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Background: Coronary thrombosis is a process with unpredictable clinical outcome. Changes of thrombus
composition overtime influence tissue repair and stabilization. We investigated rates of cell deaths and
cell proliferation at different time points after initiation of thrombosis.
Methods: Thrombectomy aspirates of 55 myocardial infarction patients were selected and histomorpho-
logically classified as fresh (25), lytic (25), partially fibrocellular (10), completely fibrocellular (10).
Paraffin sections were immunostained with anti-(cleaved) caspase-3/Casp3 (apoptosis), Citrullinated his-
tone/CitH 3 (etosis), C-reactive protein/CRP and Ki67 (proliferation) in combination with either Feulgen
counterstaining (DNA) or cell markers for granulocytes, macrophages, SMCs, platelets and endothelium.
Rates of apoptosis, etosis and proliferation were measured as a percentage of total number of
immunopositive pixels versus total number of DNA positive pixels, while co-localization with cell mark-
ers was assessed by digital image analysis.
Results: Positive staining of CitH3 was observed more frequently (93%) than Casp3 (70%), Ki67 (79%) or
CRP (59%) (p < 0.05). Moreover, rate of etosis, found in granulocytes and macrophages, differed signifi-
cantly among thrombi of different age, being higher in lytic (12.82) than in fresh (8.52) and late-
organized (2.75) (p < 0.05). Such differences were not observed for the rates of apoptosis or cell prolifer-
ation related to thrombus age. CRP staining was present in fresh, lytic and organized thrombi, but did not
reliably identify necrotic areas.
Conclusions: Different patterns of cell death and cell proliferation are noticed during progression of coro-
nary thrombus overtime, but with significant differences for only etosis. Etosis could potentially serve as
a biomarker for thrombus instability with clinical significance.

� 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coronary thrombosis is usually initiated by atherosclerotic pla-
que disruption [1]. Further progression and eventual outgrowth of
the thrombus mass is an unpredictable process, and is associated
with a variety of clinical outcomes, ranging from no symptoms at
all (clinically silent) to myocardial infarction (MI) or even sudden
death [2]. Histopathological studies on thrombectomy materials
from patients with acute myocardial infarction (AMI) have shown
that plaque injury and subsequent thrombus formation do not
always coincide directly with the onset of clinical symptoms [3].
Apparently, a coronary thrombus mass may grow over a period
of time towards occlusion [2,3]. On the other hand, also clinically
unnoticed ‘‘healed” ruptured plaques have been identified at
autopsy, implying that thrombus organization and stabilization
had occurred in these instances without causing a critical stenosis
[2,4]. Finally, the thrombus structure can be of importance for the
risk of complication such as distal embolization, which occurs par-
ticularly in the first two weeks after MI when thrombus structure
is very fragile/lytic [5,6].

Thrombus composition can be influenced by various locally
active biological factors such as inflammation, cell death, oxidative
stress, proteolytic activity, angiogenesis and fibrosis over time
[7,8]. From a pathological point of view, the progression of throm-
bus is a process of wound healing and tissue repair in which vari-
ous forms of cell death take part. Cell death may induce tissue
instability, which has been demonstrated not only in atheroscle-
rotic plaques [9] but also in overlying thrombus mass of disrupted
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plaques [10]. On the other hand, cell death could also influence
ongoing inflammatory activity and reparative mechanisms that
eventually may stabilize a thrombus. Apoptosis, etosis and necrosis
are important mechanisms of cell death [11] and have indeed pre-
viously been reported in coronary atherosclerosis and thrombosis
[10,12], and in experimental and clinical settings of venous throm-
bosis [13]. However, there is no previous study that simultane-
ously investigated these different types of cell death and cell
proliferation in the coronary thrombus overtime. In the present
study, we investigated the relative extent of apoptosis, etosis,
necrosis and proliferation in relation to histologically defined
stages of injury and repair in evolving coronary thrombus mass fol-
lowing myocardial infarction. For this purpose, we used thrombus
aspirates of which the age of the thrombus was graded histologi-
cally according to previously defined criteria. In addition, the speci-
fic cell types involved in cell death and proliferation were also
identified with the use of immunohistochemical (double) stains.
2. Materials and methods

2.1. Specimens

Coronary thrombus aspirates obtained from patients with acute
ST elevation type of myocardial (STEMI) were used for this study.
Thrombosuction is a part of the therapeutic intervention of many
STEMI patients in our institution, and aspirates are sent to the
pathology lab as left-over materials. All thrombectomies are imme-
diately formalin-fixed, paraffin-embedded, and stored as tissue-
blocks in the archive of the Pathology Department, Academic Med-
ical Centre (AMC), Amsterdam, the Netherlands [3,14]. The age of
the thrombus specimens was graded using haematoxylin and eosin
(HE)-stained sections as either fresh (composed of intact and
viable-appearing red blood cells), lytic (featured of colliquation
necrosis, cellular swelling or karyorrhexis) or organized (with
ingrowth of micro vessels, smooth muscle cells/SMCs, or deposi-
tions of collagen fibres), as described previously [14,15]. For the
purpose of this study, we randomly retrieved 55 thrombus tissue
blocks from the archive, which contained at least 2 mm total tissue
area in the section. A series of 5 mm thin sections were cut, of which
one was stained with HE to confirm the age of thrombus and pres-
ence of plaque material (lipid debris, foam cells, cholesterol clefts
and/or calcification. From the specimens that contained fragments
of more than one type of thrombus age, we selected another 15
fragments, which resulted in a total 70 different fragments for
the purpose of this study. Adjacent sections were further used for
immunohistochemistry.

The study protocol conformed to the ethical guidelines of the
1975 Declaration of Helsinki. All materials were ‘left over materi-
als’ (of no further diagnostic relevance) and were included in the
study anonymously.
2.2. Immunohistochemistry

To visualize apoptosis, etosis, necrosis and cellular proliferation,
the following antibodies were used: rabbit polyclonal anti
(cleaved) Caspase-3 (Casp3, Cell signalling, Massachusetts, USA),
identifies apoptotic cells [16]; rabbit polyclonal anti citrullinated
histone H3 (CitH3, Abcam), identifies cells undergoing etosis
[17,18]; rabbit monoclonal anti C-reactive protein (CRP, Abcam,
Cambridge, UK); and rabbit monoclonal anti Ki67 (ThermoFisher
Scientific, Fremont, CA, USA), identifies proliferating cells [7,19].
CRP has been forwarded as a marker for necrosis in pancreatic
necrosis, myocardial infarction and acute coronary syndrome
lesions [20–22]. Sections were dewaxed in xylene and rehydrated
in graded-alcohols prior to antigen retrieval with heat-induced
epitope retrieval (HIER) in a PT module (Thermo Fisher/Labvision,
Fremont, CA, USA) using Tris-EDTA buffer (ThermoFisher Scien-
tific). Incubation with primary antibody was followed by alkaline
phosphatase (AP) conjugated anti rabbit polymer secondary anti-
body (Immunologic, Duiven, the Netherlands), and AP activity
was detected with Perma Blue (Diagnostic BioSystems, California,
USA). Sections were counterstained with Feulgen pink staining,
by incubation in 1N HCl (Merck KGaA, Darmstadt, Germany) and
in Schiff’s reagent (Merck) after washing in distilled water. Finally,
sections were dried on a hotplate and coverslip sealed with Vecta-
mount (Vector Laboratories, Burlingame, CA, USA). Positive con-
trols for immunostaining consisted of human tonsil tissue and
thrombosed coronary artery plaque. In each staining round, nega-
tive controls were applied by means of omission of primary anti-
bodies. All stained sections were digitized with a Philips
IntelliSite UFS scanner (Philips Digital Pathology Solutions, Best,
the Netherlands).

To identify the types of cells involved, double immunostaining
was performed in a sequential combination of either cell death
or proliferation markers with cell specific antibodies: anti- CD15
(Dako, Glostrup, Denmark) for granulocytes, CD68 (clone PG-M,
Dako) for macrophages, CD61 for platelets, a- smooth muscle
actin/SMA (Dako) for smooth muscle cells/SMC and CD34 (Dako)
for endothelial cells. Before starting the next staining round, the
sections were scanned using the slide scanner and subsequently
stripped to elute the dye and immune-complex, as previously
described [23]. Using Image J digital image analysis software, the
immunodouble-stained scanned sections were analysed by creat-
ing false colour composite images as previously described [12].

2.3. Image analysis

First, Casp3, CitH3, CRP and Ki67 stained sections were micro-
scopically evaluated to establish and score the percentage of
immunopositive samples per category. Quantitative measurement
of Casp3, CitH3 and Ki67 stained areas was performed using digital
image analysis (Image Pro Premier 9.3, MediaCybernetics, Rock-
ville, USA). Areas of interest (±0.5–1 mm2, depending on the actual
size of the fragments) were selected that exhibited the distinct his-
tomorphologic characteristics of the respective age categories. In
these areas, rates of apoptosis, etosis and proliferation were
assessed by calculating the percentage of the total number of
immunopositive pixels versus the total number of Feulgen (DNA)
positive pixels.

2.4. Statistical analysis

Normality test was performed with Shapiro-Wilk. When the
data were not normally distributed, non-parametric tests were
used. In relation to histologically stages of thrombus age, numbers
of samples containing positive staining of Casp3, CitH3, Ki67 and
CRP were analysed with Chi-Square test. Rates of apoptosis, etosis
or proliferation presented as individual dot plot were analysed
with Kruskal Wallis test, followed by pairwise multiple compar-
isons with Bonferroni correction when the results were significant
(p < 0.05). All statistical analysis were performed with SPSS 25.00
(IBM Corporation, Armonk, NY, USA).
3. Results

HE-stained sections confirmed the presence of fresh (n = 25),
lytic (n = 25) and organized thrombus fragments (n = 20). Orga-
nized thrombi were further classified as early (partial ingrowth
of SMC and endothelial cells in thrombus mass, n = 10) and late
organizing (complete replacement of thrombus mass by fibromyx-



Fig. 1. Cell death and cell proliferation in coronary thrombus. Positive staining of CRP (A-D), Casp3 (E-H), CitH3 (I-L) and Ki67 (M-P) visualized in Perma Blue and
counterstained with Feulgen pink to identify necrosis (A-D), apoptosis (E-H), etosis (I-L) and proliferation (M-P), respectively, in different stages of thrombus progression:
fresh (A, E, I and M), lytic (B, F, J and N), organized (C, G, K and O); and in plaque components within thrombus (D, H, L and P). CRP also stained non-necrotic areas in fresh (A)
and organized (C) thrombus, therefore, is not a reliable marker for necrosis. Apoptosis and etosis mostly occurred in lytic (B and E, respectively), whereas cell proliferation in
organized thrombus (O). Scale bar in A and B: 25 mm.
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oid matrix, n = 10) thrombus fragments. In addition, 10 out of 70
thrombus specimens (14%) contained soft plaque components such
as cholesterol clefts, lipid debris and/or foam cells.

3.1. CRP, Casp3, CitH3 and Ki67 immunostaining in relation to age of
thrombus

Substantial variation was noticed in the pattern of immunos-
taining in relation to thrombus age, and not all samples showed
immunoreactivity with each of the antibodies applied. Representa-
tive examples of CRP, Casp3, CitH3 and Ki67 staining in relation to
thrombus age and in plaque tissues are illustrated in Fig. 1. Details
of the immunostaining for cell death and cell proliferation markers
in the different thrombus age categories is presented in Table 1.
CitH3 immunostaining showed that etosis was present in 93% of
the lesions, which was significantly more than Casp3 (70%), Ki67
(79%) or CRP (59%) (p < 0.05, Table 1). Although diffuse CRP stain-
ing was observed in all areas containing lipid rich necrotic debris
(Fig. 1D), CRP-positive areas did not always co localize with the
necrotic areas identified in HE-stained sections. In contrast to the
other stains, CRP showed staining of extracellular matrix
(Fig. 1A) and was found more frequently in areas containing
inflammatory cells (Fig. 1C), which appeared most prominent in
the vital proliferative areas of organized thrombi.

3.2. Extent of apoptosis, etosis and cell proliferation in relation to
thrombus age

Rates of apoptosis, etosis and proliferation (calculated as a per-
centage of total number of immunopositive pixels versus total
number of Feulgen positive pixels) in different thrombus age cate-
gories is presented in Fig. 2. Overall, the highest apoptotic rate was
found in lytic- (2.09) and the lowest in late organized thrombus
(0.45), but this finding was not significantly different (p = 0.079,
Fig. 2A). Similarly, the apoptotic rate in plaque remnants
(1.21, Fig. 1H) did not significantly differ from apoptosis in



Table 1
Number of specimens stained positive with markers for cell death and proliferation.

Thrombus Age (total number) Casp3 n (%) CitH3 n (%) CRP n (%) Ki67 n (%) p-value

Thrombus fragments
Fresh (25) 16 (64%) 24 (96%) 10 (40%) 19 (76%) 0.000
Lytics (25) 19 (76%) 23 (92%) 17 (68%) 18 (72%) 0.196

Organized
- Early (10) 7 (70%) 9 (90%) 7 (70%) 8 (80%) 0.665
- Late (10) 7 (70%) 9 (90%) 7 (70%) 10 (100%) 0.197

Total thrombus: 70 49 (70%) 65 (93%) 41 (59%) 55 (79%) 0.000
Plaque remnants
- Fresh (4) 0 (0%) 3 (30%) 4 (40%) 1 (10%)
- Lytics (5) 2 (20%) 4 (40%) 5 (50%) 4 (40%)
- Organized (1) 0 (0%) 1 (10%) 1 (10%) 1 (10%)

Total plaque: 10 2 (20%) 8 (80%) 10 (100%) 6 (60%) 0.170

Fig. 2. Apoptosis, etosis and proliferation rates in different stages of thrombus progression. Rates of apoptosis, etosis and proliferation were measured as a percentage of
total number of immunopositive pixels of Casp3(A), CitH3(B) and Ki67(C), respectively, versus total number of Feulgen positive pixels in the selected region of interest in
fresh (FR), lytic (LY), early (EO) and late organized (LO). The highest rates of etosis and apoptosis were found in lytic while the lowest in organized thrombi (*p < 0.05,
significant to LO). In contrast, rate of proliferation was higher in organized than in fresh and lytic thrombi.
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thrombus tissue. Using immuno doublestaining, we further identi-
fied the cell types undergoing apoptosis. We observed that all cell
types known to be present in evolving thrombus have the potency
to undergo apoptosis: granulocytes (CD15+/Casp3+), macrophages
(CD68+/Casp3+), platelets (CD61+/Casp3+), endothelial cells
(CD34+/Casp3+) and SMCs (aSMA+/Casp3+) (see Fig. 3).

Interestingly, significant differences in the rate of etosis
between the different thrombus age categories were encountered.
The etosis rate was significantly higher in lytic (12.82, Fig. 1J) and
in fresh (8.52, Fig. 1I) than in late organized thrombi (2.75, Fig. 1K)
(p < 0.05, Fig. 2B). High etosis rate was also found in the lipid rich
plaque areas (9.8, Fig. 1L). Immunodouble stains with CitH3 anti-
body showed that only granulocytes and macrophages undergo
etosis, both in plaque and in thrombus compartments of the
samples.

In contrast to apoptosis and etosis, the rate of proliferation was
higher in organized thrombus (early: 6.70 and late: 5.79, Fig. 1O)
than in the earlier stages of thrombus progression (fresh: 2.66;
lytic: 1.12), or plaque tissue (2.40), although this finding was not
significantly different (p = 0.076, Fig. 2C). Immuno double staining
with Ki67 identified macrophages, endothelial cells and SMCs as
proliferating cells (see Fig. 4).
4. Discussion

Histological composition of a thrombus or hematoma changes
overtime in a chronological manner [14,24]. Cell death and also cell
proliferation are crucially involved in the processes of tissue
remodelling and final repair (stabilization) that underlie the vari-
ety in histological composition. The thrombus aspirates of STEMI
patients provide a valuable source of tissues to study these phe-
nomena [14,25,26]. In the present study, we identified apoptosis,
necrosis and etosis, simultaneously to be present in all stages of
thrombus progression over time, from early onset (fresh) to the
late organized stage of fibrocellular tissue only. Moreover, similar
to cell death, also cell proliferation appears to be a feature of all dif-
ferent stages of thrombus age.
4.1. Types of cell death and cell proliferation in relation to thrombus
age

In the 70 thrombus specimens, positive staining of CitH3 anti-
body was observed more frequently than all the other markers
(p < 0.05, see Table 1). Moreover, etosis rate appeared to be signif-
icantly different between the early (high) and the late stages of
thrombus age (low) (p < 0.05). More apoptotic cells in lytic versus
organized thrombus, and more proliferating (Ki67+) cells in orga-
nized thrombus than in the earlier stages on the average were also
observed, but the findings were not statistically significant. Thus,
etosis appears to be the most common form of cell death during
thrombus progression, and a more distinctive marker to distin-
guish between different types of thrombus age than apoptosis or
cell proliferation. Based on these results, we propose that etosis
could serve potentially as a tissue biomarker for coronary throm-
bosis progression after the initiation. Furthermore, the occurrence
of etosis as a form of cell death has also been reported in coronary
[12] and cerebral thrombus [27], in venous thromboembolism
(deep vein thrombosis and pulmonary embolism) [13,28] and in
dissecting aortic hematomas [24]. Previously, etosis has been
reported to be pro-thrombogenic with the extrusion of extracellu-
lar traps provides scaffold for fibrin and platelets aggregation [29].

Formation of coronary thrombus after plaque disruption is a
dynamic process with unpredictable clinical outcome and depends,
at least in part, on the rate of progression towards critical stenosis



Fig. 3. Cellular sources of apoptosis in coronary thrombus. Representative images of apoptotic cells in coronary thrombus (top to bottom): granulocytes (A-D),
macrophages (E-H), platelets (I-L), smooth muscle cells/SMC (M-P) and endothelial cells (Q-T). Boxed areas in HE stains (A, E, I, M and Q) show the areas of interest for higher
magnification of double immunostaining Casp3 (C, G, K, O and S) antibodies with cell specific antibodies: anti- CD15 (B), CD68 (F), CD61 (J), aSMA (N) and CD34 (R) as well as
of false-colour images to show co-localization of the positive cells (in red) with Casp3+ (in green) as apoptotic cells (D, H, L, P and T in yellow). Scale bar in HE overview (A):
100 mm and in high power detail (B and F): 25 mm; (J, N and R): 10 mm.
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or to total occlusion. Since nearly all aspirates with fragments of
old thrombus, contained also fresh fragments, the growth of
thrombus mass is indeed episodic. The clinical significance of old
thrombus in coronary aspirates of STEMI patients was highlighted
in several studies. Kramer et al. investigated aspirates of 1315
STEMI patients and found that patients with older thrombi had
16% higher mortality at 4 years follow-up time, longer ischemic
time and more frequent incidence of distal embolization [30]. Li
et al. showed that old age of a thrombus in STEMI patient represent
an independent marker for mortality at 1 year follow up [31]. A
recent study by Nishihara et al. in aspirates of 305 AMI patients,
also demonstrated that older thrombus is not only a an indepen-
dent predictor of major adverse cardiac and cerebrovascular events
(MACCEs) such as death, stroke, or MI within 6 months of percuta-
neous coronary intervention (PCI), but also associated with
impaired myocardial reperfusion [32]. It is speculated that cell
and tissue death lead to destabilization and fragility of the throm-
bus structure which may increase the risk of embolization [6,32].
In fact, both apoptosis and etosis may contribute to destabilizing
thrombus tissue [10,12].

Although necrotic areas can be recognized in HE stain on the
basis of histomorphological characteristics [14,26], it is not always
possible to evaluate the extent of the necrotic areas. We attempted
to immunostain necrotic areas with the use of CRP antibody. CRP
has been widely used as a marker for cardiovascular risk resulting
from myocardial necrosis [21] and a biochemical marker for pan-



Fig. 4. Sources of proliferating cells in coronary thrombus. Representative images of cells undergoing proliferation in coronary thrombus (top to bottom): macrophages (A-
D), smooth muscle cells/SMC (E-H), and endothelial cells (I-L). Boxed areas in HE stains (A, E, I) show the areas of interest for higher magnification of double immunostaining
Ki67 (C, G, K) antibodies with cell specific antibodies: anti- CD68 (B), aSMA (F) and CD34 (J), as well as of false-colour images to show co-localization of the positive cells (in
red) with Ki67+ (in green) as proliferating cells (D, H and L, in yellow). Scale bar in HE overviews (A and I): 100 mm and in high power detail (B and F): 25 mm.
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creatic necrosis [20]. However, we found that not only all necrotic
lesions recognized on HE stains as lytic areas were stained negative
with CRP (Fig. 1B), but also fresh (Fig. 1A) and even the vital prolif-
erative areas of organized thrombi (Fig. 1C) showed strong
immunopositivity with this antibody. Apparently, immunohisto-
chemistry for necrosis is hampered by the lack of a specific tissue
marker and as such necrosis can still be better identified with the
use of HE-staining. Furthermore, a previous study on post mortem
atherosclerotic plaque tissues also reported that CRP not only
stains necrotic core but also stains inflamed cellular regions with
endothelium and SMCs [33]. Similarly, we also found strong CRP
staining in the inflamed necrotic lipid areas of plaque fragments
and in the inflamed areas with extracellular matrix in thrombus
aspirates [34]. These could relate due to active local CRP release
by macrophages and SMC [33,35]. Clinically, CRP has been widely
applied as a serum marker for inflammation in the setting of car-
diovascular disease [36]. Therefore, we concluded that CRP is likely
more as an immunohistochemical tissue marker for inflammation
rather than for necrosis in human coronary thrombus specimens.

4.2. Cellular sources of cell death and proliferation in coronary
thrombosis

Neutrophils and macrophages appeared to be the most promi-
nent cell types in both apoptosis and etosis during all stages of
thrombus progression. Neutrophils are short lived immune cell
that usually undergo apoptosis after a day [10]. The presence of
apoptotic neutrophils in particularly late stages of thrombosis
could indicate a diminished functioning of macrophages since their
function is to phagocytose apoptotic and ‘‘suicidal-etosis” cells
(which are mainly neutrophils) and to clear away tissue debris.
Not only granulocytes, but also macrophages undergo etosis in
thrombus through formation of macrophage extracellular traps
(MET) [12,37]. Macrophage cell death, either by necrosis apoptosis
or etosis is considered to contribute to the formation and expan-
sion of plaque necrotic lipid core (‘graveyard for macrophages’),
which contributes to the vulnerability of plaques [38]. However,
functional repertoire of macrophages is highly heterogeneous,
and macrophages also serve repair functions in atherosclerosis
and thrombosis [39,40].

Apart from white blood cells, we also observed Casp3+

immunostaining in thrombocytes (Fig. 3I-L). Our finding confirms
earlier observations [10], and emphasizes the contribution of apop-
totic platelets to the tissue decay in the earlier stages of thrombus
progression. Apoptotic SMC (Fig. 3M and 3P) and endothelial cells
(Fig. 3Q and T) were scarce and particularly noticed in late orga-
nized thrombus, which suggest a contributory role of apoptosis
in tissue homeostasis.

Cell proliferation in this study was observed in macrophages,
SMCs and endothelial cells (Fig. 4) which can be considered as
the hallmark of tissue repair. Macrophages were previously
detected as the predominant proliferating cell type in atheroscle-
rotic plaques [41,42] and in much smaller numbers in re-stenotic
lesions after percutaneous vascular interventions [43]. Similar to
macrophages, proliferating smooth muscle cells were found in all
stages of thrombus age, early and late, which shows that repair
processes can be identified already after the onset of thrombus
formation.
4.3. Limitations of the study

In this study, the aspirated thrombi were used anonymously,
and there were no available information regarding the clinical
characteristics of the patients and the thrombectomy procedures
performed by the cardiologist.
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5. Conclusions

In conclusion, this study demonstrated that the occurrence of
cell death and proliferation is a prominent feature in thrombus
specimens of STEMI patients after the onset of myocardial infarc-
tion. Different patterns of cell death can be noted during progres-
sion of coronary thrombus overtime, but with significant
differences for etosis only. Etosis is the dominant form of cell death
during thrombus progression and could potentially serve as bio-
marker for thrombus instability. CRP likely represents a marker
for lipid related inflammation in the plaques that witnessed a rup-
ture event followed by thrombosis. Such biomarkers would be ben-
eficial for assessing clinical risk and performing early detection,
also for tailoring specific (anti thrombotic) therapy.
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