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 Abstract (English): 

Stroke is a major cause of mortality and permanent disability worldwide with high eco-

nomic costs and health tolls. Currently established acute stroke therapies are limited to 

revascularization approaches of occluded cerebral artery. Despite improvements in neu-

roimaging diagnostics, acute stroke management and extensive use of secondary pre-

vention, recurrent stroke remains a challenge. It is known that the risk of recurrent stroke 

is highest in the early phase after the primary ischemic event. It has been reported that 

more than 10% of patients experienced a recurrent stroke within 90 days of the initial 

ischemia, and approximately half of these secondary events occur within 2 days after 

the primary stroke. Moreover, the risk of recurrent stroke is highest among patients with 

large artery atherosclerosis. However, the underlying mechanism of how stroke leads to 

atherosclerotic plaque progression and subsequent rupture, causing secondary ische-

mia remains largely unknown.  

Atherosclerosis is a disease defined as the development of chronic inflammatory re-

sponse to lipid accumulation in medium and large arteries. Animal models play a pivotal 

role in exploring the pathological progression of the disease, diagnostic imaging modal-

ities, as well as pre-clinical therapeutic testing. However, standard animal models utilized 

in atherosclerosis research do not adequately exhibit vulnerable plaques as observed in 

patients. Thus, posing great limitations to our understanding of unstable plaque pathol-

ogy, as well as exploration of plaque rupture prevention. 

In this study, we induced rupture-prone plaques by a tandem stenosis (TS) ligation of 

the right common carotid artery (RCCA) in high fat diet-fed ApoE-/- mice. Four weeks 

after TS surgery, transient left middle cerebral artery occlusion (MCAO) surgery of the 

ApoE-/- mice was conducted. The appearance of secondary brain lesions was systemat-

ically analyzed by MRI scan on day 2 and day 7 after stroke. Potential lesions were 

further confirmed by histology and immunofluorescence staining. Morphological features 
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of the plaques were analyzed in the RCCA 7 days after stroke. Vascular inflammatory 

response was studied by western blot, flow cytometry and immunofluorescence staining.  

We observed that stroke leads to activation of the AIM2 inflammasome in advanced ath-

erosclerotic plaques due to the increase of circulating cell-free DNA in the blood. In-

creased post-stroke plaque inflammation results in atherosclerotic destabilization and 

atherothrombosis, leading to arterio-arterial embolism and recurrent stroke within days 

after the initial brain ischemia. We also validated key observations of plaque destabiliza-

tion in carotid artery plaque samples from stroke patients. Neutralization of cell-free DNA 

by DNase I treatment or pharmacological inhibition of inflammasome activation efficiently 

reduced recurrence rate after experimental stroke.  

Taken together, we provide a mechanistic explanation for high recurrence rates of ath-

erosclerotic stroke in a novel animal model of recurrent ischemic events. Our study re-

veals that stroke leads to exacerbated plaque inflammation and ultimately plaque rupture 

by cell-free DNA-mediated AIM2 inflammasome activation. Additionally, targeting DNA-

mediated inflammasome activation after remote tissue injury implicates a plausible ther-

apeutic approach for further clinical development in the prevention of early recurrent 

events. 

 

 



 8 

List of figures 
Figure 1.1 Systemic immunomodulation after stroke .................................................. 21 

Figure 1.2 The initiation of atherosclerosis .................................................................... 23 

Figure 1.3 The progression of atherosclerosis. ............................................................ 25 

Figure 1.4 Inflammatory processes during atherosclerosis development ................ 28 

Figure 3.1 Schematic illustration of tandem stenosis surgery. ................................... 42 

Figure 3.2 Schematic description of translational ischemia-reperfusion stroke 

model in mice ........................................................................................................ 43 

Figure 3.3 Brain sample processing scheme ................................................................ 45 

Figure 3.4 Illustration for murine histological analysis ................................................. 49 

Figure 3.5 Schematic description of experimental design for tracking infiltrated 

blood-derived leukocytes in CCA plaque after stroke. .................................... 50 

Figure 3.6 Schematic illustration of neutrophil isolation and stimulation .................. 53 

Figure 3.7 Schematic description of BMDMs conditional stimulation ....................... 54 

Figure 4.1 Established secondary prevention fails to attenuate early post-stroke 

vascular inflammation and atheroprogression ................................................. 58 

Figure 4.2 Characterization of the tandem stenosis model. ....................................... 60 

Figure 4.3 Histological characterization of atherosclerotic plaques. ......................... 62 

Figure 4.4 Stroke induces early atherosclerotic ischemia. ......................................... 65 

Figure 4.5 Stroke leads to atherosclerotic plaque rupture .......................................... 66 

Figure 4.6 Post-stroke plaque vulnerability accompanied with vascular 

inflammation .......................................................................................................... 68 

Figure 4.7 Post-stroke inflammasome activation within atherosclerotic plaques. ... 70 

Figure 4.8 Post-stroke inflammasome inhibition attenuates vascular inflammation 

as well as plaque vulnerability ............................................................................ 73 



 9 

Figure 4.9 Post-stroke plaque inflammasome activation is cell-free DNA 

dependent. ............................................................................................................. 75 

Figure 4.10 Stroke increases MMP activity within atherosclerotic plaques .............. 78 

Figure 4.11 Stroke initiates intrinsic coagulation cascade activation ........................ 80 

Figure 4.12 Inflammasome inhibition or cf-DNA neutralization dampens MMP 

activity and intrinsic coagulation cascade initiation ......................................... 81 

Figure 4.13 DNA-mediated inflammasome inhibition prevents recurrent events .... 82 

Figure 4.14 Plaque samples from stroke patients show exacerbated vascular 

inflammation as well as increased MMP activity ............................................. 84 

Figure 5.1 Schematic illustration of AIM2 inflammasome activation. ........................ 93 



 10 

 List of figures 
Table 1. Three-month actual recurrent stroke by TOAST criteria .............................. 16 

Table 2 Demographic and clinical details of patients undergoing carotid 

endarterectomy ..................................................................................................... 41 

 



 11 

List of abbreviations 

ACA Anterior cerebral artery 

ACS Acute coronary syndrome 

AIM2 Absent in melanoma 2 

ApoE Apolipoprotein E 

ASC Apoptosis-associated speck-like protein containing 

a C-terminal caspase recruitment domain 

BMDMs Bone marrow-derived macrophages 

BSA Bovine Serum Album 

CANTOS Canakinumab Anti-inflammatory Thrombosis Out-

comes Study 

CARD Caspase recruitment domain 

CCA Common carotid artery 

CCL2 C-C motif chemokine 2 

CCR2 C-C chemokine receptor 2 

CE Cardiogenic embolism 

CE Cholesteryl ester 

CH Clonal haematopoiesis 

CSF-1 Colony stimulating growth factor 1 

CVD Cardiovascular disease 

EDTA Ethylenediamine tetraacetic acid 

EDV End diastolic velocity 

FACS Fluorescence-activated cell sorting 



 12 

FC Fibrous cap 

FITC Fluorescein isothiocyanate 

FJC Fluoro Jade C 

FXII Factor XII 

FXIIa Activated factor XII 

GM-CSF Granulocyte/ macrophage stimulating growth factor 

H&E Haematoxylin and eosin 

HMGB1 High-mobility group box 1 

LAA Large artery atherosclerosis 

LCCA Left common carotid artery 

LDL Low-density lipoprotein 

LDL Low-density lipoprotein receptor  

LOX-1 lectin-like oxidized low-density lipoprotein receptor-

1 

Ly6C Lymphocyte antigen 6 complex 

MCAO Middle cerebral artery occlusion 

MI Myocardial infarction 

MMPs Matrix metalloproteinases 

MRI Magnetic resonance imaging 

MV Mean velocity 

NC Necrotic core 

NETs Neutrophil extracellular traps 



 13 

NLRP3 NACHT, LRR and PYD domains-containing protein 

3  

oxLDL Oxidized low-density lipoprotein 

PAMPs Pathogen associated patterns 

PFA Paraformaldehyde 

PRR Pattern recognition receptor 

PSV Peak systolic velocity 

RCCA Right common carotid artery 

ROS Reactive oxygen species 

SMCs Smooth muscle cells 

SR Scavenger receptor 

SVD Small vessel disease 

TF Tissue factor 

TIA Transient ischemic attack 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

TOAST Trial of Org 10172 in Acute Stroke Treatment 

TS Tandem stenosis 

TUNEL Terminal deoxynuceotidyl transferase dUTP nick 

end labeling 

UND Undetermined  

VCAM1 Vascular cell adhesion molecule 1 

VLA4 Very late antigen 4 



 14 

VPI Vulnerability plaque index 

 



 15 

1. Introduction 

1.1 Stroke 

A stroke occurs when the blood supply to the brain is interrupted, frequently due to a 

blood vessel that has burst (hemorrhagic) or is blocked by a clot (ischemic). It is esti-

mated that 87% of all strokes are ischemic, while 13% are hemorrhagic. This event re-

sults in brain damage due to lack of blood and oxygen to the tissue and nutrient depri-

vation. One of the most common symptoms of a stroke is sudden weakness or numbness 

on one side of the body, especially on the face, arm or leg. Other common stroke symp-

toms include: confusion, difficulty speaking or understanding speech; vision impairment 

of one or both eyes; trouble walking, dizziness, loss of balance or coordination; and faint-

ing or unconsciousness, among others. The effects of a stroke depend on which region 

of the brain is affected and the severity of the injury. 

1.1.1 Epidemiology 

Nearly 795,000 individuals worldwide suffer a new or recurrent stroke each year, nearly 

610,000 of those are incident events, and 185,000 are recurrent events1-3. When consid-

ered independently of other cardiovascular disease (CVD), stroke ranks fifth in leading 

cause of death worldwide4. The incidence of stroke is unequivocally associated with ag-

ing5. Thus, with the acceleration of global aging population, the economic burden of 

stroke related patient care on the healthcare system and society in general is overwhelm-

ing. Stroke occurrences increased from 22.8% in 1990 to 24.9% in 2016, representing a 

relative increase of 8.9% after adjusting for any competing risk of death due to other 

causes6. Despite considerable improvements in neuroimaging diagnosis, advanced 

acute stroke management and extensive utilization of secondary prevention, recurrent 

stroke remains frequent. Posing an even greater risk for debilitation, mortality and eco-

nomic burden than the initial stroke. Moreover, a retrospective study suggested that the 
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risk of having a secondary stroke is greater than the risk of having a cardiac event fol-

lowing an initial stroke7. Recurrent stroke is most likely to occur as soon as days or weeks 

follow a transient ischemic attack (TIA) or stroke. According to previous research, 10.5% 

of stroke and TIA survivors suffered recurrent stroke within 90 days of the primary event, 

more strikingly, with half of these secondary events occurring within 2 days of the original 

events8. The result of another study indicated that nearly 40% of recurrent stroke oc-

curred within the first 24 hours of the primary event9. 

1.1.2 Etiology 

Regarding the two main categories of stroke, ischemic stroke is the most common type, 

accounting for 87%, with the remaining 13% being hemorrhagic2. The Trial of Org 10172 

in Acute Stroke Treatment (TOAST) criteria10 categorizes ischemic stroke into four cate-

gories: large artery atherosclerosis (LAA), cardiogenic embolism (CE), small-vessel dis-

ease (SVD), stroke of other determined etiology, and stroke of undetermined etiology. 

The most common cause of stroke associated with LAA is an artery-to-artery embolism 

or, less common, a vessel stenosis that results in hemodynamic infarction. The onset of 

CE stroke occurs when a blood clot from heart blocks an artery in the brain. A SVD stroke 

is typically characterized by a small lacunar infarct, which is responsible for lacunar syn-

dromes11. Stroke of other determined etiology incorporates, extracranial or intracranial 

arterial dissections, vasculitis, coagulation disorders, or hematological diseases11. 

Among all stroke subtypes, patients with LAA have the greatest occurrence of recurrence 

— about 4.0% at 7 days, 12.6% at 30 days and 19.2% at 3 months12-14 (Table 1). 

 At 7 days At 30 days At 3 months 

SVD 0 2.0% (0-4.2) 3.4% (0.5-6.3) 

CE 2.5% (0.1-4.9) 4.6% (1.3-7.9) 11.9% (6.4-17.4) 

UND 2.3% (0.5-4.1) 6.5% (3.4-9.6) 9.3% (5.6-13.0) 

LAA 4.0% (0.2-7.8) 12.6% (5.9-19.3) 19.2% (11.2-27.2) 

Table 1. Three-month actual recurrent stroke by TOAST criteria (modified from Lovett JK, et 

al. 200414). 
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Although various studies have focused on the identification of treatments for ischemic 

stroke, thrombolysis with tissue plasminogen activator (tPA)15 and mechanical vascular 

recanalization16 are currently the only approved approaches in acute stroke manage-

ment. However, limited by the short treatment time window, the high risk of intracranial 

hemorrhage and abnormal coagulation, only 3.4%-5.2% of ischemic stroke patients qual-

ify for these therapeutic options17, 18. An endarterectomy of the carotid artery is a surgical 

procedure to remove the fatty deposits and atherosclerotic plaques within the carotid 

artery, which is typically performed for patients who have substantial carotid artery nar-

rowing or symptoms due to carotid stenosis. It may reduce the risk of stroke, yet brings 

a risk of complications immediately before, after, and during the operation, such as, de-

bilitating stroke or death19. To achieve the protection of brain tissue from both ischemia 

and reperfusion injury and, to extend the time window for thrombolytic strategies, a large 

number of neuroprotective agents and compounds are developed and tested in animal 

models20. However, translation of most neuroprotective treatments from animal models 

to humans has failed to generate positive results21.  

The second pillar of stroke therapy is secondary prevention by reduction of blood pres-

sure, aspirin and statin treatment and life-style interventions. These strategies are effec-

tive in reducing long-term progression of stroke comorbidities, but unfortunately do not 

sufficiently target early recurrent ischemia22. In this regard, it has been reported in a 

previous large meta-analysis of secondary prevention studies for recurrent events, cur-

rent secondary prevention by using antiplatelet therapy seldomly prevents the rate of 

recurrent events21. In addition, the robust residual stroke recurrence and the potential for 

major bleedings limit the effectiveness of antiplatelet strategies in reducing the early re-

current stroke in patients23. Conversely, carotid endarterectomy has been proven effec-

tive for reducing recurrent stroke24. However, apart from the risks of this procedure may 

cause, the benefit of carotid endarterectomy for secondary prevention is maximal if sur-

gery is performed within 2 weeks after primary stroke event. Moreover, the benefit is 

reduced with the delay of surgery and eventually disappear if it is delayed more than 3 
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months25. No alternative therapeutic options are currently available to prevent or reduce 

the high rate of early recurrent events after stroke. The need for improved secondary 

prevention therapies becomes even more evident when considering the occurrence of 

in-hospital recurrent stroke was approximately 5.7% in acute ischemic stroke survivors, 

which predominantly occurred within the first five days of hospitalization26. These obser-

vations particularly emphasize the contribution of early CVD recurrence rate on second-

ary mortality and morbidity of atherosclerotic stroke patients and that the need for treating 

early CVD recurrence is currently unmet. 

1.1.3 Systemic immune response after stroke 

Solid evidence suggests that the immune system (both local and systemic inflammation) 

plays a pivotal role during the ischemic stroke pathology27-29(Fig. 1.1). Due to the sudden 

reduction of blood flow, stroke impairs the cells for the acquisition of nutrients, causing 

instant cellular death and tissue damage. The brain infarct core is the region where blood 

supply is lost, leading to necrotic cell death30. Dying cells release damage-associate mo-

lecular patterns (DAMPs) such as double strand DNA (dsDNA), glutamate (Glu), reactive 

oxygen species (ROS) and, adenosine triphosphate (ATP). Through pattern recognition 

receptors (PRRs), these molecules are capable of activating effector cells such as mi-

croglia and astrocytes to initiate downstream inflammatory cascades. Consequently, pro-

inflammatory mediators such as interleukin (IL)-1β, IL-6 and, tumor necrosis factor 

(TNF)-α can be released from these activated cells, thereby amplifying the local inflam-

mation31. 

In addition to provoking local inflammatory responses, stroke also leads to severe sys-

temic immune alterations32. Acutely after the ischemic event, within the first several 

hours, concentrations of pro-inflammatory cytokines such as IL-1β，IL-6 and TNF-α ele-

vate in the circulation33. This acute inflammatory response involves an increased mobili-

zation and egress of monocytes and neutrophils from the bone marrow34. Neutrophils 

play an essential role in the innate immune response after stroke. Due to their short half-
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life and considerable heterogeneity, phenotype rather than quantity determines their in-

volvement in the stroke pathogenesis. Under homeostatic conditions, neutrophils can be 

found mainly in circulation or within certain tissue such as in the lung, but not in the 

brain35, 36. Nevertheless, neutrophils instantly infiltrate into brain parenchyma after stroke 

onset37, 38. Activated neutrophils exacerbate tissue damage by releasing oxygen metab-

olites and proteases to surviving neurons39. Alternatively, they can expel neutrophil ex-

tracellular traps (NETs), which impairs post-stroke revascularization and vascular re-

modelling40, 41. Within the brain parenchyma, neutrophils exacerbate blood-brain barrier 

damage via activating DAMP-driven toll-like receptor (TLR) in resident cells, which con-

sequently release cytokines and chemokines, as well as ROS42. 

Monocytes originate from myeloid progenitor cells in the bone marrow and systemically 

distribute in the body. Monocytes express a large range of differentiation clusters, includ-

ing CD11b (Integrin α-M) and lymphocyte antigen 6 complex C1 (Ly6C) in rodents, and  

CD11c (Integrin α-X), CD14 (Glycoprotein) and CD16 (FcyRIII) in humans43. In mice, two 

subsets of monocytes exist and can be distinguished by the Ly6C expression. The pop-

ulation expressing high levels of Ly6C (Ly6Chi monocytes) is known as pro-inflammatory 

and antimicrobial subset. Ly6Chi monocytes express high level of C-C chemokine recep-

tor 2 (CCR2) with low levels of CX3C chemokine receptor 1 (CX3CR1; 

CCR2hiCX3CR1low)44. They have the ability to accumulate at the site of inflammation, 

where they can further differentiate into macrophages or dendritic cells (DCs) depending 

on local tissue microenvironment45, 46. However, the Ly6Clow subset act as patrolling mon-

ocytes and are involved in early phase of inflammation and tissue repair46. Shortly after 

a stroke, the number of pro-inflammatory monocytes rapidly rises in blood, and their re-

cruitment to the injured lesion is highly reliant on CCR2/CCL2 interaction47. Absence of 

CCR2 or its ligand CCL2 results in better functional outcome and reduced inflammatory 

response in murine stroke48. 

The subacute stage after stroke is characterized by lymphopenia, lymphocyte dysfunc-

tion and atrophy of peripheral lymphoid organs such as thymus and spleen49, 50. In stroke 
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patients, peripheral lymphopenia has been described as reduced counts of T, B and NK 

cells within one day after ischemic stroke51, 52. In mice, the reduction in lymphocytes 

counts has been similarly shown in circulation, spleen and lymph nodes as early as 12 

h after stroke53. During this phase, the functional status of the peripheral immune system 

transitions from immunocompetence to immunosuppression, which is caused by the in-

jury and immune alterations in the brain54, 55. As a consequence of immunosuppression, 

stroke patients have an increased risk of life-threatening infection after stroke onset56. A 

recent concept for subacute infections is that T cell apoptosis is associated with inflam-

masome-dependent monocyte activation and FasL-Fas interaction after stroke57. 

It is noteworthy that circulating cell free DNA (cfDNA) is of great interest in the context of 

ischemic brain injuries. While, cfDNA is released by necrotic and apoptotic cells within 

the injured brain tissue, it can also arise from leukocytes such as neutrophils, which expel 

NETs. As a potential biomarker, the level of circulating cfDNA can be used for prediction 

of stroke severity and outcome58. Stroke induced neutrophils to release excessive NETs 

in the vasculature and parenchyma, which correlates with attenuated post-stroke vascu-

lar remodeling41. The increased levels of cfDNA may contribute to impaired cognitive 

functional recovery by damaging blood-brain barrier repair and vascularization41. 

In the chronic phase after ischemic stroke, the immune system is transformed to a state 

of persistent low-grade inflammation. This can be characterized by increased neutrophils 

counts and IgM+ B cells in patients’ peripheral blood59. Due to long-lasting levels of 

HMGB1 and proinflammatory cytokines such as IL-1β and IL-6, severe stroke also in-

duces prolonged immune alterations33, 60. 
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Figure 1.1 Systemic immunomodulation after stroke (Adapted from Simats, et al. 202261). 
Systemic immune response is triggered by stroke in a multiphasic manner. Shortly after the onset 

of the ischemic stroke, DMAP released from dying or stressed cells in the ischemic tissue acti-

vates both microglia and peripheral immune cells, leading to the release of pro-inflammatory cy-

tokines to the bloodstream. In addition, stroke triggers leukocytes mobilization from bone marrow 

and spleen. A state of immunosuppression is triggered during the subacute stage. Acutely re-

leased DAMP and other pro-inflammatory mediators results in lymphopenia as a result of massive 

cell death after stroke. Furthermore, NETs expelled from activated neutrophils may contribute to 

the increased level of cfDNA, which correlates with stroke outcome and plays a key role in T cell 

death. During the chronic phase, immune system is characterized by chronic and sustained levels 

of DAMP and pro-inflammatory cytokines. 

1.2 Atherosclerosis 

Atherosclerosis, defined as a slow progression of atheromatous plaques formation in the 

inner layer and luminal narrowing of the large arteries, is one of the most common cause 

of death and disability worldwide2. Atherosclerosis is considered as the most outstanding 

contributor to the growing burden of cardiovascular disease (CVD). It is characterized as 

a chronic inflammatory process mostly occurring at predilection sites with disturbed lam-

inar blood flow such as artery bifurcation62. Pathologically, atherosclerosis begins with 

endothelial dysfunction and structural alteration, causing the disruption of the coherent 

luminal elastin layer and proteoglycans exposure63, and allowing low-density lipoprotein 
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(LDL) accumulates under the endothelium. Advanced atherosclerotic plaques can rup-

ture and cause thrombosis, which is the most common reason of acute coronary syn-

drome (ACS), myocardial infarction (MI) and stroke. 

1.2.1 Epidemiology 

CVDs – comprising coronary heart disease, hypertension and stroke – are the primary 

causes of mortality globally2. Approximately 18.6 million people died from CVDs in 2019, 

which amounted to an increase of 17.1% from 2010, representing 32% of all global 

deaths2. Among these deaths, 85% were due to myocardial infarction (most frequently 

caused by atherosclerotic disease of the coronary arteries) and stroke. Globally, over 

75% of CVD deaths occurs in low- and middle-income countries2. With the contribution 

of public awareness and prevention, CVDs led to a significant decline in mortality in high-

income countries since 1950s64. However, as it is reported in the Global Burden of Dis-

ease study, this decrease has not taken place consistently in low- and middle-income 

countries, putting a heavy burden on their economic costs65. 

1.2.2 Pathology 

Under healthy conditions, the artery has a tri-laminar structure. The inner layer, the in-

tima, is composed of a monolayer of endothelial cells which is in direct contact with blood 

flow. The middle layer, called the media, contains resident smooth muscle cells as well 

as extracellular matrix containing elastin, collagen and other macromolecules. The outer 

layer, the adventitia, consists of microvessels, nerve endings and mast cells. 

Atherosclerosis progression starts from the innermost layer–the intima (Fig. 1.2). In the 

early stage, LDL accumulates within the intima, where it undergoes oxidative modifica-

tions due to ROS, referred to as oxidized LDL (oxLDL). By activating multiple receptors, 

including the lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), oxLDL trig-

gers the expression of adhesion molecules and chemokines in endothelial cells66. In-

flammatory monocytes circulating in the bloodstream are attracted by chemokines bound 
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to adhesion molecules expressed by activated endothelial cells and migrate into the ar-

tery walls. After migration into the intima, monocytes can differentiate and mature into 

macrophages obtaining traits associated with pro-inflammatory macrophages. Accumu-

lated lipoproteins are taken up by both monocyte-differentiated macrophages and tissue 

resident macrophages via micropinocytosis, phagocytosis, and scavenger receptors 

(SRs), such as SR-A, CD36, SR-Bl, and LOX-167. Once macrophage uptake is saturated, 

free cholesterol is converted into cholesteryl ester (CE), which further accumulates in 

macrophages, differentiating them into foam cells68. Although not as numerous as mye-

loid cells, T lymphocytes are also able to migrate into atherosclerotic lesion and regulate 

innate immunity while affecting endothelial cells as well as smooth muscle cells 

(SMCs)69-71. The accumulating leukocytes can also secrete mediators that cause SMCs 

in the media to migrate into the intima. 

 

Figure 1.2 The initiation of atherosclerosis (Adapted from Oliver Soehnlein, et al. 202172). 
Atherosclerosis is initiated by the accumulation of low-density lipoproteins in the subendothelial 

space. After oxidation, oxLDL activates endothelial cells, which induces endothelial cells to up-

regulate adhesion molecules, which facilitate circulating monocyte adhesion and migration into 

arteries. The intima is the place where monocytes differentiate and mature into macrophages. 

Both differentiated and resident macrophages engulf lipoprotein-derived cholesterol, leading to 
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foam cell formation. T lymphocytes also enter the intima playing a role in innate immune regula-

tion. At the same time, SMCs also migrate towards atherosclerotic lesions and undergo clonal 

expansion. 

During the progression of atherosclerotic lesions, monocyte infiltration and foam cell re-

tention continue, making the atherosclerotic plaque vulnerable, featured by large necrotic 

cores and fibrous cap thinning (Fig. 1.3). Both resident and migrating smooth muscle 

cells (SMCs) are the main source to elaborate extracellular matrix proteins containing 

interstitial collagen, elastin, proteoglycans, as well as glycosaminoglycans. Thus, further 

promoting lipid accumulation within the intima, which plays a role in the thickening of the 

intimal layer73. However, mediated by T cell mediators such as Interferon-γ (IFN-γ), the 

SMC function to synthesize collagen can be impaired. As a consequence, these cells 

will have a diminished ability to repair and update themselves74. As the most numerous 

leukocytes within atherosclerotic plaque, macrophages also play a key role in plaque 

progression and evolution. On one hand, activated macrophages produced higher levels 

of matrix metalloproteinases (MMPs), such as MMP2 and MMP9 that digest the collagen 

and further weaken the fibrous cap. On the other hand, macrophages can undergo pro-

grammed cell death called apoptosis, forming the lipid-rich core in the advancing ather-

oma75, 76. Moreover, defective efferocytosis, the dampened process of clearing dead 

cells, contributes to the formation of necrotic cores77, 78. 

Eventually, with the remodeling of the arterial wall and expansion of the plaques, the 

growing atherosclerotic plaque starts to erode upon the arterial lumen. Atherosclerosis 

causes myocardial infarction or stroke due to an acute thrombosis when the plaque rup-

tures, which is one of the most common outcomes and serious complications79, 80.  The 

fragment of the fibrous cap of the atherosclerotic plaque allows coagulation components 

from blood to reach the core of the plaque. Subsequently, both intrinsic (factor XIIa – 

factor XIa) and extrinsic (tissue factor – factor VIIa) coagulation pathways play essential 

roles in thrombus formation on atherosclerotic plaques81, 82. 
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The intrinsic and extrinsic pathways of coagulation are both capable of triggering coag-

ulation processes. The extrinsic pathway is initiated by the transmembrane protein tissue 

factor (TF) exposed at the site of injured subendothelial tissues. On the contrary, the 

intrinsic contact system is triggered by factor XII (F.XII). F.XII is produced and regulated 

by the liver and is activated by the serine protease factor XIIa (F.XIIa) after binding to its 

negatively charged surface83. Numerous substances are capable of activating F.XII via 

contact-activation, including collagen, mast cell-derived heparin, misfolded protein ag-

gregates and, neutrophil extracellular traps (NETs)84. F.XIIa initiates the intrinsic coagu-

lation cascade via its downstream coagulation factor F.XI85. It has been shown that F.XII-

driven coagulation specifically contributes to pathological thrombosis instead of physio-

logical hemostasis and therapeutically targeting F.XIIa in vivo provides protection from 

thrombosis84, 86, 87. Given that F.XIIa contributes to thrombosis but does not cause severe 

side-effects, its pharmacological inhibition has emerged as a potent target for thrombosis 

prevention without hemorrhagic risk88, 89. 

 

Figure 1.3 The progression of atherosclerosis (Adapted from Gemma L. Basatemur, et al. 

201990). Once initiated, atherosclerotic plaques develop by continuous lipid accumulation and cell 

expansion. Migration of SMCs contribute to the retention of SMCs in the growing atherosclerotic 

plaque. Infiltrated T lymphocytes release INF-gema that impairs collagen synthesis of SMCs and 

promote atherosclerosis. Monocyte-derived macrophages secrete elevated amounts of enzymes 

of the matrix metalloproteinase (MMPs) family which degrade the collagen subsequently thinning 

the fibrous cap. Macrophages and SMCs undergo programmed cell death forming necrotic cores 

in the advanced plaque. Dampened efferocytosis additionally facilitate the necrotic core for-

mation. 
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1.2.3 Inflammatory processes in atherosclerosis 

1.2.3.1 Innate immunity involved during atherosclerosis development 

Once accumulated within the subendothelial layer, LDL particles activate endothelial 

cells, resulting in elevated expression of adhesion molecules such as C-C motif chemo-

kine 2 (CCL2)91. In response to endothelial activation, inflammatory monocytes and neu-

trophils in the bloodstream are attracted to the endothelium at the lesion site through the 

expression of chemokine receptors, including C-C chemokine receptor type 2 (CCR2)92. 

Additionally, activated endothelial cells express membrane-bound adhesion proteins in-

cluding vascular cell adhesion molecule 1 (VCAM1) and selectins93, 94. VCAM1 has high 

affinity with very late antigen-4 (VLA4) which is expressed on immune cells95. This VLA4-

VCAM1 interaction plays a pivotal role in orchestrating immune cells adhesion and mi-

gration within the initiation processes of atherosclerosis. When monocytes migrate into 

the intima, they differentiate into macrophages and undergo a variety of procedures de-

pendent upon the signals given from the local microenvironment 96 (Fig. 1.4).   

Scavenger receptors (SRs) such as CD36 and SR class A (SR-A), expressed on mac-

rophages, are known to facilitate cholesterol uptake by macrophages97. However, others, 

such as ATP-binding cassette (ABC) transporter A1 (ABCA1), ABCG1 and scavenger 

receptor-BI (SR-BI), take principle responsibility to export cholesterol from macro-

phages98. Unfortunately, once the lipid metabolic pathway is imbalanced, large quantities 

of lipid droplets accumulate within macrophages and result in foam cells, a term referred 

to their foam-like morphology. Recent transcriptomic analyses in human atherosclerotic 

plaques suggested that foam cell formation by itself is not pro-inflammatory as showing 

absence of pro-inflammatory markers99. However, the cycle of continual hydrolysis and 

re-esterification of cholesterol droplet wastes cell energy and consequently induces foam 

cell death in the hypoxic area within the atherosclerotic lesion100. Components of dead 

cells are released into the extracellular space and phagocytosed by neighbouring mac-

rophages, as a result, exacerbating the pro-inflammatory status101. 
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Furthermore, both resident arterial macrophages and monocyte-derived macrophages 

can undergo local proliferation depending on several proatherogenic signals. Cytokines, 

growth factors as well as oxLDL play key roles in regulating macrophages proliferation102. 

Growth factors such as macrophage colony stimulating growth factor 1 (CSF-1) and 

granulocyte/ macrophage stimulating growth factor (GM-CSF) take primary responsibili-

ties in atherosclerotic plaque development and macrophage proliferation103, 104. A previ-

ous study identified the outcome of SMC specific deletion of CSF-1 in the progression of 

atherosclerosis and discovered that macrophage proliferation highly correlates with local 

CSF-1 production105. Not only are cell extrinsic regulators vital players in atherosclerosis 

development, but intrinsic pathways play a role in macrophage expansion within the ath-

erosclerotic plaque as well. One of the most recently reported examples is clonal haem-

atopoiesis (CH), a phenomenon which hematopoietic stem cell (HSC) clones begin gen-

erating disproportionate fraction of blood leukocytes106.  A current meta-analysis reported 

increased incidence of atherosclerotic disease in patients with CH, suggesting that CH 

is an independent risk factor for an atherosclerosis107, 108. One potent underlying expla-

nation has been reported that the common somatic mutation Jak2VF led to increased 

macrophage turnover in atherosclerotic plaques and resulted in enlarged necrotic core 

formation109. In addition, this phenomenon is mediated via the activation of noncanonical 

absent in melanoma 2 (AIM2) inflammasome due to elevated DNA replication stress109. 
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Figure 1.4 Inflammatory processes during atherosclerosis development (Adapted from Oli-

ver Soehnlein, et al. 202172). Circulating monocytes as well as neutrophils were adhered to the 

atherosclerotic lesion via chemokines (CCL2) and adhesion molecule (VCAM1) secreted by acti-

vated platelets at early stage. Activated neutrophils within artery lumen expel neutrophil extracel-

lular traps (NETs) which can further promote monocytes adhesion. Monocyte-derived macro-

phages can engulf oxidized lipid droplets and turn into foam cells, and excessive lipid uptake 

promotes macrophage local proliferation. Not only NETs accelerate monocytes adhesion, his-

tones released by activated neutrophils prime macrophages to produce pro-inflammatory cyto-

kines by activating the NLRP3 inflammasome. Macrophages may recognize NETs via absent in 

melanoma 2 (AIM2), a cytoplasmic sensor that can bind to DNA hence activates inflammasome 

to produce IL-1β. With the necrotic core growing and fibrous cap thinning, atherosclerotic plaque 

may rupture and a thrombus occurs at the site of ruptured plaque, which may further cause is-

chemic events such as ischemic stroke or myocardial infarction. 

1.2.3.2 Inflammasome activation during atheroprogression 

Accumulation of lipoprotein-derived cholesterol crystals activate NACHT, LRR and PYD 

domains-containing protein 3 (NLRP3) – containing inflammasome, which is well de-

scribed in the context of atherosclerosis110. The NLRP3 inflammasome is a multimeric 

protein complex, mainly expressed in myeloid lineage cells, which contains the sensor 

NLRP3, the adaptor apoptosis-associated speck-like protein containing a C-terminal 

caspase recruitment domain (ASC) and caspase-1111. After being activated by pathogen-
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associated molecular patterns (PAMPs), DAMPs and other signals, NLPR3 monomers 

form oligomers and interact with ASC through homophilic ineractions112, 113. Hence, ASC 

recruits pro-caspase-1 through a caspase recruitment domain (CARD), which results in 

cleavage-derived caspase-1 activation and further leads to the secretion of pro-inflam-

matory cytokines interleukin-1β (IL-1β) and interleukin 18 (IL-18)114. In the context of 

atherosclerosis, cholesterol crystals directly activate the NLRP3 inflammasome by in-

ducing lysosomal damage112. NLRP3 inflammasome expression has been linked to the 

severity of coronary artery disease and clinical risk of cardiovascular disease115. Moreo-

ver, as an atherogenic factor, IL-1β plays a crucial role in initiation, formation, develop-

ment, and rupture of the plaque116. The Canakinumab (monoclonal IL-1β antibody) Anti-

inflammatory Thrombosis Outcomes Study (CANTOS) strongly supports the importance 

of inflammation contributing to the pathogenesis of atherosclerosis. Neutralization of IL-

1β by canakinumab significantly reduced the risk of recurrent cardiovascular events117. 

The underlying mechanism of these beneficial effects might be attributed to the reduction 

of blood inflammatory leukocyte supply, thereby reducing the inflammatory leukocyte ac-

cumulation in atherosclerotic plaque118. 

The development of atherosclerotic lesions is characterized by the aggregation of dead 

cells. Cell death, such as necrosis or NETs release, allows cells to release nuclear or 

mitochondrial dsDNA. It has been shown that the elevated levels of cell-free DNA corre-

late with the incidence of severe cardiovascular diseases119. Cytoplasmic DNA can be 

recognized by the inflammasome-forming sensor (AIM2)120. AIM2 is a PRR, which is 

constitutively expressed in intima and media of carotid arteries as well as aorta, and 

specifically detects cytosolic dsDNA. After binding to dsDNA, AIM2 activates the assem-

bly of inflammasome with recruitment and catalytic cleavage of pro-caspase-1, leading 

to the secretion of inflammatory cytokines IL-1β and IL-18121. Growing evidence suggests 

the contribution of AIM2 in the context of atherosclerosis. Overexpression of AIM2 deliv-

ered by lentivirus increased atherosclerotic plaque loading in ApoE-/-  mice, while silenc-

ing of AIM2 by RNA interference reduced lesion area after 12 weeks on a high-fat diet122. 
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These results indicate that AIM2 plays a pro-atherogenic role in the early stage of ather-

osclerosis122. Moreover, at later stages of atherosclerosis, abundant AIM2 expression 

can be identified within the plaque, which is restricted to macrophages and colocalizes 

to dsDNA123. Genetic deletion or therapeutic inhibition of AIM2 strikingly increased 

plaque stability, suggesting that AIM2 exacerbates plaque vulnerability and could be a 

potent therapeutic target in atherosclerosis123.  

1.2.4 Atherosclerosis mouse model 

A clinical retrospective study of 800 patients who died of acute coronary syndromes ob-

served that 60% of deaths were attributed to atherosclerotic plaque rupture124. Despite 

the clear etiology, the mechanisms leading to plaque rupture are challenging to study in 

mice. A reason for this is the difficulty of the animal models to mimic unstable plaques 

with large necrotic cores and thin fibrous caps, such as in humans. 

Animal models are essential tools for the understanding of pathological mechanisms in 

atherosclerosis, diagnostic imaging technologies, as well as the pre-clinical screening 

and testing of therapeutics. By far the most utilized animal models for investigating ath-

erosclerosis are the Apolipoprotein E and Low-Density Lipoprotein Receptor deficient 

strains of mice (ApoE-/- and LDLR-/-, respectively)125. These mouse models provided the 

platform on which we built the pathological knowledge of atherosclerosis. However, there 

is still a huge gap in understanding how plaques develop from stable to unstable, or even 

ruptured stages. Unfortunately, the dynamic evolution of plaque destabilization and pa-

thology underlying plaque instability and rupture are hardly investigated in mouse mod-

els. Unlike what is observed in human post-mortem analysis and carotid endarterectomy 

samples, none of the atherosclerotic plaques found in ApoE-/- or LDL-/- mice show spon-

taneous rupture.  

Many factors have been shown as potential contributors in regulating plaque vulnerabil-

ity, including alterations of vessel hemodynamics, lipid profiles and inflammation126. 
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Blood flow hemodynamic changes play an important role in the initiation and develop-

ment of atherosclerotic plaque. It has been reported that atherosclerotic plaque prefer-

entially develops at the site of artery bifurcation experiencing non-laminal blood flow and 

low shear stress127. Furthermore, tensile stress has been found as an essential factor in 

vulnerable plaque formation128. Based on this knowledge, a model of unstable and rup-

ture-prone atherosclerotic plaques called tandem stenosis (TS) was developed in mice, 

which combines low shear stress and high tensile stress in common carotid artery129. 

This model is generated by surgically applied ligations on common carotid artery (CCA) 

leading to tandem stenosis, thereby inducing blood flow turbulence between ligations. 

With the dual ligation on the common carotid artery of ApoE-/- mice, the TS model can 

replicate the unstable plaques observed in humans, including massive lipid accumula-

tion, large necrotic cores, thin or even discontinued fibrous caps. Therefore, this model 

shows highly translational relevance and provides the possibility to investigate advanced 

atherosclerotic lesions and potential therapeutic approaches for plaque ruptures.  
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2. Aim of the study 
Stroke patients with large-artery atherosclerosis have the highest risk of recurrent cardi-

ovascular events owing to atherosclerotic plaque rupture and thromboembolic infarc-

tions14. In a previous study, it has been reported that stroke accelerates atheroprogres-

sion via alarmin-mediated propagation of vascular inflammation33. In addition, profound 

systemic immune activation has been identified both in mice and stroke patients charac-

terized by substantially increased level of cell-free double-strand DNA (dsDNA) in the 

blood circulation after acute tissue injury57. However, the mechanism of by which sys-

temic inflammatory response following the acute brain ischemia contributes to athero-

sclerotic plaque rupture is largely unknown. In addition, new therapeutic targets to pre-

vent early recurrent cardiovascular events after ischemic stroke are currently unmet.  

Therefore, the overall goal of this study was to clarify the underlying impact of the sys-

temic inflammatory response induced by acute stroke on atherosclerotic plaque rupture 

and, more importantly, to identify potential novel therapeutic options for early secondary 

prevention. In order to achieve this goal, the following specific aims were addressed: 

1. To investigate the impact of stroke on atherosclerotic plaque destabilization by 

histological parameters and immunological tools; 

2. To explore the potential mechanism of post-stroke plaque destabilization and 

thrombus formation, which contribute to recurrent ischemic events; 

3. To identify a novel therapeutic approach to prevent post-stroke early recurrent 

events by targeting soluble mediators. 
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3. Material and Methods 

3.1 Materials 

3.1.1 Equipment and software 

Cytek Northern lights Cytek Biosciences (US) 

Centrifuge 5424 Eppendorf (Germany) 

Cytostat NX70 Thermo Fisher Scientific (US) 

Mini-protein electrophoresis cell BIO-RAD (Germany) 

PowerPac HC power supply BIO-RAD (Germany) 

LSM 980 confocal microscope Zeiss (Germany) 

Axio Observer Z1 microscope  Zeiss (Germany) 

iMark Microplate reader BIO-RAD (Germany) 

Ultrasound imaging system Vevo 3100LT VisualSonics (Cananda) 

3T nanoScan® PET/MR Mediso (Germany) 

Nanodrop Spectrophotometer Peqlab (US) 

Excel Microsoft Corporation (US) 

FlowJo v. 10.6 Treestar Inc. (Ashland) 

Image J National Institute of Health (US) 

GraphPad Prism 6 Graphpad Software Inc. (US) 

VevoLab v3.2.0  VisualSonics (Cananda) 

3.1.2 Reagents and consumables 

7-0 fine MCAO suture Re L12 PK5 Doccol (US) 

Aspirin  Sigma Aldrich (Germany) 

Bovine serum albumin (BSA) Sigma Aldrich (Germany) 

Caspase-1 inhibitor (VX-765, Belnaca-

san) 

Invivogen (US) 
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Cell lysis buffer 2 R&D systems (US) 

Collagenase type I Sigma (Japan) 

Collagenase type XI Sigma (Japan) 

DMEM+GlutaMAX (4.5g/I D-Gluc. / Py-

ruvate) 

Gibco (US) 

DNase I Roche (Switzerland) 

DNase I Sigma (Japan) 

DQ-gelatin Thermo Fisher Scientific (US) 

Ethanol absolut Merk Group (Germany) 

Ethylenediamine tetraacetic acid (EDTA) Carl Roth (Germany) 

Fetal calf serum (FCS) Gibco (US) 

Flow cytometry staining buffer Thermo Fisher Scientific (US) 

Gentamycin (50mg/ml) Gibco (US) 

Histopaque solution Sigma (Japan) 

Hyaluronidase type 1-s Sigma (Japan) 

Isoflurane CP-Pharma (Germany) 

Isopentane Sigma (Japan) 

LPS from E.coli Adipogen (US) 

Methanol Carl Roth (Germany) 

NaCl isotonic solution 0.9% Fresenius Kab (Germany) 

NLRP3 inflammasome inhibitor 

(MCC950) 

Invivogen (US) 

Normal goat serum Abcam (US) 

NuPAGE™ LDS sample buffer (4X) Thermo Fisher Scientific (US) 

NuPAGE™ transfer buffer (20X) Thermo Fisher Scientific (US) 

Penicilin / Streptomycin Gibco (US) 

Phorbol 12-myristate 13-acetate (PMA) Adipogen (US) 

RIPA lysis buffer (+protease/phosphatase 

inhibitor) 

Thermo Fisher Scientific (US) 
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Rosuvastatin Sigma Aldrich (Germany) 

RPMI 1640 (L-Glutamine / 25 mM 

HEPES) 

Gibco (US) 

Tween-20 Sigma (Japan) 

Zymogram Developing Buffer Thermo Fisher Scientific (US) 

Zymogram Renaturing Buffer Thermo Fisher Scientific (US) 

3.1.3 Commercial assays 

Name Company Reference No. 

Click-iT™ Plus TUNEL 
Assay for In Situ Apopto-

sis Detection, Alexa 
Fluor™ 647 dye 

Thermo Fisher Scientific 
(US) 

C10619 

Colloidal blue staining kit Thermo Fisher Scientific 
(US) 

LC6025 

Duoset ELISA murine IL-
1beta 

R&D systems (US) MLB00C 

Fluoro-Jade C Ready-to-
Dilute Staining Kit 

Biosensis (Australia) TR-100-FJ 

HS dsDNA Assay Kit Thermo Fisher Scientific 
(US) 

Q32851 

Neutrophil isolation kit Miltenyi Biotec (Germany) 130-097-658 

Picro-Sirius Red Stain Kit 
(Cardiac Muscle) 

Abcam (US) Ab245887 

Plasma / Serum Cell-Free 
Circulating DNA Purifica-

tion Mini Kit 

NORGEN Biotek (Ca-
nada) 

55100 

3.1.4 Antibodies 

3.1.4.1 Flow cytometry antibodies 

Name Company Reference No. 

Anti-human CD11b (PE; 
ICRF44) 

Invitrogen (US) 12-0118-42 
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Anti-human CD14 (PerCP-
Cy5.5; 61D3) 

Invitrogen (US) 45-0149-42 

Anti-human CD16 (FITC; 
CB16) 

Invitrogen (US) 11-0168-42 

Anti-human CD19 (APC; 
HIB19) 

Invitrogen (US) 17-0199-42 

Anti-human CD3 (FITC; 
HIT3a) 

Invitrogen (US) 11-0039-42 

Anti-human CD45 (eFluor 
450; 2D1) 

Invitrogen (US) 48-9459-42 

Anti-human CD8a (PE; 
SK1) 

Invitrogen (US) 12-0087-42 

Anti-mouse CD11b 
(PerCP-Cy5.5; M/70) 

Invitrogen (US) 45-0112-82 

Anti-mouse CD192 (APC; 
SA203G11) 

Biolegend (US) 150628 

Anti-mouse CD45 (APC-
Cy7; 30-F11) 

Biolegend (US) 103116 

Anti-mouse CD45 
(eFluor450; 30-F11) 

Invitrogen (US) 48-0451-82 

Anti-mouse F4/80 (PE-Cy-
anie7; BM8) 

Invitrogen (US) 25-4801-82 

Anti-mouse Ly6C (BV570; 
HK1.4) 

Biolegend (US) 128030 

Anti-mouse Ly6G (PE-
Fluor610; 1A8-Ly6g) 

Invitrogen (US) 61-9668-82 

Anti-mouse MHC II (PE; 
NIMR-4) 

Invitrogen (US) 12-5322-81 

3.1.4.2 Antibodies for histology and immunoblotting 

Name Company Reference No. 

Anti Iba-1, Rabbit Wako (Japan) 019-19741 

Anti-alpha smooth muscle 
Actin antibody[1A4], 

Mouse 

Abcam (US) ab7817 

Anti-CD31 Antibody, Rat OriGene (Germany) BM4086 
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Anti-CD41 [MWReg30] 
Antibody, Rat  

Abcam (US) ab33661 

Anti-CD68 antibody [FA-
11], Rat 

Abcam (US) ab53444 

Anti-Factor XII Polyclonal 
Antibody, Rabbit 

Invitrogen (US) PA5-116703 

Anti-Fibrinogen Antibody, 
Rabbit 

Abcam (US) ab34269 

Anti-human caspase-1 
(p20, BALLY-1; mouse) 

Adipogen (US) AG-20B-004 

Anti-Ki-67 (D3B5) mAb, 
Rabbit 

Cell Signaling (US) 9129S 

Anti-MMP9 antibody Abcam (US) ab38898 

Anti-mouse actin, Rabbit Sigma (Japan) A2066-.2ml 

Anti-mouse caspase-1 
(p20; CASPER1; mouse) 

Adipogen (US) AG-20B-0042-C100 

Anti-mouse IgG (goat, 
HRP-conjugated) 

Dako (Denmark) P0447 

Anti-rabbit IgG (goat, 
HRP-conjugated) 

Dako (Denmark) PI-1000 

Anti-Von Willebrand Fac-
tor Antibody, Sheep 

Abcam (US) ab11713 

Donkey anti-Sheep IgG 
(H+L) Cross-Adsorbed 
Secondary Antibody, 

Alexa Fluor 594 

Invitrogen (US) A-11016 

Goat anti-Mouse IgG 
(H+L) Highly Cross-Ad-
sorbed Secondary Anti-
body, Alexa Fluor 488 

Invitrogen (US) A-32723 

Goat anti-Rabbit IgG 
(H+L) Crossed-Adsorbed 

Secondary Antibody, 
Alexa Fluor 594 

Invitrogen (US) A-11005 



 38 

Goat anti-Rat IgG (H+L) 
Cross-Adsorbed Second-
ary Antibody, Alexa Fluor 

647 

Invitrogen (US) A-21247 

Recombinant Anti-MMP2 
antibody 

Abcam (US) ab92536 

3.2 Methods 

3.2.1 Animal Experiments 

All animal experiments were performed in accordance with the guidelines for the use of 

experimental animals and were approved by the government committee of Upper Ba-

varia (Regierungspraesidium Oberbayern; #02-2018-12). ApoE-/- mice (B6.129P2-Apo-

etm1Unc/J; JAX strain: 002052) were bred and housed at the animal core facility of the 

Centre for Stroke and Dementia Research (Munich, Germany). ApoE-/- mice were fed an 

HFD (#88137, ssniff) from 8 weeks on. 

A transient ischemia-reperfusion stroke model that depicts the extent and variability of 

atheroprogression after stroke was used to estimate the number of animals for this ex-

ploratory study. Data were excluded from all mice that died during surgery. Detailed ex-

clusion criteria are described below. Animals were randomly assigned to treatment 

groups, and all analyses were conducted by investigators blinded to group assignment. 

All animal experiments were performed and reported in accordance with the Animal Re-

search: Reporting of In Vivo Experiments (ARRIVE) guidelines130. 

3.2.2 Drug Administration 

3.2.2.1 Oral gavage with Aspirin and Rosuvastatin 

Mice received a daily bolus of Aspirin (20mg kg-1, Sigma Aldrich, Germany) and Rosu-

vastatin (5mg kg-1, Sigma Aldrich, Germany) via oral gavage. Aspirin and Rosuvastatin 

were solved in water (sterile ddH2O) and mixed with powdered chow diet (ssniff). A single 

daily bolus was 500 µl. 
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3.2.2.2 Recombinant DNase I (DNase I) 

ApoE-/- mice received DNase I injections as we previously described57. 1000 U of recom-

binant DNase I (Roche, Switzerland) dissolved in incubation 1x buffer (40 mM Tris-HCl, 

10 mM NaCl, 6 mM MgCl2, 1 mM CaCl2, pH 7.9, diluted in PBS, Roche) was injected i.v. 

via tail vein right before surgery in a final volume of 100 μl. The control group was ad-

ministered saline injections at the same volume, routine, and timing as experimental an-

imals. 

3.2.2.3 Caspase-1 inhibitor (VX-765) 

The caspase-1 inhibitor VX-765 (stock in DMSO) dissolved in PBS (Belnacasan, Invi-

vogen, US) was injected i.p. 1 h prior to surgery at a dose of 100 mg kg-1 body weight at 

a final volume of 300 μl57. The control group was administrated saline injections at the 

same volume, routine, and timing as experimental animals. 

3.2.2.4 NLRP3 inflammasome inhibitor (MCC-950) 

Mice received two injections (1 h prior to and 1 h after surgery) of NLRP3 inflammasome 

inhibitor MCC-950 dissolved in sterile saline at a dose of 50mg kg-1 body weight (Invi-

vogen, US). MCC-950 or the control was injected i.p. in a final volume of 200 μl. 

3.2.2.5 AIM2 inhibitor (4-sulfonic calix[6]arene) 

The AIM2 inhibitor 4-sulfonic calix[6]arene131 (stock in DMSO) was dissolved in PBS and 

injected i.p. 1 h prior to surgery at a dose of 50 mg kg-1 body weight at a final volume of 

200 µl. The control group was administered saline injections at the same volume, routine, 

and timing as experimental. 

3.2.2.6 DNA challenge 

DNA derived from stimulated neutrophils (see below for stimulation and isolation of NET 

DNA) was injected i.v. at a dose of 5 µg at a final volume of 200 µl (sterile saline). The 

control group was administrated injections (sterile saline) at the same volume, routine, 

and timing. 
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3.2.3 Patient Cohort for Carotid Endarterectomy Sample Analysis 

Human samples involved in this project were provide in collaboration by Dr. Gerrit Große 

at the Department of Neurology, Medical University Hannover. In detail, patients sched-

uled for carotid endarterectomy due to symptomatic or asymptomatic carotid stenosis 

were prospectively recruited at the Departments of Neurology and Cardiothoracic-, 

Transplantation- and Vascular Surgery at Hannover Medical School between June 2018 

and December 2020. Carotid stenosis was defined as symptomatic if cerebral ischemia 

occurred in the territory of the affected artery and concurrent stroke etiologies were ex-

cluded following standardized stroke diagnostics including cranial computed tomography 

(CT) and/or magnetic resonance (MR) imaging, CT or MR-angiography, transthoracic or 

transesophageal echocardiography, cardiac rhythm monitoring and Doppler/duplex ul-

trasound. Peripheral venous blood was drawn immediately prior to surgery and EDTA 

whole blood samples were used for flow cytometric analyses. Carotid plaque samples 

were obtained during carotid endarterectomy and immediately preserved in phosphate-

buffered saline. Both blood and tissue samples were sent for further analysis on the 

same day of collection. All patients provided written informed consent and the ethics 

committee at Hannover Medical School approved the study.  

Thirteen patients with symptomatic and seven patients with asymptomatic, high-grade 

carotid stenosis were recruited. Median age was 73 years (25th-75th percentile: 62-80 

years). See Table 2 for clinical and demographic patient details. 

 Symptomatic carotid ste-

nosis (n=13) 

Asymptomatic carotid ste-

nosis (n=7) 

Age (median (a); 25th-75th 

percentile) 

64 (61-75) 78 (76-82) 

Sex (male, n) 12 (92%) 6 (86%) 

Arterial hypertension (n) 11 (84%) 7 (100%) 
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Diabetes mellitus (n) 4 (31%) 3 (43%) 

BMI (median (kg/m²); 25th-

75th percentile) 

25.5 (23.2-29.3) 26.8 (24.5-31.6) 

Current nicotine consump-

tion (n) 

5 (38%) 0 (0%) 

Dyslipidemia (n) 9 (69%) 6 (85%) 

Coronary artery disease 3 (23%) 3 (43%) 

Peripheral artery disease 1 (8%) 2 (29%) 

History of myocardial infar-

ction 

1 (8%) 1 (14%) 

History of stroke 2 (15%) 0 (0%) 

Table 2 Demographic and clinical details of patients undergoing carotid endarterectomy. 

3.2.4 Carotid Tandem Stenosis Model 

Tandem stenosis (TS) surgery was performed as previously described129. At 12 weeks 

of age, 4 weeks after commencement of HFD, ApoE-/- mice (C57BL/6J background) were 

anesthetized with isoflurane delivered in a mixture of 30% O2 and 70% N2O. An incision 

was made in the neck and the right common carotid artery was dissected from circum-

ferential connective tissues. To control the stenosis diameter, a 150 μm or 450 μm pin 

was placed on top of the exposed right common carotid artery, with the distal point 1 mm 

away from the bifurcation and proximal point 3 mm from the distal stenosis, subse-

quently, a 6-0 blue braided polyester fibre suture was tied around both the artery and 

needle, and then the pin was removed (Fig. 3.1). Animals were fed with HFD for addi-

tional 4 weeks after TS surgery. 
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Figure 3.1 Schematic illustration of tandem stenosis surgery. Scheme of a murine CCA tan-
dem stenosis (A) and magnified for the region highlighted on right common carotid artery (B). 
Legend: RCCA = right common carotid artery; LCCA = left common carotid artery; RICA = right 
internal carotid artery; LICA = left internal artery; RECA = right external carotid artery; LECA = left 
external carotid artery; RMCA = right middle cerebral artery; LMCA = left middle cerebral artery. 
Dotted arrow in (B) represents blood turbulence.  

3.2.5 Translational Ischemia-Reperfusion Stroke Model 

4 weeks after TS, ApoE-/- mice were anaesthetized with 2% isoflurane delivered in a 

mixture of 30% O2 and 70% N2O33. The temporal bone was exposed by making an inci-

sion between the ear and the eye. In supine position, the mice were implanted with a 

laser Doppler probe that attached to the skull above the middle cerebral artery (MCA) 

territory. By performing a middle incision, the common carotid artery and left external 

carotid artery were exposed and further isolated and ligated. A 2-mm silicon-coated fila-

ment (Doccol) was inserted into the internal carotid artery, advanced gently to the MCA 

until resistance was felt, and occlusion was confirmed by a corresponding decrease in 

blood flow (i.e., a decrease in the laser Doppler flow signal by ≥ 80%). Following 60 

minutes of occlusion, the animals were re-anesthetized, and the filament was removed 

(Fig. 3.2). Once the mice recovered, they were kept in their home cage with ad libitum 

access to water and food. Sham-operated mice received the same surgical procedure, 
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but the filament was removed in lieu of being advanced to the MCA. In all mice, a feed-

back-controlled heating pad maintained the body temperature of 37 °C during surgery. 

Exclusion criteria: 1. Insufficient MCA occlusion (a decrease in blood flow to > 20% of 

the baseline value). 2. Death during the surgery. 3. Post-mortem histological analysis 

revealed no brain ischemia. 

Figure 3.2 Schematic description of translational ische-
mia-reperfusion stroke model in mice. Brain ischemia 
was induced by inserting a filament into ICA to occlude 
MCA. Gray circle represents the ischemic lesion in MCA ter-
ritory. 

3.2.6 Ultrasound Imaging 

Carotid artery blood flow in ApoE-/-  mice were meas-

ured with a high-frequency ultrasound imaging system 

(Vevo 3100LT, VisualSonics, Toronto, ON, Canada) 

with a 40 MHz linear array transducer (MX550D, Visu-

alSonics, Canada) before and right after TS surgery, 

and weekly for 4 weeks afterwards. Mice were anesthetized with isoflurane delivered in 

a mixture of 30% O2 and 70% N2O. B-mode, Color-Doppler mode and pulsed Doppler 

velocity spectrum were recorded from both sides of CCA. For the right common carotid 

artery (RCCA), five locations were examined: before proximal ligation, near proximal li-

gation, between two ligations, near distal ligation and above the distal ligations. For the 

left common carotid artery (LCCA), since it was not ligated, only three locations were 

measured: proximal, middle and distal part of LCCA. Pulsed Doppler velocity was deter-

mined with the sample volume calibrated to cover the entire vascular lumen and the 

smallest possible angle of interception (< 60°) between the flow direction and the ultra-

sound beam. The peak systolic velocity (PSV), end diastolic velocity (EDV) were rec-

orded from CCAs of both sides. VevoLab v3.2.0 software was used for ultrasound imag-

ing analysis. The mean velocity (MV) was calculated as: MV = (PSV+2*EDV)/3. 
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3.2.7 Magnetic Resonance Imaging (MRI) 

MRI was performed in a small animal scanner (3T nanoScan® PET/MR, Mediso, Mün-

ster Germany with 25 mm internal diameter quadrature mouse head coil) at 2 and 7 days 

after sham or stroke surgery. For scanning, mice were anesthetized with 1.2% isoflurane 

in 30% oxygen/ 70% air applied via face mask132. Respiratory rate and body temperature 

(37 +/- 0,5 °C) were continuously monitored via an abdominal pressure sensitive pad 

and rectal probe and anaesthesia adjusted to keep them in a physiological range. The 

following sequences were obtained: coronal T2-weighted imaging (2D fast-spin echo 

(FSE), TR/TE = 3000/57.1 ms, averages 14, resolution 167 x 100 x 500 um3), coronal 

T1-weighted imaging (2D fast-spin echo (FSE), TR/TE = 610/28,6 ms, averages 14, res-

olution 167 x 100 x 500 um3), and DWI (2D spin echo (SE), TR/TE = 1439/50 ms , aver-

ages 4, resolution 167 x 100 x 700 um3). MEI images were then post-processed using 

Image J. 

3.2.8 Organ and Tissue Processing 

Mice were deeply anaesthetized with ketamine (120 mg kg-1) and xylazine (16 mg kg-1) 

and venous blood was drawn via cardiac puncture of the right ventricle in 50 mM EDTA 

(Sigma-Aldrich, Germany); the plasma was isolated by centrifugation at 3,000 g for 15 

min and stored at -80 °C until further use. Immediately following cardiac puncture, mice 

were transcardially perfused with ice cold saline. Subsequently, the common carotid ar-

teries (CCA) from both sides as well as the aortic arches and hearts were carefully iso-

lated and embedded in compound (O.C.T., Tissue-tek, Japan), frozen over dry ice and 

stored at -80 °C until sectioning.  

Heads were cut just above the shoulders. Skin was removed from the head and the 

muscle was stripped from the bone. After removal of the mandibles and the skull rostral 

to maxillae, whole brain with skull was post-fixed by 4% paraformaldehyde (PFA) over-

night at 4 °C. Subsequently, samples were transferred to a decalcification solution of 0.3 

M EDTA (C. Roth, 292.94 g/mol) at pH 7.4 and stored at 4 °C. EDTA solution was 
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changed after 3 days. Samples were immersed with 30% sucrose in PBS and then frozen 

down in -20 °C isopentane (Sigma Aldrich, Germany). 15 µm thick coronal sections were 

obtained at the level of anterior commissure for immunohistochemical analysis (Fig. 3.3). 

Sections were mounted on SuperfrostPlus Slides (Thermo Scientific, US) and stored in 

-80 °C. 

 

Figure 3.3 Brain sample processing scheme. In order to further confirm recurrent ischemic 

lesion, brain samples were started to collect at 3 mm anterior the bregma and stopped at 3 mm 

posterior the bregma.  

3.2.9 Histology and Immunofluorescence 

3.2.9.1 Hematoxylin and Eosin Staining 

The purpose of H&E staining is to identify tissue types as well as morphological changes. 

Hematoxylin stains basophilic substances, such as DNA, while Eosin stains acidophilic 

substances including positively charged amino acids of proteins. To begin with, carotid 

cryosections (5 µm) were washed rinsed by dipping them three times into distilled water. 

Subsequently, sections were stained with a hematoxylin solution (Merck, Germany) for 
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5 min. Then, sections were washed in tap water for 5 min and immersed with eosin 

solution (Carl Roth, Germany) for additional 5 min. Afterwards, sections were washed 

again in tap water for 5 min. Then sections were dehydrated according to the following 

protocol: 

Solution Procedure 

70% ethonal 5 s 

80% ethonal 5 s 

90% ethonal 5 s 

100% ethonal 5 min 

100% ethonal 5 min 

Xylene 1 2 min 

Xylene 2 2 min 

Finally, sections were mounted with Roti Histokki medium (Carl Roth, Germany) and 

stored at RT before imaging. 

3.2.9.2 Picrosirius red staining 

In order to evaluate the collagen content within the atherosclerotic lesion, carotid cryo-

sections were stained with Picrosirius red solution. Picosirius red is used as a strong 

anionic dye that can associate along cationic collagen fibers133.  In the beginning of the 

staining, sections were covered with phosphomolybdic acid solution (0.2%, Abcam, US) 

for 2 min. Afterwards, sections were wash by tap water for 1 min. Then, sections were 

stained with picrosirius red solution (Abcam, US) for 90 min at RT. Subsequently, sec-

tions were quickly rinsed in acertic acid solution (0.5%, Abcam, US) for 2 min. Then, 

sections were rinsed in 100% ethonal for 1 min and dehydrated in 100% ethonal for 

additional 2 min. Finally, sections were mounted with Roti Histokki medium (Carl Roth, 

Germany). Sections were stored at RT until imaging.  
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3.2.9.3 Immunofluorescence staining 

For immunofluorescence staining, cryosections were fixed with 4% PFA followed by an-

tigen blockade using 2% goat serum blocking buffer containing 1% Bovine Serum Album 

(BSA, Sigma), 0.1% cold fish skin gelatin (Sigma Aldrich, Germany), 0.1% Triton X-100 

(Sigma) and 0.05% Tween 20 (Sigma). Next, sections were incubated overnight at 4 °C 

with the following primary antibodies: Rat anti-mouse CD68 (1:200, ab53444, Abcam), 

mouse anti-mouse smooth muscle actin (1:200, ab7817, Abcam, US), rabbit anti-mouse 

Ki67 (1:200, 9129S, Cell Signaling, US), mouse anti-mouse caspase-1 (1:200, AG-20B-

0042-C100, Adipogen), sheep anti- Von Willebrand Factor (1:100, ab11713, Abcam, 

US), rat anti-CD31 (1:200, BM4086, OriGene, US). After extensive washing, sections 

were incubated with secondary antibodies as following: AF647 goat anti-rat (1:200, Invi-

trogen, US), Cy3 goat anti-mouse IgG H&L (1:200, Abcam, US), AF594 goat anti-rabbit 

(1:200, Invitrogen, US), AF488 goat anti-mouse (1:200, invitrogen, US), AF594 donkey 

anti-sheep (1:200, invitrogen, US). Counterstain to visualize nuclei was performed by 

incubating with DAPI (1:5000, invitrogen, US). Finally, sections were mounted with fluo-

romount medium (Sigma Aldrich, Germany). Microphotographs of Immunofluorescent 

samples were taken with confocal microscope (LSM 880, LSM 980; Carl Zeiss, Ger-

many). Sections were imaged with an epifluorescent microscope (Axio Imager M2; Carl 

Zeiss, Germany) and quantified by using ImageJ software (National Institutes of Health, 

US). 

3.2.9.4 Fluoro Jade C and TUNEL staining 

For the visualization of suspected secondary infarct lesions in the contralateral hemi-

sphere, brain sections (15 µm) were first stained for Fluoro Jade C (FJC) to identify the 

degenerative neurons. FJC staining was performed using the “Fluoro-Jade C Ready-to-

Dilute” Staining Kit (Biosensis, TR-100-FJ, US) according to the manufacturer’s instruc-

tions. To confirm the secondary lesion, double staining of microglia marker Iba-1 (1:200, 

FUJIFILM Wako Pure Chemical Corporation, US) and terminal deoxynuceotidyl trans-

ferase dUTP nick end labeling (TUNEL) staining was performed using Click-iT™ Plus 
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TUNEL Assay for In Situ Apoptosis Detection (Alexa Fluor™ 647 dye, Thermo Scientific, 

C10619) according to the manufacturer’s instructions. Brain samples were photographed 

on an epifluorescence microscope (Zeiss Axiovert 200M, C. Zeiss, Germany) and a con-

focal microscope (LSM980, C. Zeiss, Germany). 

3.2.10 Murine Plaque Analysis 

Plaque vulnerability was assessed as previously described before134. Intima, media and 

necrotic core area was analyzed in H&E-stained sections. The necrotic core (NC) was 

defined as the area devoid of nuclei underneath a formed fibrous cap. NC area was 

quantified as the percentage of necrotic core area over the intima area (Fig. 3.4 A). Col-

lagen content was quantified on Picrosirius Red-stained sections. Binary images were 

created by converting picrosirius red images into 8-bit images and segmenting them by 

thresholding. Collagen area was quantified as the percentage of collagen area over the 

intima area (Fig. 3.4 B). Images of CD68 staining were segmented by thresholding in 

order to generate binary images based on florescence signals. CD68+ macrophage area 

was quantified as the percentage of CD68 area over the intima (Fig. 3.4 C). Smooth 

muscle actin (SMA) staining pictures were processed the same as for CD68 staining. 

SMA area was measured as the percentage of SMA area against the intima (Fig. 3.4 D). 

Vulnerability Plaque Index (VPI) was calculated as VPI = (% NC area + % CD68 area) / 

(% SMA area + % collagen area). This study excluded mice whose carotid samples 

showed no sign of lesion formation. 
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Figure 3.4 Illustration for murine histological analysis. The area between two black dotted 

lines represents the intima area; the area of green dotted line represents necrotic core. Scale bar 

= 50µm 

3.2.11 Flow Cytometry Analysis 

CCA materials were mixed with digestion buffer, consisting of collagenase type XI (125 

U/ml, C7657), hyaluronidase type 1-s (60 U/ml, H3506), DNase I (60 U/ml, D5319), col-

lagenase type I (450 U/ml, C0130; all enzymes from Sigma Aldrich, Germany) in 1x 

PBS135, and were digested at 750 rpm for 30 min at 37 °C. After digestion, CCA materials 

were homogenized through a 40 µm cell strainer, washed at 500 g for 7 min at 4 °C and 

re-suspended in flow cytometry staining buffer (00-4222-26, Thermo Fisher) to generate 

single cell suspensions. Cell suspension were the incubated 30 min at 4 °C with flow 
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cytometry antibodies containing anti-CD45, CD11b, CD192, Ly6C, Ly6G, F4/80 and 

MCH II (detailed information of flow cytometry antibodies is provided in –‘section’–

3.1.4.1). After staining, non-bound antibodies were washed away by adding 1 ml flow 

cytometry staining buffer and spinning down for 7 min at 500 g. Supernatant was dis-

carded and cell pellet was re-suspended in 200 µl staining buffer. Samples were kept on 

ice until analysed using a spectral flow cytometer (Northern Light, CYTEK, US).  

3.2.12 Tracking of Blood-Derived Infiltrating Leukocytes in the CCA Plaque 

Leukocytes infiltration in the CCA was assessed by intravenous injection of a specific 

antibody to label circulating leukocytes136. Initially, 3 µg of anti-CD45 antibody was intra-

venously injected into ApoE-/- mice right after sham or stroke surgery. 24 hours later, in 

order to exclude the blood contamination, additional 3 µg anti-CD45 antibody conjugated 

to APC-Cy7 (clone: 30-F11, Biolegend, US) was injected intravenously 3 min before sac-

rifice (Fig. 3.5 A). Sample preparation was performed the same as described in –‘sec-

tion’– 3.11. Visualization of infiltrated intravascular-derived leukocytes (pre-labelled with 

anti-CD45 eF450 antibody) in atherosclerotic lesion of CCA was shown as CD45 

eFluor450 positive but APC-Cy7 negative population in the spectral flow cytometer 

(Northern Light, CYTEK, US) (Fig. 3.5 B). 

 

Figure 3.5 Schematic description of experimental design for tracking infiltrated blood-de-
rived leukocytes in CCA plaque after stroke. 
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3.2.13 Western Blotting 

Ipsi- and contralateral CCA materials were carefully isolated and snap frozen on dry ice. 

Whole frozen CCA was lysed with RIPA lysis/extraction buffer with added protease/phos-

phatase inhibitor (Thermo Fisher Scientific, US). Total protein quantified using the Pierce 

BCA protein assay kit according to the manufacturer’s instructions (Thermo Fisher Sci-

entific). Whole tissue lysates were fractionated by SDS-PAGE and transferred onto a 

polyvinylidene difluoride membrane (BioRad, Germany). After blocking for 1 hour in TBS-

T (TBS with 0.1% Tween 20, pH 8.0) containing 4% skin mile powder (Sigma, Germany), 

the membrane was washed with TBS-T and incubated with the primary antibodies 

against following antibodies: mouse anti-caspase-1 (1:1000; AdipoGen, US), rabbit anti-

actin (1:1000; Sigma, Germany) and rabbit anti-Factor XII (1:1000, Invitrogen, US). 

Membranes were washed three times with TBS-T and incubated for 1 hour with HRP-

conjugated anti-rabbit or anti-mouse secondary antibodies (1:5000, Dako, Denmark) at 

room temperature. Membranes were washed three times with TBS-T, developed using 

ECL substrate (Millipore, US) and acquired via the Vilber Fusion Fx7 imaging system. 

After densitometry analysis by using Image J, the expression of target proteins is nor-

malized to β-actin expression.  

3.2.14 Enzyme Linked Immunosorbent Assay (ELISA) 

The concentration of IL-1β in CCA plaque was quantified via ELISA. CCA tissue samples 

were isolated and snap frozen on dry ice. Whole frozen CCA was lysed with 200 µl cell 

lysis buffer (#895347, R&D system, US). The concentration of IL-1β in total CCA lysates 

was measured by ELISA according to the manufacturer’s instructions (MLB00C, R&D 

system). Absorbance at 450 nm was measured by iMark Microplate Reader (BIO-RAD, 

Germany). IL-1β sample concentrations were quantified by interpolation of the standard 

curve, obtained by plotting absorbance values relative to corresponding standard con-

centrations using nonlinear regression for curve adjustment. 
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3.2.15 MMP2 and MMP9 in situ Zymography of CCA Sections 

MMP2 and MMP9 in situ zymography on CCA sections was performed as previously 

described with slight modifications33. DQ-gelatin (D12054, Invitrogen) was dissolved in 

reaction buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl2, 200 mM sodium azide, pH 

7.6). 5 µm cryosections were incubated for 2 h at 37 °C with the gelatin-containing reac-

tion buffer. Negative control sections were pre-incubated for 1 h with the MMP-inhibitor 

1,10-Phenatheroline (Sigma). Nuclei were stained with DAPI. MMP activity was detected 

with an Axio Observer Z1 microscope with 20 x magnification (Carl Zeiss, Germany). 

MMP 2/9 area was quantified as the percentage of MMP 2/9 area over the intima area. 

3.2.16 Neutrophil Isolation and Stimulation 

Neutrophils were generated from tibia and femur of transcardially perfused wild type mice 

(Fig. 3.6). After isolation and dissection of tibia and femur, bone marrow was flushed out 

of the bones through a 40 µm strainer using a plunger and 1 ml syringe filled with sterile 

1 x PBS. Strained bone marrows cells were washed with PBS, and resuspended in 1 x 

sterile PBS with 5% BSA. Afterwards, neutrophils were isolated by using neutrophil iso-

lation kit (130-097-658, Miltenyi Biotec) according to the manufacturer’s instructions. 1 x 

107 cells were plated onto 150 mm culture dishes in 10 ml RIPA 1640 (Gibco, US), sup-

plemented with 10% FBS and 1% penicillin/streptomycin. Cells were incubated under 37 

°C with 5% CO2 for 30 min. Afterwards, cells were stimulated with 100 nM phorbol 12-

myristate 13-acetate (PMA) overnight at the same condition. 
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Figure 3.6 Schematic illustration of neutrophil isolation and stimulation. (A) Scheme of neu-

trophil isolation and stimulation. (B) Neutrophil purity check after isolated from tibia and femur of 

mouse. SSC-A: Side Scatter parameter. 

3.2.17 Free Nucleic Acid Quantification 

Total circulating cell-free (cf) DNA, single strand (ss) DNA and double strand (ds) DNA) 

levels in the plasma of mice and human patients were first purified with Plasma/serum 

Cell-free circulating DNA purification mini kit (#55100, NORGEN Biotek, Canada), ac-

cording to the manufacturer’s instructions. Afterwards, cfDNA and ssDNA were meas-

ured with Nanodrop Spectrophotometer (1000ND, Peqlab, US). dsDNA was measured 

with a Qubit 2.0 fluorophotometer (Invitrogen, US) using a specific fluorescent dye bind-

ing dsDNA (HS dsDNA Assay kit, Thermo Fisher Scientific). Dilutions and standards 

were generated following the manufacturer’s instructions. 

3.2.18 Bone Marrow-Derived Macrophages (BMDM) Isolation and Cell 

Culture 

BMDMs were isolated and cultured as previously described57. BMDMs were generated 

from tibia and femur of transcardially perfused wild type mice. After isolation and dissec-

tion of tibia and femur, bone marrow was flushed out of the bones through a 40 µm 

strainer using a plunger and 1 ml syringe filled with sterile 1x PBS. Strained bone marrow 

cells were washed with PBS, and resuspended in DMEM + GlutaMAX-1 (Gibco, US), 

supplemented with 10% fetal bovine serum (FBS) and 1% Gentamycin (Thermo Scien-

tific, US) and counted. 5 x 107 cells were plated onto 150 mm culture dishes. Cells were 

differentiated into BMDMs over the course of 8-10 days. For the first days after isolation, 

cells were supplemented with 20% L929 cell-conditioned medium (LCM), as a source of 

M-CSF. Cultures were then maintained at 37 °C with 5% CO2 until they reached ≥ 90% 

confluence. 
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3.2.19 BMDM Stimulation with Sham or Stroke Serum 

BMDMs were cultured for 8-10 d for full differentiation. Cells were then harvested, 

washed, counted, and seeded in flat-bottom tissue culture-treated 24-well plates at a 

density of 2 x 105 cells per well in a total volume of 500 µl, and then cultured overnight 

for at least 16 h (Fig. 3.7). BMDMs were then stimulated with LPS (100 ng/ml) for 4 h. 

Afterwards, the cells were incubated with serum from either stroke or sham operated wild 

type mice (4 h post-surgery) at a concentration of 25% total volume for 1 h. Control 

treated BMDMs received only FBS-containing culture medium. After stimulation, the su-

pernatant was discarded and the cells were washed with sterile PBS to ensure no lefto-

ver serum on the cells. Afterwards, 500 µl serum-free DMEM was added to the BMDMs, 

which were then incubated overnight for 16 h at 37 °C and 5% CO2. The culture medium 

was then collected for further analysis. 

 

Figure 3.7 Schematic description of BMDMs conditional stimulation. 

3.2.20 Gelatin Zymography of Mouse CCA Extracts, BMDMs Culture 

Medium and Patient Plaque Lysates 

MMPs CCA tissue extracts were analysed using gelatin zymography (Novex TM 10% 

zymography plus protein; ZY00100BOX, Thermo Scientific, US) according to the manu-

facturer’s instructions. CCA tissue was lysed with cell lysis buffer (#895347, R&D system, 
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US). Total protein was quantified using Pierce BCA protein assay kit (Thermo Fisher 

Scientific, US). Aliquots of appropriately diluted tissue extracts were loaded on gels at 

total volume of 20 µl. After electrophoresis, gels were incubated in 1 x Zymogram 

Renaturing Buffer (LC2670, Invitrogen, US) for 30 min at room temperature with gentle 

agitation. Afterwards Zymogram Renaturing Buffer was decanted and 1 x Zymogram 

Developing Buffer (LC2671, Invitrogen) was added to the gel. The gel was then equili-

brated for 30 minutes at room temperature with gentle agitation. After an additional wash 

with 1x Zymogram developing buffer the gels were incubated at 37 °C overnight. Gels 

were stained with colloidal blue staining kit (LC6025, Invitrogen, US) and acquired on a 

gel scanner. MMPs activity reflected as clear bands against a dark blue background 

where the gelatin has been digested by MMPs. The MMPs activity was further quantified 

by Image J. BMDM culture medium was collected and loaded on gelatin zymography 

gels at total volume of 25 µl. MMP activity in BMDM culture medium was analysed using 

the same protocol as for the tissue samples. 

3.2.21 En face Immunofluorescence Staining 

Both, ipsi- and contralateral CCA were dissected and adventitial fat and ligation nodes 

were thoroughly trimmed away. CCAs were then cut open, unfolded, and pinned out on 

a silicon-elastomer for fixation in 4% PFA at room temperature for 2 h. The CCAs then 

were washed for 1 h at room temperature in 5% BSA with 0.3% Triton-100X (Sigma 

Aldrich, Germany). Afterwards, CCAs were incubated with rabbit anti-Factor XII (1:100, 

PA5-116703, Invitrogen, US) at 4 °C overnight. After washing in 5% BSA with 0.3% Tri-

ton-100X for 1 h at room temperature, CCAs were incubated with AF647 goat anti-rabbit 

(1:100, Invitrogen, US) and DAPI for 2 h at room temperature. Finally, CCAs were 

mounted with fluoromount medium (Sigma Aldrich, Germany). Microphotographs were 

taken with a confocal microscope (LSM 980; C. Zeiss, Germany). 
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3.3 Statistical analysis 

Data analysis was performed using GraphPad version 6.0. All summary data are pre-

sented as the mean ± standard deviation (s.d.) unless indicated otherwise. A Shapiro-

Wilk normality test was used to determine the normality of all datasets. The groups con-

taining normally distributed independent data were analysed using a two-way Student’s 

t test (= 2 groups) or ANOVA (for > 2 groups). Normally distributed dependent data were 

analysed using a 2-way ANOVA. Mann-Whitney U test (= 2 groups) or Kruskal-Wallis 

Test (H test, for > 2 groups) were used to analyse the remaining data. The P value was 

adjusted for comparison of multiple comparisons using Bonferroni correction or Dunn’s 

multiple comparison tests. P values < 0.05 was considered to be statistically significant. 
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4. Results 

4.1 Post-stroke vascular inflammation and atheroprogression 

cannot be rescued by established secondary prevention 

To test the efficacy of established secondary prevention on atheroprogression early after 

stroke, 8-week-old apolipoprotein E–deficient (ApoE-/-) mice126 were assigned to three 

groups: sham, stroke and stroke treated with anti-platelet (aspirin) and cholesterol-low-

ering treatment (rosuvastatin), a currently established secondary prevention treat-

ments137 (Fig. 4.1 A). Aspirin and statin treatment did not improve post-stroke mortality 

(Fig. 4.1 B). To evaluate vascular inflammation after secondary prevention treatment, 

flow cytometry analysis was performed for whole-aorta cell suspensions. Monocyte 

counts per aorta were increased both in stroke control and treated stroke mice compared 

to sham (Fig. 4.1 C). Overall plaque load in aortic valve was significantly increased both 

in stroke control and treatment group compared to sham operated mice, quantified by 

Oil Red O staining (Fig. 4.1 D, E). Taken together, these findings suggest that currently 

established anti-platelet and cholesterol-lowering therapies fail to attenuate atheropro-

gression and vascular inflammation early after experimental stroke. 
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Figure 4.1 Established secondary prevention fails to attenuate early post-stroke vascular 
inflammation and atheroprogression. (A) Experimental design: 8w-old HFD fed ApoE-/- mice 

underwent sham or stroke surgery. Mice were treated orally with either control or a combination 

of Rosuvastatin (5 mg/kg) and Aspirin (20 mg/kg) for 7 consecutive days after stroke. (B) Kaplan-

Meier survival curves of stroke control, statin and aspirin treated, or sham operated mice. Mantel-

Cox test; n = 10 (sham), n = 15 (control), n = 12 (statin + aspirin treatment). (C) Flow cytometry 
analysis of whole aorta cell suspensions revealed no difference in total monocyte (CD45+CD11b+) 

cell counts between control or treated mice after stroke in contrast to sham-operated mice 

(ANOVA, n = 8-10 per group). (D, E) Quantification of aortic valve plaque load displayed no dif-

ferences between stroke control and statin + aspirin-treated mice. Data is shown as (D) percent-

age of plaque area per aortic valve level and (E) area under the curve (ANOVA, n = 8-10 per 

group). 

4.2 Advanced atherosclerotic plaque model establishment 

Atherosclerotic plaques in human and animals preferentially develop at the site of vessel 

bifurcations or arteries branches where shear stress is low in magnitude127. Moreover, 

tensile stress has also been considered as a responsible factor contributing to plaque 

rupture128. To unravel the mechanisms leading to increased risk of recurrent events and 

stroke in atherosclerotic patients with an ischemic event, a mouse model that combines 

both low shear stress and high tensile stress129 was adapted (Fig. 4.2 A). In this mouse 
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model, tandem ligations were introduced with 150 µm stenotic diameter with the distal 

point 1 mm away from the CCA bifurcation and the proximal one 3 mm from the distal 

ligation. 4 w after TS induction, in vivo MRI TOF sequences of CCA further confirmed 

that TS ligation was successfully induced (Fig. 4.2 B).  

Dynamic change of blood flow plays a key role in development and progression of ath-

erosclerosis. In order to clarify the hemodynamically change after TS, Doppler ultrasound 

was performed before and weekly after TS surgery on CCA for 4 weeks (Fig. 4.2 C). As 

it shown in Pulse-wave mode, both peak systolic velocity (PSV) and end diastolic velocity 

(EDV) decreased in the middle of the ligation after TS when compared with before, where 

caused blood turbulence and low wall shear stress between the two ligations128 (Fig. 4.2 

D, E). Lowered shear stress and disturbed blood flow have been related to endothelial 

dysfunction, leukocytes infiltration, macrophage accumulation in the intima and the initi-

ation of aroma138, 139. Additionally, TS results in robustly increase of both PSV as well as 

EDV at the site close to ligation where high tensile stress is induced (Fig. 4.2 F). Higher 

tensile stress is an essential factor for vulnerable plaques due to it has been correlated 

with the prevalence of plaque rupture in proximal coronary arteries compared with the 

periphery coronary arteries140. Furthermore, systemically examining the blood flow on 

CCA after TS surgery, TS ligation leads to persistent hemodynamically change on ipsi-

lateral CCA while the contralateral remains unaffected (Fig. 4.2 G, H).  
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Figure 4.2 Characterization of the tandem stenosis model. (A) Schematic illustration of the 

tandem stenosis (TS) model for induction of vulnerable atherosclerotic plaques: 8w-old HFD fed 

ApoE-/- mice received TS surgery on the right common carotid artery (RCCA). Mice are then fed 

with high fat diet for an additional 4 w. (B) Representative images of CCA MRI TOF sequence 4 

w after mice receiving control or TS surgery. White arrows highlight the two ligations on the RCCA. 

(C) Schematic description of the experimental design for Doppler ultrasound performance. (D) 
Representative color mode (left) and pulse-wave mode (right) image of RCCA in the mouse be-

fore TS, imaged at proximal ligation at 40 MHz (left panel). Corresponding CCA velocity waveform 
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measured at proximal ligation location 4 w after TS surgery (right panel). PSV: peak systolic ve-

locity, EDV: end diastolic velocity. (E) Schematic description of location for blood flow measure-

ment on the right CCA (ICA: internal carotid artery; ECA: external carotid artery; RCCA: right 

common carotid artery, left panel). Arrow indicates the site between the two ligations. Correspond-

ing CCA velocity waveform measured at the site between two ligations (right panel). (F) Sche-

matic description of location for blood flow measurement on the right CCA. Arrow indicates the 

site close to proximal ligation. Corresponding CCA velocity waveform measured at the site close 

to the proximal ligation (right panel). (G) Schematic illustration of locations for blood flow meas-

urement on RCCA (left panel). 1 represents the site above the distal ligation; 2 indicates the area 

close to the distal ligation; 3 indicates the area between the two ligations; 4 represents the site 

close to the proximal ligation; 5 indicate the area below the proximal ligation. Corresponding 

quantification for PSV, EDV and mean velocity (MV, MV= (PSV+2*EDV) / 3) at RCCA before and 

4 w after TS surgery (right). Data were shown as mean ± standard error of the mean (SEM). (H) 
Schematic illustration of locations for blood flow measurement on LCCA (left panel). 1 indicates 

the site close to CCA bifurcation; 2 represents the area in the middle of CCA; 3 indicates the area 

at the beginning of CCA. Corresponding quantification for PSV, EDV and MV at LCCA before and 

4 w after TS surgery (right). Data were shown as mean ± standard error of the mean (SEM). 

4.3 Plaques morphological phenotype on CCA in TS model 

In order to evaluate the impact of TS on CCA in a morphological level, ApoE-/- mice were 

sacrificed 4 w after TS surgery, and both CCAs were isolated and collected for histolog-

ical analysis. H&E staining showed that 4 w after TS surgery, complex plaque formation 

with the typical indicators for instability —necrotic cores and fibrous cap thinning —are 

found in ipsilateral CCA (+TS) but not on the contralateral side (-TS) (Fig. 4.3 A). To 

better characterize plaques morphological phenotype, key parameters including necrotic 

core area, collagen content, smooth muscle cell actin (SMA) and macrophage content 

of plaques were quantified in histological analysis. Larger necrotic core and higher mac-

rophage content were related to more vulnerable plaque, while higher content of SMA 

and collagen suggest the plaque is more stable134. Whole CCA were processed and 

divided into 5 parts for histological quantification based on two ligations as introduced in 

–‘section’– 4.2. Detailed measurements of necrotic core, collagen content, SMA and 

macrophage content of plaques are described in –‘section’– 3.2.10. 
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Figure 4.3 Histological characterization of atherosclerotic plaques. (A) Representative pho-

tograph of the CCA anatomy and corresponding H&E staining for each vessel segment 4 w after 

TS surgery of both CCAs (-TS represents contralateral (left) CCA without TS ligation; +TS repre-

sents ipsilateral (right) CCA with TS ligation, scale bar = 100 µm; H&E staining, scale bar = 50µm). 

(B) Schematic illustration of CCA with TS. Dotted lines indicate the location of sections analyzed 

in the study. (The area between two dash lines represents the intima area; the area of green 

dotted line represents the necrotic area; Scale bar = 50 µm). 
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4.4 Ischemic events induce recurrent ischemia as well as 

atherosclerotic plaque rupture 

4.4.1 Ischemic stroke induces early recurrent events 

Next, the TS model was used to test the effect of acute ischemic stroke, induced in the 

brain hemisphere contralateral to the CCA TS on atherosclerotic plaque morphology and 

potential rupture (Fig. 4.4 A). The occurrence of secondary ischemic events in the con-

tralateral brain hemisphere (supplied by the stenotic atherosclerotic CCA) was screened 

by MRI and histological analysis of cell loss (Fluoro Jade C and TUNEL staining) and 

microgliosis (Fig. 4.4 B). A recurrent ischemia in the contralateral brain hemisphere, sup-

plied by the atherosclerotic CCA, was defined through an MRI scan; with the histological 

analysis further verifying cell death and microgliosis in this area. Indeed, it showed that 

experimental stroke resulted in secondary brain ischemia in 30% of the animals, while 

no recurrent events were observed in any of the animals with CCA plaques but only 

sham surgery (Fig. 4.4 C). This observation suggests that stroke leads to rupture of the 

remote CCA plaque, leading to secondary recurrent stroke events. One of the most com-

mon causes inducing ischemic lesion is thrombi that originates from a ruptured athero-

sclerotic plaque141. To detect the possible thrombi to support this hypothesis, the intrac-

erebral arteries stained with smooth muscle actin (SMA) was screened. An intravascular 

thrombus formation shown as platelet (CD41) and fibrinogen enrichment in the supplying 

anterior cerebral artery (ACA) was observed, corresponding to the contralateral second-

ary stroke territory (Fig. 4.4 D) — no thrombi were found in any of the sham-operated 

animals.  

4.4.2 Ischemic stroke exacerbates atherosclerotic plaque vulnerability 

In order to assess the atherosclerotic plaque vulnerability after ischemic stroke, the 

plaque vulnerability index was calculated by using the histological analysis from necrotic 
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core, SMA, collagen and macrophage staining (detailed calculation of plaque vulnerabil-

ity index can be found in –‘section’– 3.2.10). It suggested that necrotic core area shown 

by H&E staining was significantly increased in mice after experimental stroke (Fig. 4.5 

A). As markers indicating plaque stability, the content of both SMA and collagen were 

found significantly decreased in stroke mice when compared to sham group (Fig. 4.5 B-

C). Interestingly, macrophage content labeled by CD68 was observed significantly in-

creased after primary stroke and even further elevated in the mice with recurrent is-

chemic lesion (Fig. 4.5 D). Plaque vulnerability index was found significantly increased 

in mice after experimental stroke and was even further exacerbated in mice with second-

ary ischemic events after the primary stroke (Fig. 4.5 E).  

Plaque rupture is one of the most important pathological factors leading to ischemic 

stroke and myocardial infarction141. A ruptured plaque is characterized with discontinu-

ous endothelial or disrupted fibrous cap142.  With the aim of analyzing atherosclerotic 

fibrous cap continuity, CCA sections from sham or stroke-operated mice were stained 

by H&E and systemically screened. In order to evaluate the endothelial continuity, CCA 

sections of both sham or stroke-operated mice were further confirmed by endothelium 

marker (CD31) and von Willebrand factor immunofluorescence labeling. The disruption 

of endothelial in both H&E as well as immunofluorescence staining was defined as a 

‘‘ruptured plaque’’. Direct morphological indication of plaque rupture was observed in 

40% of mice after stroke but only 10% of mice undergoing sham surgery (Fig. 4.5 F). 
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Figure 4.4 Stroke induces early atherosclerotic ischemia. (A) Experimental design: 8-week-

old Apolipoprotein E-deficient mice fed a high cholesterol diet (HCD-fed ApoE-/-) underwent tan-

dem stenosis (TS) surgery. Subsequently, these mice undergo an experimental ischemic stroke 

or sham surgery 4 weeks after TS. The recurrence of secondary ischemia in the contralateral 

hemisphere was examined by MRI on days 2 and 7 after stroke. Mice were sacrificed 1 w after 

sham or stroke surgery. (B) Representative images of recurrent stroke. The upper left panel 

shows the representative MRI T2 sequence image (scale bar = 3 mm). The white dash line rep-

resents the primary stroke area. The red dotted line in the contralateral cortex represents the 

secondary, recurrent infarct. The lower left panel shows Fluoro Jade C (FJC) staining correspond-

ing with the MRI (scale bar = 3 mm). The second column shows representative images of histo-

logical stainings (FJC, TUNEL, Iba-1) from control mice. The right column shows representative 

images from mice with a secondary lesion. FJC represents degenerative neurons (green), termi-

nal deoxynuceotidyl transferase dUTP nick end labelling (TUNEL) represents apoptotic cells (red) 

and Iba-1 represents activated microglia (grey) (scale bar =50 μm). (C) Pie charts illustrate stroke 

recurrence rate 1 w after sham or stroke surgery (sham: n= 24, stroke: n= 40; red, with secondary 

lesion; grey, without secondary lesion). (D) Representative images of a thrombus found in the 

anterior cerebral artery (ACA). Ve = venules. * indicates the thrombus within the ACA (left scale 

bar = 3 mm; middle scale bar = 100 µm; right scale bar = 30 µm). 
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Figure 4.5 Stroke leads to atherosclerotic plaque rupture. (A) Representative microphoto-

graphs of CCA H&E staining (scale bar = 50 µm). Area between two black dotted lines represents 

intima. Green dotted lines represent necrotic cores. Necrotic core area was quantified as the 

percentage of total intima area (ANOVA, n = 8-10 per group). (B) Representative microphoto-

graphs of smooth muscle actin (SMA) immunofluorescence staining (scale bar = 50 µm). Area 

between two white dotted lines represent intima. SMA area was quantified as the percentage of 

total intima area (ANOVA, n = 8-10 per group). (C) Representative microphotographs of picro 

sirius red staining (scale bar = 50 µm). Collagen area was quantified as the percentage of total 

intima area. Area between two black dotted lines represent intima (ordinary one-way ANOVA test, 

n = 8 -10 per group). (D) Representative microphotographs of CD68 immunofluorescence staining 
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(scale bar = 50 µm). Images were segmented by thresholding to convert fluorescence signal into 

a binary image. Area between two white dotted lines represent intima. CD68 area was quantified 

as the percentage of total intima area (ordinary one-way ANOVA test, n = 8-10 per group). (E) 
Quantification of plaque vulnerability in CCA sections 1 w after sham or stroke surgery (black: 

sham; blue: stroke without secondary lesion; red: stroke with secondary lesion, ordinary one-way 

ANOVA test, n= 8 to 10 per group). (F) Representative microphotographs of ruptured plaque 1 w 

after stroke (left, scale bar = 50 µm). White arrows indicate a disrupted fibrous cap in lesion. The 

pie charts illustrate the proportion of mice with ruptured CCA plaques 1 w after sham or stroke 

surgery (orange: ruptured; grey: not ruptured; sham, n = 11; stroke, n = 25). 

4.5 Ischemic stroke increases vascular inflammation 

Following the evidence of increased macrophage content in the atherosclerotic CCA af-

ter stroke, we probed whether the stroke-induced plaque vulnerability was associated 

with vascular inflammation, and consequently, flow cytometry analysis of whole-CCA cell 

suspensions was performed. The analysis of CCA plaques revealed overall increased 

leukocyte (CD45+) counts after stroke in comparison to sham surgery. More specifically, 

monocytes counts (CD45+CD11b+), in particular the number of inflammatory monocytes 

(CD45+CD11b+Ly6ChighCCR2+), and macrophages (CD45+CD11b+MHCII+F4/80+) were 

significantly increased in atherosclerotic CCA plaques after stroke compared to sham 

(Fig. 4.6 A-B).  

Next, we sought to investigate whether increased immune cellularity was due to either 

de novo invasion or local macrophage proliferation. To measure immune cells invasion 

in CCA plaque after stroke, ApoE-/- mice were intravenously injected by 3 µg CD45 anti-

body (leukocytes surface marker) conjugated with eF450 right before sham or stroke 

surgery. 24 h after surgery, to exclude the blood contamination, 3 µg CD45 antibody 

conjugated with APC Cy7 was intravenously injected 3 min before the mice were sacri-

ficed (Fig. 4.6 C). Flow cytometry analysis of whole-CCA cell suspension indicated that 

stroke induced significant leukocytes infiltration in CCA plaque. Precisely, both 

CD11b+Ly6Chigh and CD11b+CCR2+ population, known as pro-inflammatory monocytes, 

were significantly increased 24 h after stroke compared to sham (Fig. 4.6 D). With the 
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aim of examining local macrophage proliferation, CCA sections of 7 d after sham or 

stroke operated mice were labeled with macrophage marker (CD68) and proliferation 

marker (Ki67). Interestingly, local macrophage proliferation was observed significantly 

increased in stroke mice when compared to sham, and the local proliferation rate was 

associated with the occurrence of recurrent events (Fig. 4.6 E).  

 

Figure 4.6 Post-stroke plaque vulnerability accompanied with vascular inflammation. (A) 
Representative gating strategy for flow cytometry analysis of whole CCA cell suspensions 24 h 

after sham or stroke surgery. (B) Flow cytometry analysis of CCA cell suspensions showing total 

leukocytes (CD45+), monocytes (CD11b+), pro-inflammatory subset (Ly6Chigh CCR2+) and mac-

rophages (F4/80 MHCII+) cell counts after experimental stroke compared to sham (U test, n = 7-

8 per group). (C) Schematic illustration of experimental design for data shown in (D): HCD-fed 

ApoE-/- mice with TS received 3 μg anti-mouse CD45 eFluor 450 intravenously immediately before 

sham or stroke surgery. 24 h later these mice were intravenously injected with 3 μg anti-mouse 

CD45 APC-Cy7 3 min before sacrifice for exclusion of blood contamination in the FACS analysis. 

Representative gating strategy for infiltrated leukocytes (CD45 eFluor 450+, CD45 APC-Cy7-) in 
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CCA 24 h after sham or stroke surgery. (D) Quantification of infiltrated leukocyte counts for 

Ly6Chigh monocytes and CCR2+ monocytes in CCA 24 h after sham or stroke surgery (black: 

sham; blue: stroke; multiple t-test, n = 7 per group). (E) Representative images of immunofluo-

rescence staining for CD68 and Ki67 in CCA sections for detection of macrophage proliferation 1 

w after sham or stroke with/without secondary lesion (left). Corresponding quantification of prolif-

erating macrophages normalized to total cell count (right; black: sham; blue: stroke without sec-

ondary lesion; red: stroke with secondary lesion, ordinary one-way ANOVA, n = 8 to 10 per group). 

4.6 Stroke leads to inflammasome activation in atherosclerotic 

plaque 

It has been previously reported that the pro-inflammatory cytokine —interleukin (IL)-1β 

—was detected as the most abundantly upregulated cytokine in the circulation of mice 

after acute stroke57. IL-1β is mainly released by myeloid cells and is one of the main 

products of the inflammasome cascade143. The inflammasome contains multiple pro-

teins, which can be triggered by a variety of signals, including microbial ligands and cho-

lesterol crystals143. Upon sensing the signal, pattern recognition receptor assembles an 

ASC-caspase-1 inflammasome, which ultimately activates IL-1β143. Here, the increase of 

IL-1β concentration in mice serum 24 h after experimental stroke was confirmed by En-

zyme Linked Immunosorbent Assay (ELISA) (Fig 4.7 A). Further analysis of the inflam-

matory milieu in the atherosclerotic plaque after stroke revealed a substantial increase 

in local IL-1β production, suggesting inflammasome involvement and active IL-1β secre-

tion in atherosclerotic plaque after stroke (Fig. 4.7 B). The local inflammasome activation 

was then confirmed by western blot analyses of the inflammasome cascade including 

the hallmark proteins ASC, cleavage forms of caspase-1 and the preform of IL-1β (Fig. 

4.7 C-G). Additionally, caspase-1 cleavage — the effector enzyme of the inflammasome 

— in the atherosclerotic plaque was independently verified by histological analysis show-

ing an increased caspase-1 expression in CCA plaques after stroke (Fig. 4.7 H-I).  
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Figure 4.7 Post-stroke inflammasome activation within atherosclerotic plaques. (A) ELISA 

analysis of IL-1β concentrations in murine serum 24 h after sham or stroke surgery (U test, n = 

6-7 per group). (B) ELISA analysis of IL-1β concentrations in murine CCA lysates 24 h after sham 

or stroke surgery (ANOVA, n= 6-7 per group). (C) Representative immunoblot of different proteins 

in inflammasome cascade from CCA lysates with TS 1 w after sham or stroke surgery. (D-G) 

Quantification of proteins in inflammasome cascade intensity normalized to β-actin (U test, n = 8 

per group). (H) Representative immunofluorescence staining of caspase-1 (Casp-1) in CCA sec-

tions 1 w after sham or stroke surgery (scale bar = 50 µm). Images were segmented by thresh-

olding to convert fluorescence signal into a binary image. Area between two white dotted lines 

represent intima. (I) Casp-1 expression was quantified as the percentage of total intima area (U 

test, n = 8 per group).  
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4.7 Pharmacological inflammasome inhibition attenuates 

plaque vulnerability as well as vascular inflammation 

Since pronounced inflammasome activation was observed within atherosclerotic plaque 

after stroke, next, inflammasome activation was aimed to be blocked by a specific 

caspase-1 inhibitor (VX765). VX765 is a pro-drug which can be converted by plasma 

esterases into an active form, subsequently functions via covalent modification of the 

catalytic cysteine residue in the active site of caspase-1144. Thereby, it restrains caspase-

1 activation and further antagonizes inflammasome assembling, as well as reduces the 

synthesis and release of downstream cytokines such as IL-1β and IL-18. 

In order to block inflammasome activation after stroke, ApoE-/- mice were treated with 

VX765 at the dose of 100mg kg-1 1 h before stroke surgery (Fig. 4.8 A). 7 d after surgery, 

immunofluorescent antibody staining of macrophages and cell proliferation indicated that 

pharmacological inflammasome blockage by VX765 prevented the proliferation of im-

mune cells within the CCA plaque after stroke (Fig. 4.8 A). With the aim of tracking cell 

invasion to CCA plaques after VX765 treatment, circulating leukocytes were labeled by 

CD45 with eF450 conjugated antibody as previously described (see –‘section’– 4.5) (Fig. 

4.8 B). Flow cytometry analysis showed that VX765 treatment reduced leukocytes inva-

sion, particularly inhibited the pro-inflammatory circulating monocytes (Fig. 4.8 C). The 

impact of inflammasome inhibition on atheroprogression after stroke was assessed by 

processing post-stroke CCA sections for histological analysis. A variety of key parame-

ters were used to characterize plaque morphology, including necrotic core area, collagen 

content, macrophage content (CD68+ region), and smooth muscle cell content (SMA+ 

area). To evaluate plaque vulnerability, the vulnerability plaque index was calculated as 

shown previously (see –‘section’– 4.2.2). Histological analysis suggested that inflam-

masome inhibition potently blocked the atheroprogression. Atherosclerotic plaques in 

mice treated with VX765 showed a tendency for a less necrotic core area (Fig. 4.8 D) 

and higher levels of SMA and collagen (Fig. 8 E, F). More strikingly, VX765 treatment 
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significantly reduced the macrophage content of atherosclerotic plaques and, overall, 

reduced the plaque vulnerability index after stroke to levels comparable to sham-oper-

ated mice, suggesting that the plaque is more stable (Fig. 4.8 G, H). 

4.8 Post-stroke inflammasome activation within 

atherosclerotic plaques is DNA-dependent 

Based on the previous observations, which specific inflammasome sensor mediates the 

effect of stroke on CCA plaque exacerbation needs to be further clarified. Here, two well-

described inflammasome sensors AIM2 and NLRP3 in the context of atherosclerosis 

were considered112, 123. Moreover, it has been recently shown that stroke leads to sys-

temic AIM2 inflammasome activation57. For pharmacological inhibition, specific inhibitors 

for NLRP3 (MCC-950)145 and the AIM2 inflammasome (Calix[6]arene)131 were used. Sur-

prisingly, only the inhibition of the AIM2 but not of the NLRP3 inflammasome prevented 

inflammasome activation in the CCA plaque after stroke. This was seen in decreased 

CCA IL-1β levels and less pro- and cleaved caspase-1 in the Calix[6]arene-treated group 

(Fig. 4.9 A-C). Since dsDNA is the ligand of AIM2 inflammasome, the concentration of 

cell-free DNA in serum was analyzed. We observed that both total and dsDNA, not sin-

gle-stranded DNA (ssDNA), were significantly increased in the blood 24 h after stroke 

(Fig. 4.9 D). The increase in circulating DNA levels suggests a broad release of cell-free 

DNA after stroke could be the mediator linking brain ischemia to the exacerbation of 

atherosclerotic plaque inflammation. To test whether cell-free DNA will induce plaque 

inflammation, mice with a CCA stenosis were challenged by intravenously injection of 

single bolus of cell-free DNA (5 µg per mouse). The DNA bolus was sufficient to detect 

elevated blood DNA levels in these mice (Fig. 4.9 E). Additionally, the DNA challenge 

led to plaque inflammasome activation, represented by increased CCA IL-1β levels (Fig. 

4.9 F). Increased inflammasome activation was further confirmed via caspase-1 western 

blot, showing more pro- and cleaved caspase-1 after DNA challenge (Fig. 4.9 G, H). In 
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contrast, degradation of cell-free DNA after stroke by therapeutic administration of re-

combinant DNase I after stroke induction significantly reduced the plaque inflammasome 

activation. This was reflected by decreased caspase-1 cleavage and IL-1β secretion (Fig. 

4.9 I, J). In summary, these data showed that the post-stroke AIM2 inflammasome acti-

vation in vulnerable atherosclerotic plaques by stroke-released DNA as the previously 

unrecognized cause of recurrent ischemic events due to inflammatory plaque rupture. 

 

Figure 4.8 Post-stroke inflammasome inhibition attenuates vascular inflammation as well 
as plaque vulnerability. (A) Experimental design of post-stroke inflammasome inhibition (left 

panel): 4 w after TS surgery, ApoE-/- mice were intraperitoneally injected VX765 at the dose of 

100mg kg-1 1 h before stroke. Mice were sacrificed 7 d after stroke surgery. Representative im-

ages of immunofluorescence staining for the detection of macrophage proliferation (CD68+ Ki67+) 

in CCA sections of control- or caspase-1 inhibitor (VX765)-treated mice 1 w after stroke (middle 

panel; scale bar = 50 µm). Corresponding quantification of proliferating macrophages normalized 
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to total cell counts (right panel; U test, n= 6-7 per group). (B) Schematic description of experi-

mental design for data shown in (C): ApoE-/- mice with TS treated with VX765 1 h before stroke 

surgery. Immediately before stroke, mice received 3 μg anti-mouse CD45 eFluor 450 intrave-

nously for circulating leukocytes labeling. 24 h later these mice were intravenously injected with 

3 μg anti-mouse CD45 APC-Cy7 3 min before sacrifice for exclusion of blood contamination in 

the FACS analysis. Representative gating strategy for infiltrated leukocytes (CD45 eFluor 450+, 

CD45 APC-Cy7-) in control or VX765 treated CCA 24 h after stroke surgery. (C) Flow cytometry 

analysis of infiltrated leukocyte counts, corresponding to experimental paradigm in Fig. 4.8 B  

(dark blue: stroke control; light blue: stroke with caspase-1 inhibitor-treatment; t test, n=5 per 

group). (D-G) Quantification of necrotic core area, SMA, collagen and CD68 area 1 w after sham 

or stroke in the respective treatment groups (performed as shown in Fig. 4.5, ANOVA, n = 8-10 

per group). (H) Quantification of plaque vulnerability of CCA sections in control or caspase-1 in-

hibitor-treated mice 1 week after stroke surgery (right, U test, n= 8 to 9 per group). 
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Figure 4.9 Post-stroke plaque inflammasome activation is cell-free DNA dependent. (A) 

ELISA analysis of IL-1β in CCA lysates from mice with tandem stenosis (TS), 24 hours after stroke 

in control-, NLRP3 inhibitor- (MCC-950) or AIM2 inhibitor- (4-sulfonic calix[6]arene) treated mice, 

and in sham operated mice (ANOVA, n = 5-6 per group). (B) Representative immunoblot micro-

graph of the different cleavage forms of caspase-1 (Casp-1) in CCA lysates 24 h after sham, 

stroke, stroke + NLRP3 inhibitor (MCC-950) or AIM2 inhibitor (4-sulfonic calix[6]arene) admin-

istration. (C) Corresponding immunoblot quantification of cleaved p20 Casp-1 intensity normal-

ized to β-actin in CCA lysates with tandem stenosis (+TS) 24 h after sham, stroke, stroke + NLRP3 

inhibitor or AIM2 inhibitor administration (black: sham; blue: stroke; light green: stroke + NLRP3 

inhibitor; dark green: stroke+ AIM2 inhibitor; ordinary one-way ANOVA test,  n= 5 to 6 per group). 

(D) Total cell-free DNA (tot.DNA), single-stranded DNA (ssDNA) and double-stranded DNA 
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(dsDNA) were measured in mice serum 24 h after sham or stroke surgery (black: sham; blue: 

stroke, U test, n= 7-8 per group). (E) Tot.DNA, ssDNA and dsDNA in mice serum were measured 

24 h after control or i.v. DNA challenge (multiple t test, control, n = 7; DNA challenge, n = 9). (F) 
ELISA analysis for IL-1β in CCA lysates 24 hours after i.v. DNA challenge (black, control; blue, 

DNA challenge, ANOVA, n = 7-9 per group). (G) Representative immunoblot micrograph of the 

different cleavage forms of caspase-1 (Casp-1) in CCA lysates from HCD-fed ApoE-/- mice with 

TS surgery, 24 h after i.v. DNA challenge. (H) Corresponding quantification of cleaved p20 Casp-

1 intensity normalized to β-actin in CCA lysates from HCD-fed ApoE-/- mice with TS surgery, 24 

h after i.v. DNA challenge (U test, n = 7 to 9 per group). (I) HCD-fed ApoE-/- mice with TS surgery 

intravenously received 1000 U recombinant DNase (DNase) immediately before stroke. Mice 

were sacrificed 24 h after. Representative immunoblot micrograph of the different cleavage forms 

of caspase-1 (Casp-1) in CCA lysates 24 h after sham, stroke, stroke + DNase administration. (J) 

Cleaved p20 Casp-1 and IL-1β were quantified in CCA lysates by immunoblot (U test, n = 6). 

Data is shown as a ratio of the DNase treated group to the mean of the control group. 

4.9 Stroke increases matrix metalloproteinase (MMP) activity 

within the atherosclerotic plaque 

Previous findings revealed morphological features of atherosclerotic plaque destabiliza-

tion after stroke, such as a necrotic core enlargement, increased plaque cellularity and 

thinned or ruptured fibrous cap. Moreover, also increased cellular inflammation within 

the atherosclerotic plaque—as observed here after stroke induction—is a conceivable 

factor that could lead to plaque rupture and secondary arterio-arterial embolism resulting 

in secondary infarctions. However, the interaction between local inflammation and 

plaque destabilization was so far not clarified in detail. Matrix metalloproteinases are able 

to degrade collagen and extracellular matrix (ECM) within atherosclerotic plaques146. 

Macrophages are the key source of MMPs secretion147. It has been shown that overpro-

duction of MMPs by macrophages accelerate atherosclerotic plaque rupture and cause 

severe complications such as myocardial infarction and ischemic stroke147. Among dif-

ferent MMPs subforms, MMP2 and MMP9 have been shown to be important factors dur-

ing atheroprogression148. A study discovered that upregulation of MMP2 and MMP9 ex-

pression correlate with atherosclerotic plaque vulnerability149.  
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In order to detect MMP2/9 activity within the atherosclerotic plaque, CCA sections from 

sham or stroke operated mice were examined by in situ zymography.  In situ zymography 

is used to reveal enzyme activity in tissue sections. Here, highly quenched, fluorescein-

labeled gelatin was used as substrate. Upon proteolytic digestion, substrate yields bright, 

green fluorescence peptides which can be used to quantify MMP2/9 activity. In situ zy-

mography of CCA plaque sections from stroke and sham operated mice with CCA ste-

nosis discovered that stroke resulted in increased enzymatic activity of MMPs after 

stroke (Fig. 4.10 A). This was further validated by gel zymography for MMP2 and MMP9 

subforms (Fig. 4.10 B, C).  

To test whether soluble blood mediators are responsible to mediate this effect on MMP 

activity after stroke, bone-marrow derived macrophages (BMDM) were treated with se-

rum obtained from mice 4 h after stroke or sham surgery (Fig. 4.10 D). BMDMs stimu-

lated with serum from stroke mice resulted in massively increased active MMP2 and 

MMP9 secretion in comparison to sham serum treatment, both in total protein content 

(western blot) and enzymatic activity (zymography), suggesting a causative role of cir-

culating factors after stroke on MMP expression and activation in the CCA plaque (Fig. 

4.10 E-H). Since previous experiments demonstrated AIM2 inflammasome activation 

and IL-1β to be critical, the impact of IL-1β, here recombinant murine IL-1β, on MMP 

activity in BMDMs was tested. Quantitative real-time PCR detected indeed a dose-de-

pendent effect of IL-1β on MMP 2&9 expression in BMDMs (Fig. 4.10 I,J). 
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Figure 4.10 Stroke increases MMP activity within atherosclerotic plaques. (A) Representa-

tive images of in situ zymography on CCA sections for MMP2/9 activity 1 w after sham or stroke 

surgery revealing enzymatically active areas (left; scale bar = 50 µm). Quantification of MMP2/9 

activity by enzymatically active area and normalized to the intima area (right; U test, n= 7 per 

group). (B) Representative images of gelatin zymography of CCA lysates for MMP activity in mice 

1 week after sham or stroke surgery. The region of MMP activity appears as a clear band against 

dark blue background where the MMP has digested the gelatin substrate on the zymogram gel. 

(C) MMP activity shown in (B) was quantified as the gelatin digestion area 1 w after stroke surgery 

normalized to sham operated mice (multiple t test, n=4 per group). (D) Schematic experimental 

design: wild type (WT) bone marrow-derived macrophages (BMDMs) were stimulated with serum 

of mice after sham or stroke surgery, medium was then washed, and BMDMs cultured overnight 

in fresh medium. (E) Representative images of gelatin zymography (top) and immunoblot micro-

graph (bottom) of MMP9 and MMP2 in the culture medium. (F, G) Quantification of MMP9 and 

MMP2 intensity from immunoblot micrograph shown in (E) (normalized to sham stimulated, U 

test, n= 4 per group). (H) MMP activity shown in (E) was quantified as the gelatin digestion area 

in the stroke serum-stimulated medium normalized to sham serum-stimulated group (t test, n= 4 

per group). (I) Relative expression (RE) of MMP2 expression in WT BMDMs after IL-1β stimula-

tion was quantified as the percentage of the control group (H test, n= 6 per group). (J) Relative 

expression (RE) of MMP9 expression in WT BMDMs after IL-1β stimulation in increasing dose, 

data is presented as relative expression to control group (H test, n= 6 per group). 
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4.10 Stroke initiates the intrinsic coagulation cascade activation 

While MMP-mediated degradation of the plaque extracellular matrix most probably con-

tributes to plaque destabilization150, the formation of the actual thrombus on the ruptured 

plaque is dependent on activation of the coagulation cascade, specifically by the contact 

activation pathway, initiated by Factor XII (F.XII) when exposed to injured tissue sur-

faces151. Therefore, en face staining of the whole CCA was performed and F.XII deposi-

tion on the luminal surface in the area of the CCA plaque was compared between stroke 

and sham operated mice. It showed a significant increase in F.XII deposition on the 

plaque surface after stroke (Fig. 4.11 A). The increase of activated F.XII (F.XIIa) was 

further confirmed by western blot analysis of whole CCA plaques (Fig. 4.11 B, C). Inter-

estingly, an intravenous DNA challenge (as described before in –‘section’– 4.8) fully 

mimicked the effect of stroke with significantly increased activated F.XII at the CCA 

plaque (Fig. 4.11 D, E). Taken together, these findings suggest that the AIM2 inflam-

masome activation and resulting IL-1β release after stroke lead to plaque destabilization 

and subsequently to atherothrombosis via activation of plaque-degrading MMPs and 

F.XII expression.  
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Figure 4.11 Stroke initiates intrinsic coagulation cascade activation. (A) Whole CCA en face 

immunofluorescence staining of Factor XII revealed intrinsic coagulation cascade activation on 

the CCA plaque 24 h after stroke but not sham surgery (left; overview scale bar = 500 µm, detailed 

images scale bar = 50 µm). Corresponding quantification of Factor XII+ area normalized to total 

plaque area (U test, n = 5 to 6 per group). All analyses were performed on CCA lysates in mice 

with stenotic CCA plaques after TS surgery in HFD fed ApoE-/- mice. (B) Representative im-

munoblot of activated Factor XII (F.XIIa) 1 w after stroke or sham surgery. (C) Quantification of 

activated FXII (F.XIIa) from immunoblot micrograph in (B) (U test, n= 8 per group). (D) Repre-

sentative immunoblot micrograph of F.XIIa in CCA lysates 24 hours after i.v. DNA challenge. (E) 
Corresponding quantification of F.XIIa from immunoblot micrograph in (D) (U test, n = 7- 9 per 

group). 

4.11 Inflammasome inhibition or cf-DNA neutralization reduces 

MMP activity and suppresses intrinsic coagulation 

cascade activation 

Based on these observations, whether post-stroke MMP activity and F.XIIa deposition 

can be dampened by pharmacologically targeting inflammasome was further evaluated. 

With the aim of detecting MMP2/9 activity within the atherosclerotic plaque, post-stroke 
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CCA sections from control or caspase-1 inhibitor treated mice were assessed by in situ 

zymography. In vivo inflammasome inhibition using the caspase-1 inhibitor VX765 sig-

nificantly reduced plaque MMP activity (Fig. 4.12 A). In addition, en face staining of the 

whole atherosclerotic CCA showed a significant reduction in F.XII deposition on the 

plaque surface after inflammasome inhibition (Fig. 4.12 B). Reduced level of activated 

F.XII in mice treated by inflammasome inhibitor was further confirmed by western blot 

analysis of whole CCA (Fig. 4.12 C, D). As the level of cell-free DNA increased in the 

blood after stroke, we then neutralized the cell-free DNA by treating the mice with DNase. 

Similarly, i.v. DNase treatment significantly reduced MMP activity and F.XIIa deposition 

(Fig. 4.12 E, F).  

 

Figure 4.12 Inflammasome inhibition or cf-DNA neutralization dampens MMP activity and 
intrinsic coagulation cascade initiation. (A) Quantification of in situ zymography for MMP2/9 
activity in CCA sections of control or caspase-1 inhibitor-treated mice 1 week after stroke (U test, 
n = 6 to 7 per group). (B) Whole CCA en face immunofluorescence staining of Factor XII in control 
or caspase-1 inhibitor-treated mice 1 w after stroke (left; overview scale bar = 500 µm, detailed 
images scale bar = 50 µm). Corresponding quantification of Factor XII intensity normalized to total 
plaque area (right; U test, n = 5 to 6 per group). (C) Representative immunoblot of the F.XIIa in 
CCA lysates 24 h after stroke in mice treated with control treatment or caspase-1 inhibition 
(VX765). (D) Corresponding quantification of F.XIIa intensity normalized to ß-actin in CCA lysates 
1 w after stroke in control- or caspase-1 inhibitor- treated mice (U test, n = 7 per group). (E) 
Representative gelatin zymography of CCA lysates for MMP activity in mice 24 h after sham, 
stroke or stroke + DNase treatment (upper). Representative immunoblot of F.XIIa in +TS CCA 
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lysates 24 h after surgery (lower). (F) HCD-fed ApoE-/- mice with TS surgery intravenously re-
ceived 1000 U recombinant DNase (DNase) prior to stroke, and 24 h after. ProMMP9, proMMP2, 
activated MMP2 (a.MMP2) and F.XIIa were quantified and normalized to control-treated mice 
after stroke (T test, n = 5-6 per group). 

4.12 DNA-mediated inflammasome inhibition reduces early 

stroke recurrence 

Finally, we investigated the possibility of using DNA-mediated inflammasome inhibition 

to prevent recurrent events. Therefore, mice with CCA stenosis were treated with 

caspase-1 inhibitor VX765 or recombinant DNase I as used in the above-described ex-

periments, and the occurrence of secondary ischemic lesions was analyzed in the con-

tralateral hemisphere to the primary, which was supplied by the stenotic CCA, 7 d after 

the primary stroke induction. Stroke recurrence was defined by brain MRI scan as well 

as histology analysis of brain sections for cell loss (FJC and TUNEL staining) (Fig. 4.13 

A). Indeed, both caspase-1 inhibition and DNase I treatment reduced recurrence rate by 

82% and 75%, respectively (Fig. 4.13 B). Notably, this therapeutic effect was consistently 

achieved in a large sample size of animals (stroke control, n=40; caspase-1 inhibition, 

n=37; DNase I, n=40; total sample size: 117 mice).  

 

Figure 4.13 DNA-mediated inflammasome inhibition prevents recurrent events. (A) Sche-

matic illustration of experimental design for therapeutic early recurrence prevention: HCD-fed 

ApoE-/- mice with TS received stroke surgery 4 w later. Control, caspase-1 inhibitor or DNase 

administration was compared for secondary lesion prevention. Secondary lesions were examined 

by MRI and histology (left). (B) Corresponding quantification of stroke recurrence rate in HCD-fed 
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ApoE-/- mice with TS 1 w after stroke surgery (right; chi-square test, control, n = 40, recurrence 

rate = 30%; stroke + caspase-1 inhibitor (VX765), n = 37, recurrence rate = 5.41%; stroke + 

DNase, n = 40, recurrence rather = 7.5%). 

4.13 Plaque samples from stroke patients show higher level of 

vascular inflammation and MMP activity 

To corroborate the translational relevance of the observed mechanism of post-stroke 

plaque rupture, we collected carotid endarterectomy samples from highly stenotic carotid 

artery plaques of asymptomatic patients and patients who are during the acute phase 

after ischemic stroke (Fig. 4.14 A). Carotid stenosis from stroke patients was defined as 

if cerebral ischemia occurred in the territory of the affected artery following standardized 

stroke diagnostics including cranial computed tomography (CT) and/or magnetic reso-

nance (MR) imaging. Thirteen patients with stroke and seven patients with asympto-

matic, high-grade carotid stenosis were recruited (detailed patients’ information is pro-

vided in –‘section’– 3.2.3). Flow cytometry analysis of the plaque material revealed a 

significant increase in monocyte counts in plaques from stroke patients as observed in 

the experimental model (Fig. 4.14 B), while blood monocyte and lymphocyte counts did 

not differ between groups (Fig. 4.14 C-E). Correspondingly, we found a significant in-

crease in circulating cell-free DNA in blood of stroke compared to asymptomatic patients, 

as well as a substantial increase in inflammasome priming (pro-caspase-1 expression) 

and inflammasome activation (cleaved p20 isoform of caspase-1) (Fig. 4.14 F-I). Sur-

prisingly, we detected a more than 10-fold increase in MMP9 activity by gel zymography 

of plaques from stroke in comparison to asymptomatic patients (Fig. 4.14 J, K). Finally, 

also the amount of plaque-associated F.XIIa was significantly increased in atheroscle-

rotic plaques after stroke (Fig. 4.14 L, M). To sum up, the analysis of the human endarter-

ectomy samples demonstrated that the DNA-mediated inflammasome activation, vascu-

lar inflammation, MMP activation and initiation of thrombus formation that were identified 

in the animal model were also observed in stroke patients. 
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Figure 4.14 Plaque samples from stroke patients show exacerbated vascular inflammation 
as well as increased MMP activity. (A) Study layout illustrating collection of endarterectomy 

samples from 7 asymptomatic patients with internal carotid artery stenosis and from 13 stroke 

patients undergoing endarterectomy of the symptomatic carotid artery in the acute phase after 
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stroke. (B) Flow cytometry analysis of plaques showing the percentage of CD11b+ myeloid cells 

out of total leukocytes (CD45+). (C-E) Flow cytometry analysis of blood from asymptomatic pa-

tients or stroke patients showing the percentage of monocytes (CD11b+), T cells (CD3+) and B 

cells (CD19+) out of total leukocytes (CD45+) (U test, asymptomatic patients, n = 7; symptomatic 

patients, n = 13). (F) Quantification of total cell-free DNA (tot.DNA), single-stranded DNA (ssDNA) 

and double-stranded DNA (dsDNA) in plasma. (G) Representative immunoblot micrograph of the 

different cleavage forms of caspase-1 (Casp-1) in plaque lysates from asymptomatic or sympto-

matic patients and (H, I) the corresponding quantification of total Casp-1 and cleaved p20 Casp-

1 intensity normalized to β-actin. (J) Representative image of gelatin zymography of plaque ly-

sates from asymptomatic or symptomatic patients and (K) the corresponding quantification of 

MMP9 activity normalized to the activity in asymptomatic patients. (L) Representative immunoblot 

from asymptomatic and stroke patients for F.XIIa and (M) the corresponding quantification of 

F.XIIa intensity normalized to β-actin.  
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5. Discussion  

5.1 Summary of results 

Despite improvements of secondary prevention after stroke, early recurrent events re-

main a major challenge and impose global economic burden with an unmet need for 

efficient therapy. Patients with large artery atherosclerosis (LAA) have been shown to be 

at the greatest risk of suffering early recurrent stroke when compared to other stroke 

etiologies14. Early administration of aspirin has been recognized as a crucial intervention 

to prevent early stroke recurrence after TIA and minor stroke152. However, these studies 

did not evaluate the effect of aspirin for different stroke subtypes, thereby the effective-

ness of early aspirin therapy in preventing early stroke recurrence in LAA patients needs 

to be carefully interpreted. Surgical atherosclerotic plaque removal (carotid endarterec-

tomy) may prevent stroke recurrence, but is limited by a time window –surgery needs to 

be done less than 2 weeks after stroke onset25. These observations particularly empha-

size the imperative need to investigate new therapeutic strategies to prevent early recur-

rent cardiovascular events. 

In this study, an animal model of rupture-prone plaques of the carotid artery in combina-

tion with contralateral experimental stroke was developed to investigate the impact of 

ischemic stroke on atherosclerotic plaque rupture and subsequent recurrent events. 

Brain MRI scan and brain tissue histology analysis indicated that stroke induced recur-

rent ischemia in 30% ApoE-/- mice within the first week. Histology analysis of CCA iden-

tified that stroke increased macrophage amount and necrotic core area, as well as de-

creased smooth muscle cells and collagen content, which make the plaque more vulner-

able. In addition, increased macrophage contents were due to not only increased local 

proliferation rate, but also higher number of pro-inflammatory monocytes recruitment. 

Further detailed experiments identified post-stroke inflammasome activation by cell-free 

DNA as initiator of an inflammatory cascade leading to atherosclerotic plaque degrada-
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tion and thrombosis. Finally, in vivo neutralization of cell-free DNA or inhibition of down-

stream inflammasome activation is a highly efficient therapeutic approach to prevent 

early recurrent vascular events. 

5.2 Clinical issues of recurrent stroke 

Recurrent stroke is defined as a new stroke event occurring after the incident stroke153. 

Even with improved acute stroke management and intensive use of secondary preven-

tion, population-based studies showed that approximately 30% of strokes are recurrent 

events which are more likely to be disabling than first strokes events154. Stroke recur-

rence rate remains debatable. The risk of recurrent stroke reaches a cumulative rate to 

4.3% at 7 days155, 4.9% to 12.9% at 90 days156, 7.0% to 20.6% within the first year22, 

157,158, and from 16.2% to 35.5% over the first 5 years22, 159. As the risk of recurrent stroke 

differs from early to late stage after primary stroke, it is essential to determine the risk 

factors and clarify current clinical problems of treatments in each stage to establish opti-

mal and effective therapeutic strategies for secondary stroke prevention. 

5.2.1 Early recurrent stroke 

Recurrent stroke that occurs within 90 days of a stroke onset are described as an early 

recurrent stroke160. Diverse etiologies and vascular mechanism underlying the subtype 

of stroke determines the symptoms, subsequent recovery and functional outcome. 

Therefore, a stroke subtype classification system according to The Trial of Org 10172 in 

Acute Stroke Treatment (TOAST) criteria has been widely used in clinic as well as re-

search10. Large artery atherosclerosis (LAA) and cardioembolic (CE) stroke are the most 

frequently correlated with early recurrent stroke compared to the other subtypes14, 161, 162. 

However, previous investigations demonstrated that patients with minor stroke who have 

internal carotid artery stenosis had the highest risk of recurrent ischemic stroke within 90 

days14, 163, which indicates that LAA is an independent risk factor for early stroke recur-

rence.  
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A variety of treatments have been applied to reduce the residual cardiovascular risk in-

cluding antiplatelet therapy, anticoagulant therapy, cholesterol lowering statin therapy, 

carotid endarterectomy, their combinations or other therapies164, 165. For patients with 

LAA, antiplatelet therapy alone might be not sufficient to prevent stroke recurrence166. 

Anticoagulant therapy has been identified to reduce stroke recurrence, pulmonary em-

bolism, as well as deep vein thrombosis. However, its benefits were counteracted due to 

a high incidence of intracranial bleeding167. Consequently, anticoagulant therapy is not 

recommended in the early phase of acute ischemic stroke. Dual antiplatelet therapy has 

been suggested to be effective to lower stroke recurrence in several clinical studies13, 23. 

Nevertheless, these studies recruited all nonembolic ischemic stroke patients instead of 

LAA subtype only, thereby the efficiency of dual antiplatelet to prevent recurrent stroke 

for LAA patients needs to be carefully interpreted. The combination of aspirin and statin 

has been widely used in patients with LAA to prevent recurrent cardiovascular events. 

Both are effective in long-term progression of stroke comorbidities, but do not effectively 

target early recurrent cardiovascular events22. Carotid endarterectomy (CEA) is an other 

strategy to prevent recurrence, which has been performed for symptomatic patients with 

> 50% stenosis or asymptomatic with > 70%168. However, the optimal time window of 

CEA is controversial. It has been recommended that CEA needs to be performed within 

2 weeks after stroke onset to reach its maximal benefit25. Paradoxically, CEA is associ-

ated with a high surgical risk in the first few days after stroke169. When CEA is performed 

within 14 days of stroke onset, the 30-day stroke and death rate is 7-fold higher than that 

of patients who undergo surgery after 14 days (7.1% vs 1.1%)170.  

5.2.2 Long term recurrent stroke 

Risk factors of recurrent stroke in the chronic phase contain prevalent vascular risk fac-

tors (age, hypertension, diabetes, or smoking), embolic sources and causes (atrial fibril-

lation)171-174. Effective therapies established to prevent recurrent ischemic stroke long-

term include antiplatelet therapy, anticoagulation and, cholesterol reduction. In addition, 
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anti-hypertensive medication has been proven to be associated with secondary stroke 

prevention175.  

Patients with ischemic stroke or TIA have been recommended to start antiplatelet ther-

apy176, 177. As an agent for secondary stroke prevention, aspirin was found to be more 

effective than placebo in reducing any stroke by 17% (95% CI = 4%-28%) during long-

term follow-up ranging from 1 to 6 years177. A dual antiplatelet therapy consists of aspirin 

and a P2Y12 inhibitor, such as clopidogrel. Dual antiplatelet therapy can effectively re-

duce recurrent stroke without increasing bleeding risk when initiated within 24 h after 

stroke onset and continued for a maximum of 90 days178. However, long-term use (more 

than 3 month) of aspirin combined with clopidogrel is not recommended, as it showed 

significant cumulative risk of bleeding166, 179. 

 Anticoagulation therapy is highly recommended to patients with atrial fibrillation after 

ischemic stroke or TIA for secondary prevention180, 181. Nevertheless, the selection of an 

anticoagulant agent for patients need to be personalised based on renal and hepatic 

function, tolerability and other clinical characteristics180. 

Reducing low-density-lipoprotein cholesterol (LDL-C) concentration is the key compo-

nent for the prevention of recurrent cardiovascular events. Clinical trials have been re-

ported that statin therapy minimizes the stroke recurrence only in the group who 

achieved low LDL-C concentration (< 70 mg/dL) and low C-reactive protein (CRP, < 2 

mg/L)182, 183. However, since statin also has an anti-inflammatory effect, it is difficult to 

clarify whether LDL-C reduction alone—in the absence of inflammation inhibition—was 

sufficient to lower recurrent stroke rates182. 

Apart from the preventions mentioned, blood-pressure lowering also effectively contrib-

utes to secondary prevention of stroke175. Irrespective of whether a patient had a prior 

history of hypertension, there was still a benefit, and a greater reduction in blood pres-

sure was linked to a lower risk of a recurrent stroke175. However, in patients with severe 
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carotid stenosis, severe basilar or vertebral artery diseases, it is not advisable to drasti-

cally reduce blood pressure, as this could potentially lead to an increased risk of 

stroke184. According to the latest American Heart Association (AHA) guideline, a blood 

pressure of less than 130/80 mmHg is recommended for most patients to reduce the 

recurrent stroke risk and vascular events185. The effectiveness of medical treatment 

should be maximized by individualized medication regimens based on patient character-

istics, pharmacological class, and patient preference185. 

5.3 Inflammatory risk after ischemic events 

Immunological mechanisms have gained a wide attention in the context of current trans-

lational stroke research, and the intervention of neuroinflammatory pathways has been 

observed as a promising therapeutic strategy to reduce the pathophysiological conse-

quences of brain ischemia30-32. However, stroke not only triggers local inflammatory re-

sponse, but it also results in a profound systemic immune response34. Systemic post-

stroke inflammation has been evaluated as an essential component in the acute and 

long-term prognosis of stroke patients186, 187. For instances, interleukin (IL)-6 or C-reac-

tive protein levels that are elevated in the blood after stroke are correlated with a worse 

functional outcome and an increased mortality186. Consequently, targeting systemic in-

flammation after stroke has become a novel approach in translational research. Several 

clinical studies have been conducted aiming to modulate systemic inflammation to im-

prove patients’ functional disabilities, as well as prevent secondary comorbidities188.  

Cardiovascular comorbidities are the most common type after stroke, including athero-

sclerosis, arterial fibrillation, valvular heart disease and others189, 190. According to 

TOAST criteria, patients with LAA have the highest risk to suffer a recurrent stroke com-

pared to other subtypes14, 163. Atherosclerosis is an established cardiovascular risk factor 

contributing to acute vascular events, including stroke191. There is solid evidence that 

inflammatory mechanisms play a key role both in the initiation and in development of 
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atherosclerosis in addition to lipid disturbances192. A number of steps in the pathophysi-

ological process of atherosclerosis are mediated by inflammation, including the activa-

tion of endothelial cells91, 93, the invasion of pro-inflammatory monocytes to the athero-

sclerotic lesion95, the secretion of pro-inflammatory cytokines that further facilitate the 

infiltration of immune cells96, the enrichment of macrophages and lipoprotein-containing 

foam cells, which further release more pro-inflammatory mediators97, 98, and the apopto-

sis of macrophages and the formation of a necrotic plaque core99, 101.  

Early studies in mouse models of experimental myocardial infarction have already 

demonstrated that the systemic response after ischemic injury exacerbates chronic ath-

erosclerosis193. More recently, there has been evidence that ischemic stroke aggregates 

atheroprogression33. Exacerbation of vascular inflammation has been observed to be 

related to the stroke-induced release of DAMP from the ischemic lesion. In the meantime, 

egress of monocytes from the bone marrow caused by sympathetic activation, thereby 

circulating alarmins from the ischemic lesion accelerated the activation and invasion of 

these monocytes into the atherosclerotic plaque33, 61. DAMP further enhance inflamma-

tion by activating more microglia and infiltrating leukocytes, thereby producing more pro-

inflammatory cytokines194. These pro-inflammatory cytokines not modulate tissue dam-

age, but they also contribute to peripheral immune response through their elevated levels 

in blood57. Both circulating and pro-inflammatory cytokines are known to accelerate the 

activation and invasion of circulating monocytes into the atherosclerotic plaques. For 

instance, IL-1β, one of the typical pro-inflammatory cytokines, has been reported to be 

involved in promoting leukocytes infiltration by upregulating the expression of leukocyte 

chemoattractant factors and adhesion molecules on endothelial cells from atheroscle-

rotic aortas, increasing the supply of inflammatory leukocytes from bone marrow to the 

blood118.  Indeed, anti- IL-1β treatment in atherosclerotic mice reduced total plaque vol-

ume and necrotic core size as well as vascular inflammation118. 

The CANTOS trial –testing the use of IL-1β-specific antibody (canakinumab) treatment 

in patients with previous myocardial infarction (MI) and evidence of inflammation (CRP 
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＞ 2 mg/L) –clearly highlighted the relevance of residual inflammatory risk and demon-

strated the potential of anti-inflammatory therapies to prevent recurrent ischemic 

events117. These benefits were attributed to a lower systemic inflammatory response but 

did not interfere with other cardiovascular risk factors such as cholesterol or blood pres-

sure levels. However, targeting this central cytokine of innate immune defense also sig-

nificantly increased the risk of fatal infections195. Based on these findings, such immuno-

modulatory approaches should be used cautiously in patients with an increased suscep-

tibility to infections, such as stroke patients.  

Human pathological studies also support a strong correlation between plaque inflamma-

tion and clinical events, such as stroke. In the Oxford Plaque Study, carotid plaque sam-

ples from patients with symptomatic carotid stenosis were evaluated196. It showed that 

66% of patients presented marked inflammation in the plaque from the ipsilateral carotid 

artery, whereas 64% showed other signs of plaque instability, including thin fibrous caps, 

large necrotic core, cap rupture or thrombus formation196. Furthermore, plaque inflam-

mation may contribute to stroke recurrence. According to a previous study, endarterec-

tomy was performed within 10 days in patients with ipsilateral carotid stenosis and TIA/is-

chemic stroke. Result showed that early stroke recurrence was associated with in-

creased macrophage density and lymphocyte infiltration, decreased fibrous content, and 

cap rupture197. Interestingly, high macrophage content was the only independent factor 

of early stroke recurrence after age and degree of stenosis were ajusted197. There is, 

however, a lack of knowledge as to the specific immunological mechanisms by which 

stroke increases plaque inflammation and leads to destabilization, overall contributing to 

early stroke recurrence. Thus, this knowledge gap has prevented the development of 

more specific and consequently safer therapeutic approaches for stroke recurrence pre-

vention. 
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5.4 Absent in melanoma 2 (AIM2) inflammasome 

IL-1β is released mainly by myeloid cells and synthesized initially as a non-active pre-

cursor protein (pro IL-1β)114. The inflammasome, a multiple-protein complex located in 

the cytosol, can be activated by a variety of signals, such as microbial ligands, choles-

terol crystals and monosodium urate crystals114. Once the inflammasome is assembled, 

caspase-1 –the effector enzyme in inflammasome cascade –can be activated, subse-

quently cleaving pro IL-1β into its active form114. Depending on the nature of pattern-

recognition receptor (PRR) in response to pathogen-associated molecular patterns 

(PAMPs) or endogenous danger signals in the cytosol, inflammasomes can be differen-

tiated as 4 main subtypes: nucleotide-binding oligomerization domain (NOD), leucine-

rich repeat (LRR)-containing protein (NLR) family members including NLRP1, NLRP3 

and NLRC4, as well as absent in melanoma 2 (AIM2)143.  

Figure 5.1 Schematic illustration of 
AIM2 inflammasome activation (modi-
fied from Lugrin,J et al. 2018121). Follow-
ing infection with bacterial viral, double-
stranded microbial DNA (dsDNA) is able 
to enter the cytosol where it can be iden-
tified by AIM2. Once sensing dsDNA, 
AIM2 initiates an ASC-caspase-1 inflam-
masome assembly, which consequently 
activates IL-1β and IL-18. cGAS also 
senses cytosolic dsDNA leading to the 
activation of STING-IRF3 pathway to syn-
thesize type I IFN. In addition to self-ex-
trinsic DNA, AIM2 also recognizes self-in-
trinsic DNA derived from apoptotic cells. 
AIM2 binding self-DNA and leading to in-
flammasome responses plays essential 
roles in autoimmunity. 

The AIM2 inflammasome has been 

described to sense cytosolic double-stranded DNA (dsDNA) and is an essential defense 

mechanism against bacterial and virus infections120. AIM2 is a cytosolic receptor which 

can directly bind to dsDNA via the HIN domains120. Biochemical studies have shown that 
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at least 70 base pair (bp) of dsDNA is required for AIM2 inflammasome activation, while 

200 bp of dsDNA enables the optimal AIM2 activation198. The AIM2-DNA binding initiates 

AIM2 inflammasome assembly, which induces ASC oligomerization and the downstream 

recruitment of pro-caspase-1 to the inflammasome complex leading to the cleavage of 

caspase-1, and further maturation of IL-1β and IL-18121, 122. As another cytosolic sensor 

for DNA, cGAS can also bind to DNA and consequently induce Type I interferons (IFNs) 

synthesis199. There is a complex interaction between AIM2 inflammasome and cGAS-

STING-Type I IFNs pathway. AIM2 expression can be upregulated by cGAS-STING-

Type I IFNs pathway199; conversely, caspase-1 activation by AIM2 inflammasome inhibit 

cGAS, thereby suppress type I IFN responses to cytosolic DNA200. Apart from sensing 

dsDNA from invaded pathogen, AIM2 also recognize self-DNA under several pathologi-

cal conditions. Excessive accumulation of cholesterol in macrophages dampens mito-

chondrial respiration and membrane polarization, consequently mitochondrial DNA is 

spilled into the cytosol leading to AIM2 inflammasome activation201. In addition to cell-

intrinsic DNA, extrinsic DNA can also be recognized by AIM2. Phagocytic cells including 

macrophages internalize cell-free DNA released due to cellular damage or apoptotic cells 

containing DNA202. Internalized DNA is first delivered to lysosomes, where it undergoes 

degradation by DNase. However, defective DNase activity leads to insufficient DNA deg-

radation thus accumulation in the lysosome, which ultimately expels into the cytosol202. 

AIM2 plays critical role in various diseases including stroke, atherosclerosis, cancer, sys-

temic lupus erythematosus57, 109, 122, 123. In previous study, it has been identified that is-

chemic stroke upregulates FasL expression on myeloid cells via AIM2 inflammasome 

activation in acute phase, which consequently binds to Fas on T cells and mediate T 

cells apoptosis57. Atherosclerotic mice showed increased expression of AIM2 within 

plaques in the chronic phase which colocalized with dsDNA123. Genetic deletion or ther-

apeutic inhibition of AIM2 indeed decreased IL-1β and IL-18 release as well as stabilized 

atherosclerotic plaques in mice123. More recently, another study showed that increased 
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proliferation in clonal hematopoietic macrophages lead to AIM2 inflammasome activa-

tion, thus exacerbating atherosclerosis109. The results of these studies suggest that a 

comprehensive investigation of the role of the AIM2 inflammasome in the development 

of post-stroke atherosclerosis is necessary, which may provide a novel therapeutic strat-

egy to prevent early recurrent stroke. 

5.5 Immunotherapies targeting ischemic recurrence 

Since the CANTOS trial has demonstrated that therapeutic targeting of the inflammatory 

response can be beneficial for cardiovascular outcomes in patients, immunotherapies 

targeting inflammation indicate a promising therapeutic approach to prevent ischemic 

recurrence. In addition to IL-1β, other anti-inflammatory therapies are also under inves-

tigation to reduce inflammation and prevent cardiovascular events. Colchicine is an oral 

therapeutic agent that decreases inflammation by inhibiting tubulin polymerization203.  

Early studies have reported that colchicine has broad cellular effects, comprising inhibi-

tion of monocytes and neutrophils motility and adhesion to endothelial cells204, downreg-

ulation of TNF receptors on macrophages and endothelium205. The efficacy of colchicine 

to prevent adverse cardiovascular events has been investigated in patients with acute 

coronary syndrome (ACS)206. As found in a large randomized clinical trial, the admin-

istration of 0.5 mg twice daily of colchicine for ACS patients significantly reduced the risk 

of stroke and ischemic-driven revascularization, yet resulted in statistically significant in-

creases in non-cardiovascular deaths in the colchicine group206. The effect and safety of 

colchicine to prevent recurrent cardiovascular events has also been evaluated in MI pa-

tients207. Colchicine significantly lowered the risk of cardiovascular death, MI, and stroke, 

although there was an increase of nonfatal pneumonia in the treatment group207. These 

clinical findings support the hypothesis that inflammatory pathways play a crucial role in 

the development of atherosclerosis, leading to strokes and other vascular events, and 

has demonstrated a promising therapeutic potential thus far. However, both cana-
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kinumab and colchicine treatment brought significant side effects, which motivates fur-

ther trials to investigate alternative anti-inflammatory approaches for the prevention of 

post-stroke comorbidities. 

Advances in understanding of post-stroke pathogenesis have discovered several prom-

ising molecular therapeutic targets. Inflammasome activation has been observed in sev-

eral post-stroke comorbidities including atherosclerosis. Selective inhibition of caspase-

1 by VX765 administration showed reduction of atherosclerosis in mice208. However, clin-

ical trials of caspase-1 inhibitors VX740 and VX765 in patients with psoriasis or epilepsy 

discovered drug-induced hepatotoxicity, indicating that drug design needs to be further 

improved209.  

The present study shows increased cell-free DNA (cfDNA) levels and local activation of 

the AIM2 inflammasome as the key mechanisms leading to plaque destabilization after 

stroke. Correspondingly, the use of recombinant DNase efficiently prevented plaque in-

flammation, destabilization and recurrent ischemic events. It is noteworthy that DNase 

treatment was not shown to have a direct immunosuppressive effect in various disease 

conditions, including cystic fibrosis and pleural infections210-212. In addition, DNase treat-

ment might improve immunocompetence during secondary bacterial infections, as re-

duction of early inflammasome activation in response to tissue injury prevents subacute 

immunosuppression57. In this regard, the use of DNase is a promising candidate for fu-

ture clinical development as a therapeutic approach in early secondary prevention.  
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