures ANOVA). The multiple post-hoc comparisons 

aimed to detect a group difference at each time point and were corrected for multiple 

comparisons using the Bonferroni’s post-hoc test. Results were considered significant at 

a two-sided p-value <0.05.   The overall effect of the variables and their interaction was 

reported in the figure legends by using Cohen’s d (standardized mean difference (SMD)) 

for pairwise comparisons with the following rule of thumb: d < 0.2 small effect, d between 

0.2 and 0.8 medium effect, d > 0.8 large effect. For the analysis of variance (ANOVA) we 

reported the partial ⴄ² to measure the effect size, as it describes to which extent the total 

variance of outcome is explained by the covariates.  

SAS 9.3 and GraphPad Prism Software (La Jolla, CA) were used for statistical analysis.  
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4.  Results 

4.1. Clinical Patients Characteristics and OCT Parameters 

In general we did not observe any relevant differences in the patient’s clinical character-

istics between the two disease pathologies, besides the higher proportion of dyslipidae-

mia (94% vs. 68% in RFC-ACS vs. IFC-ACS, p=0.002) and correspondingly higher total 

(204±61 vs. 179±50.2 in RFC-ACS vs. IFC-ACS, p=0.04) and LDL (129±53 vs. 113±44.5 

in RFC-ACS vs. IFC-ACS, p=0.026) cholesterol levels in patients with RFC-ACS vs. IFC-

ACS (see table 2). Correspondingly, the pre-clinical use of statins was higher in the RFC-

ACS cohort (9.4% vs. 3.1% in RFC-ACS vs. IFC-ACS; p= 0.01, see table 2).  

Table 2: Clinical Characteristics 
 

RFC-ACS   IFC-ACS   p 

Patient characteristics: 

Age (years) 62.0 ± 16.75 61.0 ± 16.5 0.793 

Male  (n;%) 26 (81%) 26 (81%) 0.999 

Family history for CAD (n;%) 14 (44%) 14 (44%) 0.999 

Active Smoking (n;%) 13 (40%) 17 (53%) 0.459 

Diabetes mellitus Type 2 (n;%) 7 (22%) 7 (22%) 0.999 

Arterial hypertension (n;%) 29 (91%) 26 (81%) 0.214 

Dyslipidemia* (n;%) 30 (94%) 22 (68%) 0.002 

BMI (kg/m2) 25.5 ± 6.1 25.6 ± 3.9 0.652 

Previous History of PCI (n;%) 6 (19%) 1 (3%) 0.071 

Laboratory data: 

Total cholesterol (TC) (mg/l) 204.0 ± 61.0 179.0 ± 50.2 0.040 

LDL cholesterol (LDL-C) (mg/l) 129.0 ± 53.0 113.0 ± 44.5 0.026 

HDL cholesterol (HDL-C) (mg/l) 40.0 ± 14.0 50.0 ± 20.0 0.417 

Serum creatinine (mg/l) 0.94 ± 0.2 0.97 ± 0.2 0.256 

Hemoglobin (g/dl) 14.7 ± 1.8 14.8 ± 1.6 0.681 

Leukocytes (per nl) 10.5 ± 4.3 11.0 ± 6.0 0.367 

hsCRP (mg/l) 2.1 ± 5.4 2.0 ± 3.2 0.721 

ACS characteristics: 

Presentation as STE-ACS (n;%) 20 (63%) 18 (50%) 0.298 

CK peak (U/I) 902.0 ± 720 569.0 ± 1.063 0.267 
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LV-EF at discharge (%) 59.0 ± 11 55.0 ± 12.5 0.382 

Concomitant Medication: 

PCSK9-inhibitor (n; %) 0 (0%) 0 (0%) 0.241 

Ezetimibe (n; %) 0 (0%) 1 (3.1%) 0.191 

Statín (n; %) 3 (9.4%) 1 (3.1%) 0.010 

Abbreviations: RFC-ACS: Ruptured fibrous cap – acute coronary syndrome, IFC-ACS: Intact fibrous cap 

acute coronary syndrome, SD: standard deviation, n: number, BMI: body mass index, LVEF: left ventric-

ular ejection fraction, hsCRP: high sensitive C-reactive protein, CK: creatinine kinase, LDL: low density 

lipoprotein, HDL: high density lipoprotein, STE-ACS: ST-elevation myocardial infarction, PCI: percutane-

ous coronary intervention; * defined as total cholesterol ≥220mg/dl, triglycerides≥150mg/dl, LDL-C 

≥140mg/dl, HDL-C ≤40mg/dl or taking medication for dyslipidemia;  

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

The matched study cohort was considered representative of the whole cohort in terms of 

comparability (see table 3). The data sets were not tested for statistical significance as 

the matched cohort being part of the entire cohort, which does not allow for proper statis-

tical analysis.  

Table 3: Clinical Characteristics of the Matched and Entire Study Cohort.  
 

Entire Cohort 

(n=360) 

Matched Cohort  

(n=64) 

Age (years) 62.5 ± 12.0 62.1 ± 11.7 

Male  (n;%) 267 (74%) 52 (81%) 

Family history for CAD (n;%) 138 (38%) 28 (44%) 

Active Smoking (n;%) 158 (44%) 30 (47%) 

Diabetes mellitus type 2 (n;%) 68 (19%) 14 (22%) 

Arterial hypertension (n;%) 276 (77%) 55 (86%) 

Dyslipidemia (n;%) 255 (71%) 52 (82%) 

BMI (mean±SD) 27.3 ± 4.4 26.8 ± 5.0 

Previous History of PCI (n;%) 35 (1%) 7 (1%) 

Total cholesterol (mg/l; mean±SD) 182.2 ± 41.4 190.6 ± 42.6 

LDL cholesterol (mg/l; mean±SD) 121.6 ± 38.1 128.1 ± 35.0 

HDL cholesterol (mg/l; mean±SD) 46.4 ± 14.9 46.3 ± 15.3 

Serum creatinine(mg/l; mean±SD) 1.0 ± 0.2 0.9 ± 0.2 

Leukocytes (per nl) 11.5 ± 3.9 11.4 ± 4.0 

hsCRP (mg/l; mean±SD) 12.5 ± 34.7 4.0 ± 5.4 
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Presentation as STE-ACS (n;%) 225 (63%) 38 (59%) 

CK peak (U/I; mean±SD) 1417.2 ± 1575.9 1237.8 ± 1562.7 

LV-EF at discharge(%; mean±SD) 55 ±10 56 ± 9 

Abbreviations: CAD:  coronary artery disease, BMI:  body mass index, PCI:  percutaneous 

coronary intervention; LDL:  low-density lipoprotein; HDL:  high-density lipoprotein; 

hsCRP:  high sensitive C-reactive protein; STE-ACS:  ST-elevation myocardial infarction; 

CK: creatinine kinase; LV-EF: left ventricular ejection fraction; Own illustration modified 

from the original publication: Meteva et al., EHJ, 2023, doi: 10.1093/eurheartj/ehad379 

Furthermore, the standardized mean difference (SMDs, d) between the continuous base-

line characteristics of the two disease groups demonstrated well-balanced disease pop-

ulations with small effect sizes apart from the total and the LDL cholesterol, which are 

showing a medium effect size d (see table 4). 

Table 4: SMDs of the Baseline Characteristics of the Study Populations 

 RFC-ACS IFC-ACS d 

PCI characteristics:   

Total Stented Length  

(mm)  
26.0 ± 30.6  23.0 ± 11.5  0.08 

Largest Stent Diameter  

(mm)  
3.5 ± 0.50  3.4 ± 1.0  0.05 

Patient characteristics:  

Age (years)  62.0 ± 16.75  61.0 ± 16.5  0.04 

BMI (kg/m2)  25.5 ± 6.1  25.6 ± 3.9  0.08 

Laboratory data:  

Total cholesterol (mg/l)  204.0 ± 61.0  179.0 ± 50.2  0.49 

LDL cholesterol (mg/l)  129.0 ± 53.0  113.0 ± 44.5  0.56 

HDL cholesterol (mg/l)  40.0 ± 14.0  50.0 ± 20.0  0.23 

Serum creatinine (mg/l)  0.94 ± 0.2  0.97 ± 0.2  0.17 

Hemoglobin (g/dl)  14.7 ± 1.8  14.8 ± 1.6  0.09 

Leukocytes (per nl)  10.5 ± 4.3  11.0 ± 6.0  0.16 

hsCRP (mg/l)  2.1 ± 5.4  2.0 ± 3.2  0.19 

ACS characteristics:  

CK peak (U/I)  902.0 ± 720  569.0 ± 1.063  0.13 

Abbreviations: RFC-ACS: acute coronary syndrome with ruptured fibrous cap; IFC-ACS: acute coronary 

syndrome with intact fibrous cap; PCI: percutaneous coronary intervention; BMI: body mass index, LDL:  
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low density lipoprotein; HDL: high density lipoprotein; hsCRP: high sensitive C-reactive protein; ACS: 

acute coronary syndrome; CK: creatinine kinase, SMDs: standardized mean difference, d; Own illustra-

tion modified from the original publication: Meteva et al., EHJ, 2023, doi: 10.1093/eurheartj/ehad379 

The OCT-analysis did not show any significant differences in the plaque composition and 

morphology between IFC-ACS and RFC-ACS, apart from the well-known features of the 

thin cap fibroatheroma which are typical for RFC-ACS lesions. In this regard, 97% of the 

RFC-ACS patients had a TCFA, while only 16% of the IFC-ACS patients exhibited the 

features of a thin-cap fibroatheroma. Correspondingly, the mean thickness of the fibrous 

cap was higher in IFC-ACS vs. RFC-ACS, while the maximum lipid arc greater in RFC-

ACS vs. IFC-ACS (see table 5). 

Table 5: OCT-Characteristics of RFC-ACS vs. IFC-ACS 

 

 

  

 RFC-ACS   IFC-ACS   p 

OCT-culprit lesion characteristics: 

               MLA (mm²)  1.8 ± 0.6 1.9 ± 1.1 0.380 

Thrombus characteristics: 

CL-associated thrombus for-

mation (n;%)  
32 (100%) 32 (100%) - 

Thrombus score   111.5 ± 55.5 71.5 ± 99.2 0.063 

Culprit Plaque characteristics : 

Fibroatheroma (n;%)  32 (100%) 30 (94%) 0.157 

Thin-cap fibroatheromas (n;%)  31 (97%) 5 (16%) 0.001 

Mean FC thickness (m)  53.5 ± 10.2 122.2 ± 89.2 0.001 

Max lipid arc (°)  298.2 ± 62.1 221.0 ± 123.9 0.001 

Calcification:   

Max calcium arc (°)  73.2 ± 121.05 94.5 ± 98.3 0.594 

Mean calcified length (mm)  3.2 ± 8.0 4.5 ± 6.4 0.777 

* The cut-off used to define proximity to bifurcations was 3mm. 

Abbreviations: CL: culprit lesion, RFC-ACS: ruptured fibrous cap acute coronary syndrome, IFC-ACS: 

intact fibrous cap-acute coronary syndrome, SD: standard deviation, n: number,  MLA: minimum lumen 

area, FC: fibrous cap;  Own illustration modified from the original publication: Meteva et al., EHJ, 2023, 

doi: 10.1093/eurheartj/ehad379  
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4.2. Immunophenotyping of Neutrophils by Flow Cytometry 

In order to characterize the receptor expression of the neutrophil population we performed 

a flow cytometry analysis of different receptors usually expressed by neutrophils (please 

refer to section  ‘Methods’ for further information on the panel) and observed a higher 

expression of the toll-like receptor 2 (TLR 2) on local and systemic IFC-ACS derived neu-

trophils in comparison to RFC-ACS derived neutrophils (LOC IFC-ACS vs. LOC RFC-

ACS: 2004±485 vs. 1502±599, p=0.011; SYS IFC-ACS vs. SYS RFC-ACS: 2042±533 vs. 

1540±622, p=0.007). The cell count was not different between the two pathologies as well 

as the expression of the other markers (see table 6). We observed a medium overall 

effect size of the TLR2 expression (see figure 7).  

Table 6: Neutrophil Receptor Expression  

 LOC  

IFC-ACS   

LOC  

RFC-ACS   
P 

SYS 

IFC-ACS  

SYS 

RFC-ACS  
P 

 

SSC-

H
hi
CD16

hi
 

Neutro-
phils

                         
 

38233± 37240 39180±26871 0.993 42778±38809 41989±33382 0.875 

SSC-H 
MFI 

370409± 
93772 

392766±109894 0.536 401498±78289 418143±92328 0.875 

CD282 
MFI 

2004±485 1502±599 0.011 2042±533 1540±622 0.007 

CD11b 
MFI 

105.7±133.4 105.8±358.3 0.343 105.8±186.6 114.8±326.6 0.410 

CXCR4 
MFI 

4509±1100 4349±1191 0.638 4531±1829 4378±1224 0.379 

CD 16 
MFI 

20491±8054 22513±7865 0.432 22403±8140 2282±9129 0.561 

CD284 
MFI 

105.5±0.1 105.5±0.2 0.367 105.5±0.1 105.5±0.3 0.453 

VEGFR1 
MFI 

1420±410 1363±446  0.379 1503±547 1383±406 0.270 

CD88 MFI 16989±7784 17529±8274 0.246 17255±9889 18278±5967 0.421 

CD36 MFI 313.2±126.4 328.5±173.9 0.133 332.5±126.1 327.3±151.1 > 0.999 
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ABCG1 

MFI 
648.7±405 634.6±723.9 0.172 791.8±617.7 724.7±800.7 0.091 

ABCA1 

MFI 
105.3±0.1 105.3±0.2 0.552 105.3±0.2 105,3±0.5 0.552 

CD49d 

MFI 
3321±1079 3302±839 0.331 3520±1158 3389±1002 0.224 

CD49a 

MFI 
105.7±0.2 105.7±0.1 0.362 105.7±4.8 105.8±5.7 0.729 

CD11a 

MFI 
74634±25099 71786±25228 0.692 77100±23.013 76254±22213 0.651 

Abbreviations: SSC-H: side scatter height, CD: cluster of differentiation, MFI: median fluorescence inten-

sity, CD 282: Toll-like receptor 2, CD284: Toll-like receptor 4,  

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

 

 

Figure 7: TLR2 Expression on Neutrophils in IFC-ACS vs. RFC-ACS  

d < 0.2 small effect, d between 0.2 and 0.8 medium effect, d > 0.8 large effect; Values 

are expressed as median with interquartile range (IQR); Wilcoxon matched-pairs signed 

rank test; Abbreviations: LOC: local, SYS: systemic; RFC-ACS: acute coronary syndrome 

with ruptured fibrous cap; IFC-ACS: acute coronary syndrome with intact fibrous cap;  

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 
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4.3. MMP9 Secretion upon TLR2 Stimulation 

In order to estimate the functional effect of TLR2 activation on the secretion of matrix 

metalloproteinase 9 (MMP9) we stimulated the isolated neutrophils from patients with 

IFC-ACS and RFC-ACS with a TLR2 agonist Pam3CSK4 and assessed the secretion of 

MMP9 as a response in a time course over 120min using a fluorescence-based gelatine 

zymography.  

We observed a higher gelatinolytic activity, corresponding to higher MMP9 production 

and activation upon TLR2 stimulation in local neutrophils from IFC-ACS patients than in 

systemic or in RFC-ACS patients in general (see figure 8). The effect size measurement 

after repeated measures ANOVA shows a large effect of the pathology and the localiza-

tion on the MMP9 production in stimulated neutrophils.  

   

 

Figure 8: Increased gelatinolytic activity in local IFC-ACS- derived neutrophils vs. local 

RFC-ACS- derived neutrophils in a time course (A). Increased gelatinolytic activity in local 

IFC-ACS- derived neutrophils in comparison to systemic IFC-ACS- derived neutrophils 

(B); effect size ⴄ² after repeated measures ANOVA (small effect ⴄ²<0.01, medium effect 

ⴄ² between 0.01 and 0.14, large effect ⴄ² >0.14); Abbreviations: LOC: local, SYS: sys-

temic, RFC-ACS: acute coronary syndrome with ruptured fibrous cap, IFC-ACS: acute 

coronary syndrome with intact fibrous cap; Own illustration modified from the original publication: 

Meteva et al., EHJ, 2023, doi: 10.1093/eurheartj/ehad379 

 

The observed effect was completely reversible in IFC-ACS patients (figure 9A) through 

an upstream selective blockade of TLR2 with a specific anti-TLR2 antibody vs. unspecific 

IgG control showing a TLR2-dependant increase in MMP9 production especially in IFC-

ACS and not in RFC-ACS (see figure 9A and B).  

A B 
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Figure 9: Anti-TLR2 pre-treatment reverses gelatinolytic activity in IFC-ACS- derived 

neutrophils; A) An anti-TLR2 pre-treatment reverses the effect of a TLR2 stimulation on 

local IFC-ACS- derived neutrophils in terms of gelatinolytic activity to the baseline level 

(B) No effect of anti-TLR2 pre-treatment of RFC-ACS neutrophils; small effect ⴄ²<0.01, 

medium effect ⴄ² between 0.01 and 0.14, large effect ⴄ² >0.14; Abbreviations: RFC-ACS: 

ruptured fibrous cap acute coronary syndrome; IFC-ACS:  intact fibrous cap-acute coro-

nary syndrome; Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

Furthermore, we determined the expression of MMP9 vs. MMP2 in the supernatants of 

the stimulated neutrophils using size discrimination by gelatine zymography, conforming 

MMP9 to be the pre-dominant matrix metalloproteinase produced by TLR2-activated neu-

trophils (see figure 10). 

 

 

Figure 10: A) Representative image of gelatine zymography demonstrating the pre-dom-

inance of MMP9 (92/84kDa) over MMP2 (80/72 kDa) in the neutrophil supernatants upon 

TLR2-stimulation B) Local and systemic concentrations of NGAL; d < 0.2 small effect, d 

between 0.2 and 0.8 medium effect, d > 0.8 large effect; Abbreviations: LOC: local; SYS: sys-

temic; RFC-ACS:  ruptured fibrous cap acute coronary syndrome; IFC-ACS:  intact fibrous cap-acute cor-

onary syndrome, NGAL: neutrophil-gelatinase associated lipocalin;Own illustration modified from the original 

publication: Meteva et al., EHJ, 2023, doi: 10.1093/eurheartj/ehad379  
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We additionally observed a strong band expression at 130kDa corresponding to the 

MMP9/NGAL (neutrophil gelatinase-associated lipocalin) heterodimer, a complex known 

to preserve MMP9 from degradation and thereby extending its function (29).   

We additionally observed an increased local gelatinolytic activity only in IFC-ACS plasma 

samples as compared to RFC-ACS (figure 11), underlining again the distinct local activa-

tion of MMP9 in the pathology of plaque erosion.  

Figure 11: Increased local MMP9 ac-

tivity in plasma samples from IFC-ACS 

vs. RFC-ACS patients; d < 0.2 small 

effect, d between 0.2 and 0.8 medium 

effect, d > 0.8 large effect; Abbrevia-

tions: LOC: local, SYS: systemic, 

RFC-ACS: ruptured fibrous cap acute 

coronary syndrome, IFC-ACS: intact fi-

brous cap-acute coronary syndrome;  

Own illustration modified from the original publication: Meteva et al., EHJ, 2023, doi: 

10.1093/eurheartj/ehad379 

Furthermore, we unravelled a complex synergy between local MMP9 activation and dis-

turbed flow conditions leading to the hall mark of plaque erosion: the local detachment of 

endothelial cells from the surface of the plaque. An in-vitro experiment imitating different 

flow conditions (laminar vs. oscillatory) on an endothelial cell monolayer, showed that 

both factors: turbulent flow and activated MMP9 are required in order to induce significant 

detachment of endothelial cells (figure 12). 
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Figure 12: A representative histological image showing significant detachment of endo-

thelial cells only under the combination of both factors: oscillatory flow and MMP9. Ab-

breviations/Legend: MMP9: matrix metalloproteinase 9, Hoechst: DNA stain showing nu-

clei in blue; Phalloidin: F-Actin staining in green; Own illustration modified from the original publi-

cation: Meteva et al., EHJ, 2023, doi: 10.1093/eurheartj/ehad379 

 

4.4. The Effect of TLR2 Activation on Neutrophil Survival and Cytotoxicity 

A TLR2 activation of local IFC-ACS derived neutrophils led to an increased survival with 

lower shedding of CD16 (lower CD16lo/CD16hi ratio) as an indirect marker of apoptosis 

(figure 13A). This effect was not evident in local RFC-ACS neutrophils (figure 13A).  

IFC-ACS- derived neutrophils also exhibited higher cytotoxicity in a co-culture experiment 

with endothelial cells independently of TLR2, leading to increased endothelial cell death 

as a complementary mechanism of endothelial cell detachment in IFC-ACS (figure 13B). 
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Figure 13: A) Increased neutrophil survival in local IFC-ACS derived neutrophils  

B)Higher neutrophil-induced endothelial cell death regardless of TLR2-treatment in IFC-

ACS vs. RFC-ACS; small effect ⴄ²<0.01, medium effect ⴄ² between 0.01 and 0.14, large 

effect ⴄ² >0.14; Abbreviations: RFC-ACS:  ruptured fibrous cap acute coronary syndrome; 

IFC-ACS:  intact fibrous cap-acute coronary syndrome; HAECs: human aortic endothelial 

cells; Pam3CSK4: synthetic TLR2/1-agonist; Own illustration modified from the original publica-

tion: Meteva et al., EHJ, 2023, doi: 10.1093/eurheartj/ehad379 

 

4.5. Endogenous TLR2 Activation through Hyaluronan in Plaque Erosion 

Histological analysis of thrombus specimen of eroded plaques showed increased expres-

sion of hyaluronidase 2 (HYAL2): an enzyme, capable of cleaving hyaluronan into its pro-

inflammatory form of low-molecular hyaluronan, which is a known agonist of the TLR2 

receptor (6, 30, 31) (figure 14A). Correspondingly, the local plasma concentration of hy-

aluronan (HA) was increased in IFC-ACS vs. RFC-ACS complementing the TLR2-activa-

tion cascade (figure 14B).  
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Figure 14: A) Representative immunohistochemical thrombus staining showing an in-

creased HYAL2 expression on the outer part of the thrombus in plaque erosion; B) In-

creased local HA plasma concentrations in IFC-ACS; d < 0.2 small effect, d between 0.2 

and 0.8 medium effect, d > 0.8 large effect; Abbreviations: HA: hyaluronic acid; HYAL2: 

hyaluronidase 2; MFI: median fluorescence intensity; LOC: local;  RFC-ACS: ruptured 

fibrous cap acute coronary syndrome; IFC-ACS: intact fibrous cap-acute coronary syn-

drome; DAPI: nucleus staining; Own illustration modified from the original publication: Meteva et al., 

EHJ, 2023, doi: 10.1093/eurheartj/ehad379 
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5. Discussion 

 

5.1  Summary of the Results 

The OPTICO-ACS study aimed to characterize two different pathophysiologies of acute 

coronary syndrome: the well-known ‘plaque rupture’ and the less understood ‘plaque ero-

sion’ as the second most common pathophysiology of ACS. Furthermore, our recent stud-

ies showed distinct immunological signatures and different clinical outcomes between 

both pathophysiologies of ACS, with more favourable outcome for patients with plaque 

erosion than plaque rupture(32). So, the current study advances this knowledge, unrav-

elling a complementary novel mechanism of TLR2-driven activation of neutrophil granu-

locytes at the culprit lesion site of ACS with intact fibrous cap, also known as plaque 

erosion.  

Despite equal distribution, local neutrophils from the coronary environment in plaque ero-

sion show a higher susceptibility to TLR2-activation in comparison to systemic erosion-

derived or rupture-derived neutrophils in general, underlining a very specific immunolog-

ical pattern at the coronary lesion site of plaque erosion. Upon TLR2-stimulation, local 

IFC-ACS-derived neutrophils produce higher amounts of active MMP9 (33), a gelatinase 

capable of degrading the extracellular matrix on which endothelial cells adhere and 

thereby promoting desquamation of endothelial cells as a hallmark of plaque erosion (7, 

33). Nevertheless, a second hit in addition to MMP9 is required for endothelial cell de-

tachment: turbulent flow, which points towards a specific mechanism localized at coro-

nary bifurcations as the pre-disposition areas of plaque erosion (2, 18, 34). Furthermore, 

TLR2-activation of local IFC-ACS-derived neutrophils led to enhanced neutrophils sur-

vival (33). In this context, thrombus specimens from erosion patients exhibited higher 

amounts of hyaluronidase 2, an enzyme capable of delivering significant amounts of the 

pro-inflammatory form of the endogenous TLR2-activator: hyaluronan, which concentra-

tion was remarkably higher in the local IFC-ACS plasma samples (33).   Finally, we ob-

served enhanced neutrophil cytotoxicity towards endothelial cells in patients with plaque 

erosion than plaque rupture, indicating the crucial direct contribution of the neutrophils to 

the pathophysiology of IFC-ACS (33).  
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5.2  Interpretation of the Results in the Context of the current Research  

The current results arise from a prospective multicentre clinical study aiming to charac-

terize the immune activation in patients with plaque erosion and plaque rupture and 

thereby providing high research quality in a translational setting, allowing a better inte-

gration of the results in the disease context. The results also point toward a new specific 

mechanism of neutrophil activation at the coronary lesion site of plaque erosion, allowing 

for identification of future therapeutic targets.  

The neutrophil granulocytes have always been the subject of vast scientific interest in the 

atherosclerosis research as their infiltration in vulnerable plaques has been associated to 

features of plaque destabilization and subsequent coronary thrombosis (3, 17, 35). How-

ever, the current study shows that not only infiltrating neutrophils may be capable of active 

contribution to plaque vulnerability, but also blood neutrophils, which show different phe-

notypes and receptor repertoire in dependence of the underlying ACS-pathophysiology. 

Thereby, the current study indicates a distinct neutrophil phenotype in plaque erosion, 

localized in the bloodstream at the coronary culprit lesion site.  

Some studies, concentrated on the association between a high neutrophil count and mor-

tality prediction in acute coronary syndrome and other diseases like diabetes (36, 37). 

However, our study emphasizes a different neutrophil functionality despite of equal cell 

count as more important in the pathophysiology of acute coronary syndrome with intact 

fibrous cap.  

In this regard, the TLR2-activation on endothelial cells in combination with high shear 

stress and the subsequent secondary neutrophil adherence have been previously shown 

as important contributors to plaque erosion, whereby the neutrophil adherence to the ac-

tivated endothelium only aggravated the cascade (6). However, in contrast to Quillard et 

al. our translational study indicates a main contributory role of the neutrophils and their 

TLR2 activation to the subsequent endothelial detachment and cytotoxicity, underlining 

again the multifaceted pathophysiology of plaque erosion.   

Furthermore, through the TLR2-dependant MMP9 production neutrophils from IFC-ACS 

patients may polarise T-cells through the cleavage of CD31 and thereby lead to T-cell 
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dysregulation: a very important complementary pathophysiological mechanism in NSTE-

ACS (38). Supporting this hypothesis, our study showed indirect evidence of higher sol-

uble CD31 levels in local IFC-ACS plasma samples, suggesting a similar cross-talk mech-

anism between neutrophils and T cells in plaque erosion (33).   

Neutrophils are the first immune cells to arrive at sites of inflammation and to orchestrate 

the further inflammatory cascade(7), therefore we consider the TLR2-dependent neutro-

phil activation in plaque erosion as extremely important initiator of the distinct T cell im-

mune response, that we observed in our previous studies (19).  

In conclusion, our results advance the understanding of the complex pathophysiology of 

plaque erosion, involving innate and adaptive immune activation pathways (19, 33) and 

thereby emphasizing the importance of the cross-talk between different immune cell pop-

ulations (39).  

5.3  Strengths and Limitations of the Study 

One of the main strengths of the current study is the translational design, giving access 

to human blood samples and clinical information in order to achieve deep characterization 

of the pathophysiological mechanisms involved in these particular disease entities. Be-

sides, the study has a blinded unbiased design, so the performer of the in-vitro experi-

ments was unaware of the underlying pathophysiology until the end of the study. Further-

more, through the multicentre study design a certain scientific quality standard is being 

guaranteed, as for example the OCT imaging was simultaneously assessed by two inde-

pendent core labs allowing for high quality of analysis and an unbiased diagnosis of ero-

sion or rupture. In this context the histological analysis of the thrombus specimens was 

performed in our collaboration laboratory in the university department of cardiology in 

Rome, allowing again for external validation of results.  

One of the main limitations of the study is surely the lack of information on the patients 

and their immune activity before the acute coronary syndrome as the inclusion in the 

study was only possible at the time of the index event, so we can only make associations, 

but not deduce causality for the time before the event. Furthermore, we lack information 
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on the chronic immune activation state after the ACS event, so a future personalised 

therapeutic approach would require this type of information as well.  

The matching strategy applied in the study may control for some known variables to affect 

the neutrophil activation, but a residual confounding still remains.  

In the current study, we use isolated human neutrophils for the in-vitro experiments and 

thereby separate the neutrophils from other immune cells and their soluble metabolites, 

present at the site of the culprit lesion, which may to some extent manipulate the immune 

response to the TLR2-activation. In this context, by using Pam3CSK4 as a synthetic TLR2 

agonist, we address only the TLR2/TLR1 heterodimer, even though TLR2 can build het-

erodimers with TLR6 as well, which should be taken into consideration when interpreting 

the results in detail. Nevertheless, the two signalling pathways show great similarities, 

and therefore the current approach should not affect the results significantly (40).  

5.4  Implications for future Research Goals 

Plaque erosion is a unique ACS-causing pathophysiology characterized by a distinct in-

flammatory signature marked by the activation of neutrophils and T cells (19, 32, 33). In 

this context, the establishment of personalized future therapeutic targets for this particular 

disease population is one of the main aims of the future cardiovascular research. Cur-

rently, we describe a novel neutrophil activation pathway, dominated by TLR2, turbulent 

flow conditions and the release of hyaluronan as an endogenous activator of the TLR2-

cascade. In this context, a temporary anti-inflammatory treatment in plaque erosion tar-

geted at TLR2 seem to depict a plausible future therapeutic aim and requires further sci-

entific validation. Importantly, a deep characterization of the chronic neutrophil response 

after plaque erosion is one of the main future research focuses in order to develop a 

personalized precisely timed therapeutic anti-TLR2 approach with negligible side effects. 

A further very important aspect to a better understanding of the endogenous TLR2 acti-

vation in plaque erosion is a broad proteomics analysis of novel potential TLR2 agonists 

apart from hyaluronan, as the current study lack information on further possible modifiable 

ligands. Furthermore, a deeper, more precise characterization of the interplay between 

neutrophils and T cells may open the door to an entirely new immunomodulatory strate-

gies.  
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6. Conclusion 

In summary, the current translational study provides novel insights into the complex, mul-

tifactor pathology of plaque erosion, characterized by a distinct TLR2-driven neutrophil 

response under turbulent flow conditions with a subsequent MMP9 release and detach-

ment of endothelial cells as the hallmark of plaque erosion. Furthermore, a higher endog-

enous release of hyaluronan may trigger and enhance the TLR2-activation cascade. Fu-

ture studies are required for a deeper understanding of the therapeutic potential of the 

current findings in the era of personalized medicine.  
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