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1. Introduction 

1.1 The global burden of stroke and the current challenge for therapy 

Ischemic stroke has been a major health challenge for centuries, significantly contributing to 

mortality and long-term disability. According to the up-to-date estimation of global stroke 

burden, stroke remains the second leading cause of death among non-communicable disorders 

and the fourth leading cause of disability-adjusted life-year (DALY) counts combined 

worldwide [1-3]. It occurs due to an obstruction in blood circulation to a specific brain region, 

resulting in neuronal cell death. This primary injury triggers a cascade of following 

pathological events, including excitotoxicity, oxidative stress, inflammation, and apoptosis, 

which collectively exacerbate the ischemic damage and worsen clinical outcomes [4-6].  

The management of acute ischemic stroke primarily aims to rapidly restore cerebral perfusion, 

prevent further neurological damage, and improve patient outcomes [7]. Currently, approved 

therapies for AIS focus on reperfusion strategies, supportive care, and secondary prevention 

to reduce the risk of recurrence. Reperfusion therapy is aimed at restoring blood flow to the 

ischemic brain tissue as quickly as possible, with two primary approaches currently approved: 

Intravenous Thrombolysis (IVT) with Tissue Plasminogen Activator (tPA) administered 

within 4.5 hours of symptom onset, and Mechanical Thrombectomy (MT) for Large Vessel 

Occlusion (LVO) stroke performed within 6 hours of stroke onset or 24 hours in selected 

patients based on imaging criteria [8]. Beyond reperfusion, intensive supportive care such as 

blood pressure management, glucose control, and fever management plays a crucial role in 

improving stroke outcomes [9-11].  

Another key aspect of post-stroke management is secondary prevention, aimed at reducing 

the risk of recurrent ischemic events [12]. Standard strategies include antithrombotic therapy, 

such as aspirin or dual antiplatelet therapy (DAPT: aspirin + clopidogrel/ticagrelor) in 

selected cases, lipid-lowering therapy with high-intensity statins to slow the progression of 

atherosclerosis, and risk factor control, including hypertension, diabetes, and atrial fibrillation 

management. Lifestyle modifications such as smoking cessation, a healthy diet, and regular 

physical activity further support stroke prevention. Despite these established strategies, the 

risk of early recurrent stroke remains high, with over 10% experiencing recurrent ischemic 

events within 1 year of the initial stroke [13,14]. Among all stroke subtypes, patients with 

large artery atherosclerosis show the greatest risk of early recurrent stroke [15]. This finding 
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indicates that the risk of atherosclerotic plaques remains substantial despite current post-

stroke medical preventions. 

Beyond recurrence, managing stroke survivors in the chronic phase faces significant 

challenges. Many patients experience long-term functional impairments, including motor, 

cognitive, and speech deficits, which impact their independence and quality of life [16]. In 

addition to neurological deficits, long-term non-neurological dysfunction, such as 

cardiovascular complications, further disturb the recovery by diminishing the capacity for 

physical activity and thus lead to a worse outcome [17-19]. As global stroke incidence rises 

due to an aging population and advancements in acute stroke management, the number of 

chronic stroke patients continues to grow [1]. This expanding patient cohort underscores the 

need for mechanistic research to better understand the long-term systemic consequences of 

stroke and improve rehabilitation strategies. 

1.2 Atherosclerosis and Stroke: A Bidirectional Relationship 

Atherosclerosis is a major contributor to ischemic stroke, characterized by the progressive 

accumulation of lipid-rich plaques within the arterial walls, leading to vascular narrowing and 

increased risk of thrombotic occlusions [20,21]. Plaque rupture can trigger thrombus 

formation, obstructing cerebral arteries and causing ischemic stroke [22]. Chronic 

inflammation is a key driver of plaque instability. Modified low-density lipoprotein (LDL) 

species, such as oxidized LDL, act as chemoattractant for monocytes and induce endothelial 

cells to express adhesion molecules, chemotactic factors, and growth factors, promoting 

monocyte recruitment to the arterial wall [23,24]. These monocytes differentiate into 

macrophages, which engulf oxidized LDL to form foam cells. The release of pro-

inflammatory cytokines further stimulates smooth muscle cell migration and extracellular 

matrix deposition, promoting plaque progression [25,26]. Inflammatory mediators also play 

a crucial role in plaque rupture. Matrix metalloproteinases (MMPs), secreted by immune cells 

within the plaque, degrade the fibrous cap, making the plaque prone to rupture. This is 

followed by platelet aggregation and clot formation, increasing the risk of ischemic stroke 

[27-29]. Importantly, stroke itself can exacerbate systemic inflammation [30], potentially 

accelerating atherosclerosis progression and increasing the risk of recurrent ischemic events. 

Epidemiological studies suggest that inflammatory biomarkers correlate with plaque 
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instability in stroke patients [31], but the precise mechanisms linking stroke-induced 

inflammation to atheroprogression remain less understood. 

1.3 Secondary organ dysfunction post stroke 

The prevalence of secondary organ comorbidities following stroke significantly impacts both 

patient recovery and the long-term quality of life of stroke survivors. Among these 

complications, cardiovascular dysfunction is particularly common [17,32,33]. 

Epidemiological studies found that severe adverse cardiac events occur in 10% to 20% of 

patients within the first few days after stroke, even in those without preexisting cardiac disease 

[32,34,35]. These severe cardiac events are more prevalent in patients with severe strokes 

[36]. Beyond the acute phase, cardiovascular complications continue to significantly 

influence the long-term prognosis of stroke survivors. A recent Canadian population-based 

study of adults aged ≥66 years indicated that risk of major adverse cardiovascular events was 

increased 25-fold in the first 30 days compared with matched controls, and it remained >2 

times higher during the first year after ischemic stroke [37]. Experimental evidence from a 

mouse model of transient middle cerebral artery occlusion (MCAO) further supports these 

findings, demonstrating an early cardiac dysfunction, with a 10–15% reduction in left 

ventricular function, accompanied by myocardial injury, reflected by a 3- to 5-fold increase 

in high-sensitivity cardiac troponin (hs-cTn), bradycardia, cardiomyocyte atrophy, and 

cardiac weight loss, persisting for up to 14 days [38].  

Beyond cardiovascular complications, stroke survivors frequently experience infections, 

which pose serious threats to survival. A meta-analysis reported that pneumonia and urinary 

tract infections occur in approximately 10% of stroke patients, with pneumonia being 

associated with an increased risk of mortality [39]. Additionally, respiratory system 

dysfunction is common after stroke, with over 60% of first-time stroke patients experiencing 

apneas and hypoventilation [40,41]. Similar findings have been demonstrated in experimental 

stroke models, where respiratory dysfunction was observed in mice following brain ischemia 

[42]. In sum, given the significant burden of secondary complications in stroke survivors, 

further research is essential to elucidate the mechanisms contributing to these conditions.  
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1.4 Systemic immunity post stroke 

In addition to neuroinflammation, stroke triggers a significant systemic inflammatory 

response that significantly impacts patient outcomes. Within hours after stroke onset, the 

blood-brain barrier integrity is compromised, leading to the release of damage-associated 

molecular patterns (DAMPs) into the circulation [30]. These DAMPs, which include high-

mobility group box 1 (HMGB1) [43,44], heat shock proteins [45], S100 proteins [46], and 

others [47], are produced by necrotic and stressed cells both within the ischemic brain and 

outside the central nervous system (CNS). Once accumulated in the bloodstream, DAMPs 

could further interact with pattern recognition receptors (PRRs) such as Toll-like receptors 

(TLRs) and the receptor for advanced glycation end products (RAGE) on peripheral immune 

cells, including monocytes, macrophages, neutrophils, and dendritic cells [48,49]. This 

interaction leads to the activation of these cells and the subsequent production of pro-

inflammatory cytokines and chemokines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6), 

and tumor necrosis factor-alpha (TNF-α), as well as acute-phase reactants like C-reactive 

protein (CRP) [50-55], further amplifying the systemic inflammatory response. The outcome 

of the systemic immune activation after stroke has been revealed in previous studies. For 

instance, stroke-induced HMGB1 release could promote the infiltration of monocyte and 

endothelial activation of atherosclerotic plaques via the RAGE–signaling cascade and thus, 

increase plaque load and vulnerability [49]. 

Beyond acute activation, emerging studies suggest that systemic immune activation may 

persist long term after stroke. For example, increased plasma levels of HMGB1, monocyte 

chemoattractant protein-1 (MCP-1), and CRP have been observed in ischemic stroke patients 

for up to 90 days post-stroke [56-58]. However, the precise sources of these inflammatory 

mediators and their long-term impact on peripheral organ function remain poorly understood. 

Given the potential link between persistent systemic inflammation to remote organ 

dysfunction, including cardiovascular and pulmonary complications, further investigations 

are needed to understand the precise mechanisms. 

1.5 Emergent myelopoiesis and trained immunity  

Besides the leukocytes in the blood stream, stroke also triggers substantial adaptation in bone 

marrow hematopoietic stem and progenitor cells (HSPCs). HSPCs act as central regulators of 

hematopoiesis, with high responsiveness to extrinsic signals such as hormones, microbiome-
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derived metabolites and inflammatory mediators released during tissue damage [59-62]. 

Under acute insults such as infection or hemorrhage, HSPCs undergo transcriptional, 

epigenetic, and metabolic remodeling to prioritize rapid myeloid cell production—a process 

termed emergency myelopoiesis—while suppressing lymphoid lineage generation [63-66]. 

Stroke has also been shown to trigger this process, resulting in myeloid bias in hematopoiesis, 

elevated bone marrow output of inflammatory Ly6Chigh monocytes and neutrophils, and 

reduced lymphoid progenitor activity [67].  

Among the innate immune cells generated during this process, neutrophils, the most abundant 

immune cells in human peripheral blood, can contribute to excessive inflammation when their 

production and activation become dysregulated via aberrant phagocytosis, degranulation, and 

the release of neutrophil extracellular traps (NETs) [68]. Under homeostasis, neutrophils are 

short-lived, and their generation is a tightly regulated process, taking more than ten days from 

HSCs to mature neutrophils, which are stored in the bone marrow and released upon 

stimulation [69]. Recent single-cell RNA sequencing (scRNA-seq) experiments have 

revealed that neutrophils can bypass full maturation before entering circulation. In healthy 

mice, these immature neutrophils constitute approximately 5% of peripheral neutrophils [70]. 

Upon pathological insults such as infection, this homeostasis is disrupted, leading to the 

excessive release and accumulation of the immature neutrophils in circulation, a phenomenon 

known as neutrophils left shift [71]. Data from scRNA-seq suggested those immature 

neutrophils exhibit functional heterogeneity compared with fully mature neutrophils, with 

reduced phagocytosis capacity and chemotaxis, but higher expression of nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase-related genes [70]. This enhanced 

NADPH oxidase activity reflects greater potential for reactive oxygen species (ROS) 

production, which is essential for NET formation and release during stimulation [72]. On one 

hand, emergent myelopoiesis is crucial for controlling infections. However, a recent study 

found that severe COVID-19 cases, compared to mild or moderate disease, were strongly 

associated with an increased presence of immature myeloid cells—both neutrophils and 

monocytes—characterized by reduced expression of the neutrophil marker CD10 and 

monocyte marker HLA-DR [73]. Another study further demonstrated that heightened 

expression of the cell cycle marker Ki-67 in monocytes correlated with COVID-19 severity 

[74], suggesting that excessive emergent myelopoiesis may be detrimental. Notably, 

immature neutrophils released during acute inflammation exhibit efficient trans-endothelial 

migration despite incomplete nuclear segmentation [75]. Given these findings, more research 
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is needed to understand how emergency myelopoiesis exacerbates immune dysregulation and 

whether it influences secondary complications after stroke.  

In addition to neutrophils, monocytes are also rapidly activated and mobilized from the bone 

marrow and spleen in the acute phase after stroke [67,76]. Once released into the bloodstream, 

these monocytes infiltrate the ischemic brain tissue through the compromised blood–brain 

barrier and differentiate into macrophages—a process that has been shown to depend on the 

C-C chemokine receptor type 2 (CCR2) and its ligand CCL2 [77,78]. Beyond their infiltration 

into the injured brain, activated monocytes also contribute to systemic inflammation 

following stroke. One key mechanism by which monocytes and macrophages mediate both 

neuroinflammation and systemic inflammation is via inflammasome activation [79,80]. 

Inflammasomes are intracellular protein complexes that respond to DAMPs by activating 

caspase-1, leading to the release of pro-inflammatory cytokines such as IL-1β and IL-18. 

Mature caspase-1 also cleaves gasdermin D (GSDMD), whose N-Terminal leads to poles in 

the cell membrane and the swelling of cells, finally resulting in the rupture of the membrane, 

cell swelling, and a form of programmed cell death which is termed pyroptosis, thus amplifies 

inflammation [81]. Beside caspase-1, myeloid cells can also respond to the pathogen through 

the non-canonical inflammasome pathway including caspase-4, caspase-5 (in human) and 

caspase-11 (in mice), which also lead to pyroptosis by cleaving GSDMD. They can also 

trigger the secondary activation of the NLRP3 inflammasome to promote caspase-1–

dependent cytokine maturation [82]. The systemic consequence of monocytes inflammasome 

activation after stroke has been demonstrated by a previous study showing that AIM2 

inflammasome-dependent IL-1β secretion by myeloid cells in response to cell-free DNA 

(cfDNA) results in Fas ligand (FasL) upregulation in monocytes and extrinsic T cell apoptosis 

[47], suggesting critical roles of monocytes and macrophages in the post-stroke systemic 

inflammation.  

Beyond the acute activation of HSPCs, which amplifies the early inflammatory response 

following stroke, dysregulated myelopoiesis following chronic inflammatory conditions, such 

as hypercholesterolemia and rheumatoid arthritis, have been strongly associated with 

accelerated atheroprogression and increased cardiovascular disease risk [83-85]. Recent 

research has shown that innate immune cells, including monocytes, macrophages, dendritic 

cells, and HSPCs, can undergo long-term functional reprogramming in response to specific 

stimuli thus, reshaping the immune microenvironment [86,87]. This phenomenon is termed 
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trained immunity (TRIM), which is mainly driven by epigenetic modifications and changes 

in cellular metabolism [88,89]. TRIM has been observed following microbial infections and 

vaccinations, where it enhances the host’s defense against pathogens [89-92]. However, 

TRIM has also been implicated in sterile inflammatory conditions, such as organ 

transplantation and metabolic disorders [93,94]. In these contexts, the enhanced immune 

response triggered by the initial stimuli can exacerbate hyperinflammation. For instance, after 

organ transplantation, trained macrophages upregulate co-stimulatory molecules and produce 

pro-inflammatory cytokines, driving potent graft-reactive immune responses and contributing 

to organ transplant rejection [95]. 

DAMPs like HMGB1, oxidized LDL, and extracellular heme have been shown to induce 

long-term reprogramming of innate immune cells [93,96,97]. Growing evidence also 

highlights the essential role of IL-1 family cytokines, produced by immune cells in response 

to both pathogen-associated molecular patterns (PAMPs) and DAMPs [98], in enabling innate 

immune cells to acquire training features upon stimulation [99]. For instance, IL-1 signaling 

is required for the β-Glucan induced training of bone marrow HSPCs: blockade of IL-1β 

signaling prevents the β-glucan–induced myeloid-skewing [100-103]. Consistently, IL-1β 

production capacity of human monocytes after BCG vaccination is strongly correlated with 

lower viremia upon subsequent yellow fever virus challenge [90]. Mechanistically, 

exogenous IL-1β stimulation of human monocytes is capable of establishing epigenetic marks, 

shown as enhanced trimethylation of histone H3 at lysine 4 (H3K4me3) at the promoter 

regions of IL-1β, IL6, and TNF [90], and IL-1β signaling is required for the glycolytic shift 

during TRIM: IL-1 receptor antagonist prevents β-glucan–induced enhancement of glycolysis 

[100]. Given the widespread release of DAMPs and IL-1 cytokines following stroke, it is 

plausible that TRIM occurs post-stroke and may even contribute to the chronic systemic 

immune activation and the secondary organ dysfunction after stroke, which remains an open 

question that needs further exploration. 

1.6 Aim of the thesis 

The primary aim of this thesis is to investigate the systemic immune activation following 

stroke and its potential impact on secondary events and remote organ dysfunction. To achieve 

this, the study is structured around four main goals:  
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1. To detect acute inflammasome activation after stroke, identify its triggers, and assess its 

impact on atherosclerotic plaque destabilization and early recurrent stroke.  

2. To characterize chronic systemic immune responses post-stroke, including changes in the 

peripheral organs, bone marrow HSPCs, and circulating immune cells.  

3. To examine pathological changes in the heart during the chronic phase following stroke.  

4. To evaluate potential immunomodulatory interventions that could regulate systemic 

immune activation and alleviate peripheral organ complications.  

By addressing these questions, this thesis aims to provide new insights into the interplay 

between systemic immune responses and multi-organ dysfunction after stroke and help 

develop targeted therapeutic approaches to improve long-term outcomes for stroke survivors. 

1.7 Summary of the included publications 

In our first study [104], we investigated the role of DNA-sensing inflammasomes, particularly 

the AIM2 inflammasome, in post-stroke atherosclerotic plaque destabilization. We utilized a 

newly developed mouse model that mimics high-risk carotid artery plaques, which are prone 

to rupture. We performed stroke in these mice and observed increased inflammation, plaque 

destabilization, and stroke recurrence. Using this experimental model, we demonstrated that 

stroke increases circulating cfDNA, which activates AIM2 in atherosclerotic plaques. AIM2 

activation triggered caspase-1 cleavage and IL-1β release, promoting local inflammation. 

This leads to enhanced expression of matrix metalloproteinases 2 (MMP2) and MMP9, 

degradation of the fibrous cap, plaque rupture, and recurrent stroke. Inhibition of AIM2 

inflammasome activation with a caspase-1 inhibitor prevented post-stroke activation of 

plaque MMPs and subsequent rupture. We further identified neutrophil NETosis as the 

primary source of circulating cfDNA. Both depleting neutrophils with neutralizing antibody 

and inhibiting NETosis reversed the CCA inflammasome activation. DNase administration 

following stroke significantly reduced inflammasome activation, MMP expression, plaque 

rupture, and the rate of recurrent strokes, suggesting its potential as a therapeutic strategy. 

Finally, we validated our findings in human stroke patients with a significant increase in 

circulating plasma cfDNA and elevated MMP9 activity in plaques from patients in the acute 

phase of stroke compared to asymptomatic patients. These results confirmed the presence of 

DNA-mediated inflammasome activation, vascular inflammation, and MMP induction in 

human stroke, consistent with our animal model. 
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In our second study [105], we investigated how stroke triggers chronic innate immune 

dysregulation and the following cardiac dysfunction. We utilized transient MCAO model in 

mice to induce stroke and analyzed myeloid cells in peripheral organs up to three months. 

Single-cell sequencing revealed that acute brain ischemia induces long-lasting pro-

inflammatory changes in myeloid cells across multiple organs, particularly in the heart. 

Doppler echocardiography revealed that stroke mice developed chronic diastolic dysfunction, 

characterized by reduced left ventricular (LV) compliance. Histological analysis showed 

significant cardiac fibrosis, which persisted for up to three months post-stroke. We identified 

higher expression of matrix metalloproteinase 9 (MMP-9) enzyme, which plays a key role in 

the tissue remodeling, by cardiac monocytes/macrophages at 1 month after stroke. These 

findings were validated in human patients. Autopsy samples from stroke patients revealed 

increased fibrotic tissue deposition and elevated numbers of MMP-9 transcripts in 

monocytes/macrophages compared to non-stroke controls. 

To explore the potential mechanisms of post-stroke cardiac dysfunction, we performed 

scRNA-seq and flow cytometry analysis of heart tissue, and identified an expansion of cardiac 

Ly6Chigh monocytes, which differentiated into tissue resident macrophages and contributed to 

tissue remodeling. Similarly, using an inducible myeloid progenitor reporter mouse strain 

(Ms4a3creERT2xAi14), we observed increased recruitment of circulating 

monocytes/macrophages into the heart, which persist as a long-term consequence of stroke. 

We further studied the contribution of peripheral monocytes to heart fibrosis using an 

inducible reporter mouse strain under control of the Ccr2 promoter to label infiltrating 

monocytes (Ccr2creERT2xAi14). Through scRNA-seq, we identify a persistent inflammatory 

signature in the infiltrated Ccr2+ monocytes and macrophages, characterized by upregulated 

pathways related to cytokine signaling, chemotaxis, and extracellular matrix (ECM) 

remodeling. To track the source of those pro-inflammatory monocytes, we analyzed the bone 

marrow HSPCs and monocytes and observed increased myelopoiesis at the chronic phase 

after stroke, with abundant pro-inflammatory transcriptional changes. We also analyzed the 

epigenetic landscape of bone marrow HSPCs and monocytes after stroke using chromatin 

immunoprecipitation sequencing (ChIP-seq). Specifically, we identified histone H3K4me3 

modifications in HSPCs to be tightly related with the differential enrichment of several 

transcription factor (TF) motifs including CTCF, STAT1/2, GABPA, CEBPD, GFI and 

KLF14, which are known to regulate the survival and proliferation of HSPC, their 

differentiation towards the myeloid lineage and their inflammatory phenotype. Similarly, we 
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also found histone H3K4me3 modifications in mature monocytes which were tightly related 

to TF motifs associated with pro-inflammatory signaling pathways. To further investigate the 

impact of these epigenetic modifications, we conducted a bone marrow transplantation (BMT) 

experiment: bone marrow from stroke mice was transplanted into naive mice, which 

subsequently developed cardiac inflammation and fibrosis, despite never experiencing a 

stroke, indicating that the changes in the bone marrow after stroke are sufficient to drive 

secondary cardiac fibrosis. We further identified IL-1β as a key driver of this process and 

demonstrated that it promotes epigenetic reprogramming in bone marrow HSPCs, leading to 

sustained production of inflammatory monocytes. Neutralizing IL-1β early after stroke 

prevented most of the stroke-induced changes in chromatin accessibility in both HSPC and 

mature monocytes, and the following cardiac pathology. Considering the translational use of 

anti-IL-1β in stroke patients is limited by an increased risk of infections, as reported in a 

previous clinical trial [106], we utilized an alternative intervention by the dual C-C chemokine 

receptors type 2 and 5 antagonist Cenicriviroc (CVC) to block the migration of mature 

monocytes into the heart after stroke. We found that CVC treatment significantly reduced 

Mmp9 expression by cardiac monocytes/macrophages and reduced cardiac fibrosis, 

demonstrating the therapeutic potential of blocking the recruitment of pro-inflammatory 

monocytes into the heart for the secondary cardiac dysfunction post-stroke. 

1.8 Concluding summary 

This Ph.D. thesis provides fundamental insights into the systemic immune activation 

following stroke and its impact on secondary organ dysfunction and recurrent stroke. It 

systematically investigates immune activation in both the acute and chronic phases post-

stroke, identifying key inflammatory pathways that contribute to disease progression. A major 

finding of this work is the role of circulating cfDNA in triggering inflammasome activation, 

which initiates a pro-inflammatory cascade leading to atherosclerotic plaque destabilization 

and thrombosis—a mechanism that significantly increases the risk of early recurrent stroke. 

Notably, this study identifies neutrophil NETosis as the primary and unexpected source of 

post-stroke cfDNA, underscoring a novel link between neutrophil activation and recurrent 

vascular events. Targeting this pathway through NETosis inhibition, cfDNA neutralization, 

or inflammasome blockade emerges as a promising therapeutic approach for recurrent stroke 

prevention. 



Sijia Zhang                                                                                                            Introduction 
 

17 
 

Beyond vascular inflammation, this thesis explores the long-term immune alterations in 

peripheral organs, with a particular focus on the heart. Persistent immune activation post-

stroke is associated with significant cardiac dysfunction, characterized by compromised left 

ventricular compliance and interstitial fibrosis at the chronic phase. These findings establish 

a causal link between chronic innate immune dysregulation and post-stroke cardiac pathology. 

A key mechanistic discovery is the persistent alteration of bone marrow myelopoiesis 

following stroke. This study identifies both transcriptional and epigenetic changes in HSPCs 

and mature monocytes, suggesting the emergence of trained immunity in the bone marrow. 

This results in the sustained production of pro-inflammatory monocytes, which subsequently 

drive chronic inflammatory cardiac dysfunction. Based on these mechanistic insights, this 

thesis evaluates potential immunomodulatory interventions. Therapeutic strategies, including 

the CCR2/CCR5 antagonist CVC and IL-1β neutralization, effectively prevent post-stroke 

cardiac dysfunction, demonstrating their potential for clinical translation. 

In conclusion, this thesis elucidates a novel immunological framework linking acute stroke-

induced systemic inflammation, chronic immune reprogramming, and secondary organ 

dysfunction, providing a foundation for targeted therapeutic interventions aimed at improving 

long-term outcomes in stroke survivors. 

 

 

 

 

 

 

 

 

 

 

 



Sijia Zhang                                                                                                     Own contribution 
 

18 
 

2. Own contributions to the publications 

For the first study, in which I was a co-author, I conducted the experiment in which we 

evaluated the collagen deposition and orientation in fibrous caps from the common carotid 

artery (CCA), including the staining with picrosirius red and the imaging with microscopy 

and its analysis using imageJ software. Moreover, I contributed to parts of the figure creation 

and manuscript writing and revised the manuscript draft.  

For the second study, in which I was the co-first author, I conducted the in vivo cardiac 

function measurement of mice, histochemistry, immunofluorescence, and fluorescence in-situ 

hybridization staining of the heart sections, and the flow cytometry analysis of the heart and 

blood in mice after stroke. I established the second harmonic generation microscopy imaging 

of the heart sections and its analysis. I performed the cell sorting of the heart and blood 

monocytes/macrophages and the qPCR analysis. I conducted the heart gelatin zymography 

experiment. I performed the in vivo treatment with CVC and recombinant IL-1β and the flow 
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Summary 

The medical burden of stroke extends beyond the brain injury itself and is largely determined 

by chronic comorbidities that develop secondarily. We hypothesized that these comorbidities 

might share a common immunological cause, yet chronic effects post-stroke on systemic 

immunity are underexplored. Here, we identify myeloid innate immune memory as a cause 

of remote organ dysfunction after stroke. Single-cell sequencing revealed persistent pro-

inflammatory changes in monocytes/macrophages in multiple organs up to three months after 

brain injury, notably in the heart, leading to cardiac fibrosis and dysfunction in both mice and 

stroke patients. IL-1β was identified as a key driver of epigenetic changes in innate immune 

memory. These changes could be transplanted to naïve mice, inducing cardiac dysfunction. 

By neutralizing post-stroke IL-1β or blocking pro-inflammatory monocyte trafficking with a 

CCR2/5 inhibitor, we prevented post-stroke cardiac dysfunction. Such immune-targeted 

therapies could potentially prevent various IL-1β-mediated comorbidities, offering a 

framework for secondary prevention immunotherapy. 
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INTRODUCTION 

We and others have previously shown that acute brain injuries induce a sterile, systemic 

inflammatory response.1 The inflammatory response to sterile injury is rapidly initiated by 

the release of immunogenic alarmins, such as nuclear proteins or DNA from necrotic cells to 

the blood circulation.2 It is further characterized by an increase in blood cytokine levels, the 

mobilization of immune cells and profound changes in immune cell composition and 

function.3 In contrast to the acute inflammatory response within hours to few days, the chronic 

effects of brain injury on systemic immunity are largely unknown. Few studies mainly 

investigating blood biomarkers have suggested chronic changes in the concentrations of 

circulating cytokines and other inflammatory markers, such as Interleukin (IL)-6, IL-1, C-

reactive protein (CRP), Interferon (IFN)-γ and High-Mobility Group Box 1 (HMGB1).4–7 

However, a detailed analysis of the chronically compromised systemic immune compartment 

after brain injury is still missing and the underlying mechanisms are largely unknown.  

Acute brain injuries due to ischemic stroke are a leading cause of mortality and long-term 

disabilities in adults. Besides the early mortality and morbidity due to the ischemic brain 

injury itself, long-term morbidity after stroke is also due to the high prevalence of secondary 

comorbidities and complications, such as cognitive impairment and dementia, post-stroke 

depression, cardiac events, persistent vascular inflammation and stroke-induced metabolic 

disturbances.8–12 Yet, the exact cause of this increased risk of long-term secondary 

comorbidities after stroke remains elusive. 

Recent studies have demonstrated long-term changes in the function of innate immune cells 

after bacterial infections or vaccination. This phenomenon has been termed innate immune 

memory or ‘trained immunity’ in contrast to antigen-specific adaptions in long-lived 

lymphocytes (T and B cells).13 Innate immune memory has been demonstrated in proof-of-

concept infection studies to alter the responsiveness to pathogens after re-infection. This 

represents a beneficial evolutionary mechanism for the clearance of infectious pathogens, but 

can also result in potentially pathological functions during aging and autoimmunity due to 

aberrant inflammation.14 Yet, barely any information is available on mechanisms and 

consequences of trained immunity after sterile tissue injuries. Epigenetic changes in myeloid 

cells have been reported in models of organ transplantation,15 experimental arthritis and in 

patients with systemic lupus erythematosus.16,17 Similarly, alterations in hematopoiesis and 

pro-inflammatory monocyte priming has been associated with cardiovascular disease, 
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particularly atherosclerosis and associated comorbidities.18 We hypothesized that sterile tissue 

injuries such as stroke might result in similar long-term innate immune memory, and that 

these long-term immunological consequences after stroke might drive secondary 

comorbidities.  
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RESULTS 

Stroke induces long-term inflammatory changes in systemic monocytes/macrophages 

To test a potential effect of stroke on long-term systemic inflammation, we performed a 

comprehensive single-cell mRNA sequencing analysis of CD45+CD11b+ myeloid cells from 

blood and multiple peripheral organs 1 month after experimental ischemic stroke, which have 

previously been associated with inflammatory consequences of brain injury in the acute phase 

(Fig. 1A).2,19–21 For this, we used a well-established experimental stroke model of transient 

occlusion of the middle cerebral artery22, which results in relatively large lesion volumes, but 

mice largely recover from the neurological symptoms already within 1-2 weeks (Fig. S1A). 

After performing unsupervised clustering, we projected a total of 29,124 myeloid cells and 

identified 20 independent clusters based on the most variable genes (Fig. 1B, Fig. S1B). We 

found a large number of genes to still be differentially regulated at this late chronic time point 

after stroke particularly within the population of monocytes/macrophages, while other cell 

populations including neutrophils or dendritic cells were less affected (Fig. 1C). Also, 

transcriptomic changes in monocytes/macrophages were not associated with changes in the 

frequencies of any subcluster (Fig. S1C, D) that would explain the difference. The post-stroke 

monocytic transcriptomic signature was associated with a pro-inflammatory phenotype, 

characterized by significant upregulation of various biologically relevant inflammatory 

signaling pathways of circulating monocytes and tissue macrophages, including increased 

expression of genes involved in chemotaxis and cell adhesion (e.g. Cx3cr1, Lyz2, Icam1 and 

Itga4), cytokine- and interferon (IFN)-mediated signaling pathways (e.g. Csf1r, Cebpa, Itgb2, 

Il10ra, Aim2, Irf8 and Irf5) and pattern recognition receptors (PRRs) (e.g. Irak2 and Tab2) 

(Fig. 1D, Fig. S1E,F).23,24 Furthermore, through a biological network analysis, we confirmed 

the involvement of other pro-inflammatory mediators, such as interleukin (IL)-12, IL-1 and 

IFN-α and -β, and the downstream NF-kb and Akt signaling pathways in the activated 

phenotype of resident monocytes/macrophages in peripheral organs one month after stroke 

(Fig. S1G). 

Across organs, changes in the monocyte/macrophage population where particularly 

pronounced in the heart and liver. Principal component analysis based on a total of 18,835 

genes showed that changes in blood, spleen, and lung were more subtle (Fig. 1E, Fig. S1H). 

Specifically, we detected the selective expansion of a Ly6Chigh-expressing monocyte 

population in hearts 1 month after stroke (Fig. 1 F, G, Fig. S1I), which changed the 
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differentiation trajectories of monocytes to cardiac macrophages. Correspondingly, we term 

this population “post-stroke monocytes/macrophages” (Fig. 1H, Fig. S1K, L). In addition, 

cardiac Ly6Chigh monocytes after stroke showed increased expression of genes related to 

tissue residency when compared to circulating monocytes (Fig. S1J). Moreover, we found 

that the genes driving the post-stroke differentiation of monocytes into cardiac macrophages 

positively correlate with immune response and leukocyte activation pathways (Fig. S1M, N). 

Taken together, these results suggest that stroke chronically promotes the recruitment of 

circulating Ly6Chigh monocytes to the heart, which might further differentiate into tissue-

resident macrophages.  

Stroke results in chronic cardiac diastolic dysfunction 

To assess the functional consequences of changes in the cardiac monocyte/macrophage 

population during the chronic phase following stroke, we investigated cardiac function using 

Doppler echocardiography. We observed a persistent reduction in end-diastolic left ventricle 

(LV) volume, while the systolic function, measured by the ejection fraction and fractional 

shortening, was only transiently affected by stroke in the acute phase (Fig. 2A, Fig. S2A, 

Table S1). These findings suggest the selective development of chronic diastolic dysfunction, 

which was further confirmed using pulse wave doppler of the apical four-chamber-window 

demonstrating compromised left ventricular compliance by decreased mitral valve E wave 

deceleration time (Fig. S2B). Heart failure in patients with preserved ejection fraction but 

diastolic dysfunction is commonly associated with cardiac fibrosis, which impairs the rapid 

LV filling due to increased myocardial stiffness.25,26 Hence, we evaluated the amount of 

fibrosis in hearts after stroke or in control mice and observed significantly increased LV 

fibrosis one month after stroke, which remained increased still at 3 months post-stroke (Fig. 

2B, Fig. S2C, D). Importantly, this observed post-stroke cardiac fibrosis was not associated 

with renal dysfunction, gross anatomical cardiac alterations or persistent perturbations in 

autonomous cardiac innervation beyond the acute post-stroke phase (Fig. S2E-J). To test the 

potential impact of post-stroke cardiac fibrosis, we next conducted an invasive 

electrophysiological (EP) study one month after stroke. In line with a previous study 

identifying the role of cardiac inflammation as a risk factor for atrial fibrillation27, we 

observed a higher inducibility of atrial arrhythmias following burst stimulation in stroke mice, 

which was absent for control mice (Fig. 2C, Table S2).  
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We further characterized the composition of the extracellular matrix (ECM) in hearts after 

stroke, and observed that increased cardiac fibrosis was mainly due to increased deposition 

of type I collagen (Fig. 2D, Fig. S2K). Further analysis of collagen orientation in the LV 

myocardium by second harmonic generation microscopy revealed increased fiber 

disorganization after stroke, suggesting ECM remodeling in addition to increased deposition 

(Fig. 2E). Therefore, we analyzed cardiac matrix metalloproteinase (MMP) activity—key 

effector enzymes in ECM remodeling—and observed significantly increased MMP9 activity 

by gel zymography (Fig. 2F) as well as total pro-MMP9 protein content after stroke (Fig. 

S2L). More specifically, we detected by smFISH significantly increased Mmp9 transcripts in 

cardiac macrophages, as the most likely source of increased cardiac MMP9 expression, which 

was confirmed by rt-PCR of sorted cardiac monocytes/macrophages (Fig. 2G, Fig. S2M). 

Corresponding to results of the single-cell sequencing analysis (see Fig. 1F, G), we also 

observed by flow cytometry an increased number of Ly6Chigh monocytes and CCR2+ cardiac 

monocytes/macrophages in post-stroke hearts (Fig. 2H, Fig. S2N). These results suggest a 

higher infiltration of circulating monocytes and an enhanced monocyte-to-macrophage 

differentiation chronically after stroke.28,29 In addition, we observed that circulating 

monocytes after stroke also have a significantly increased expression of Mmp9 (Fig. 2I). 

We next aimed to validate the translational relevance of these observations. First, we were 

able to confirm the development of post-stroke chronic cardiac dysfunction in three 

representative stroke patients recruited by the Stroke Induced Cardiac FAILure study 

(SICFAIL) consortium that have been followed-up by cardiac echocardiography at 3 and 6 

months after the incident stroke event (Fig. 3A). In addition, we obtained myocardial autopsy 

samples from patients that had died 1-3 months after stroke or from age-matched control 

subjects that had died without cardiac or brain disorder (confirmed by autopsy, Fig. 3B, Table 

S3). We observed significantly increased ECM deposition in the left ventricular wall of stroke 

patients (Fig. 3C, D). We also detected a significant increase in CCR2+ monocyte counts in 

post-stroke hearts, which correlated with cardiac collagen content, while total monocyte and 

macrophage counts did not differ between groups (Fig. 3E-G). Consistent with our 

experimental results, human cardiac macrophages also expressed significantly more MMP9 

transcripts after stroke (Fig. 3H). Finally, we performed bulk mRNA sequencing on adjacent 

tissue sections used for the histological analyses above and found significant transcriptional 

differences between control subjects and after stroke (Fig. 3I, J). Interestingly, several of the 

upregulated genes in stroke patients were associated with extracellular matrix remodeling 
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including PON1 (paraoxonase 1) and KRTCAP2 (Keratinocyte-associated protein 2). Taken 

together, we observed marked cardiac fibrosis and ECM remodeling in both experimental 

mice and stroke patients, which was further associated with diastolic dysfunction after 

experimental stroke. A hallmark of this secondary cardiac pathology after stroke is the 

increased recruitment and proinflammatory profile of cardiac monocytes/macrophages. 

 

Stroke promotes chronic monocyte recruitment into the heart 

Using an inducible myeloid progenitor reporter mouse strain (Ms4a3creERT2xAi14; Fig. S3A-

C), we observed that cellular recruitment of cardiac monocytes/macrophages occurs not only 

as an acute response to stroke, but persists over time as a chronic long-term consequence (Fig 

4A). In addition, based on in vivo EdU-labeling experiments, we observed that more than 95% 

of cardiac myeloid cells will have been replaced within one month after stroke (Fig. 4B), 

underscoring the significance of infiltrated monocytes in influencing post-stroke cardiac 

function. Therefore, we further studied the contribution of peripheral monocytes to heart 

fibrosis using an inducible reporter mouse strain under control of the Ccr2 promoter to label 

infiltrating monocytes (Ccr2creERT2xAi14, Fig 4C). Cardiac interstitial cells from mice one 

month after stroke and control mice were analyzed by single cell sequencing, excluding 

intravascular cells by i.v. antibody labeling. We identified 20 cell clusters corresponding to 

the heterogeneous cell populations of cardiac cell subsets (Fig. S3D). A more detailed analysis 

identified 7 distinct populations of cardiac monocytes and macrophages (Fig 4D, Fig. S3E). 

Ccr2-tdTomato (tdT) expression was specifically enriched in 4 of the monocyte/macrophage 

subsets (Fig. 4E, F). Unsupervised trajectory analysis further confirmed our finding that 

circulating Ly6Chigh monocytes infiltrate the heart and acquire a tissue-resident 

monocyte/macrophage phenotype (Fig 4G, H). In addition, we observed that invading tdT+ 

cells after stroke are characterized by an upregulation of various biologically relevant 

signaling pathways (Fig. 4I). Furthermore, we performed cell-cell interaction analysis using 

CellChat between the tdT+ cell subsets as source and cardiac fibroblasts as target cells, 

revealing a large number of up-regulated interactions (while none were down-regulated) 

associated with processes involved in tissue fibrosis and inflammation (Fig. 4J). Using in situ 

smFISH for Collagen I mRNA in conjunction with Vimentin staining, we detected a 

significant increase in Vimentin-positive fibroblasts as well as higher expression of Collagen-

I transcripts in fibroblasts chronically after stroke (Fig. 4K). 
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Bone marrow cellularity and function is chronically altered after stroke 

To explore the potential mechanisms of post-stroke immune mediated cardiac dysfunction, 

we performed an in-depth analysis of the bone marrow (BM) myeloid compartment in the 

chronic phase after stroke. We analyzed long-term effects of stroke on the BM by single cell 

sequencing. We identified 21 cell clusters and the respective differentiation trajectories from 

hematopoietic stem and progenitor cells (HSPCs) to all other mature myeloid populations 

(Fig. 5A, B, Fig. S4A) and uncovered a distinct transcriptomic signature in Ly6Chigh 

monocytes chronically after stroke (Fig. 5C). Additionally, we observed a substantial number 

of DEGs in HSPCs, suggesting that also progenitor populations exhibited persistent 

transcriptional alterations during the chronic stage after stroke which were associated with 

inflammatory pathways (Fig. S4B, C). Moreover, the post-stroke transcriptomic signature in 

mature monocytes from the BM was also highly conserved in circulating monocytes and 

differentiated monocytes recruited to peripheral organs (Fig. S4D). Apolipoprotein E (ApoE) 

and Lipoprotein lipase (Lpl) were consistently transcriptionally upregulated after stroke, 

which was additionally confirmed on protein level (Fig. S4E). Stroke-induced transcriptional 

changes in HSPCs and mature monocytes persisted up to three months after stroke, suggesting 

a sustained and potentially progressive effect of stroke on the BM transcriptomic landscape 

(Fig. S4F).  

To validate these findings, flow cytometry analyses were conducted, confirming altered BM 

cellularity (Fig. 4D, E, Fig. S4G, H). Labeling of proliferating cells with a single 

intraperitoneal EdU injection one month after stroke indicated significantly increased 

proliferation rates of myeloid progenitor cell populations (Fig. S4I). Of note, the increased 

myelopoiesis after stroke was dependent on the lesion severity, since no effect on BM 

cellularity was observed after a transient ischemic attack or minor stroke (Fig. S4J).  

Stroke induces persistent innate immune memory 

To test the persistence and potentially causal role of the observed myeloid changes chronically 

after stroke, we transplanted GFP-positive, enriched HSPCs from BM one month after stroke 

or control surgery into naïve recipients, using a genetic BM depletion model (poly(I:C) 

administration to Mx1Cre:c-mybfl/fl mice) in order to avoid confounding effects by irradiation 

or chemotherapy (Fig. 5F). One month after transplantation, we isolated GFP+ transplanted 

myeloid cells for single-cell mRNA sequencing and confirmed successful BM repopulation 
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for all analyzed animals, without differences in the BM repopulation potential between groups 

(Fig. 5G, Fig. S5A-E). Differential gene expression between stroke and control transplanted 

BM cells showed substantial transcriptomic differences one month after transplantation in the 

naïve recipient mice (Fig. S5F, G). Interestingly, comparing the most significantly regulated 

transcriptomic pathways between the transplanted mice to the original differences between 

animals one month after stroke and control surgery revealed a highly conserved phenotype in 

the transplanted cells after stroke (Fig. 5H). Both BM cells from stroke mice and BM cells 

from recipient mice transplanted with stroke BM cells retained a pro-inflammatory activated 

phenotype. Projecting all individual samples into a PCA bidimensional space, we found that 

cells from mice transplanted with stroke BM showed spatial proximity to cells from stroke 

mice (Fig. S4H, I), confirming that myeloid cells acquire a distinct pro-inflammatory 

phenotype after stroke that is transmissible by BM transplantation. 

One month after BM transplantation, we also isolated GFP+ transplanted myeloid cells 

(CD45+CD11b+) from the heart and blood of recipient mice. Using unsupervised clustering, 

we identified distinct myeloid GFP+ populations in both the heart and blood (Fig. S5J). Using 

pseudotime analysis on the combined dataset from blood and heart, we observed a shift in the 

differentiation trajectory from blood monocytes to heart monocytes/macrophages following 

stroke (Fig. 5I). The altered pseudotime trajectory post-stroke was driven by a differentially 

higher contribution of blood-derived Ly6Chigh monocytes to tissue-resident monocytes and 

macrophages after stroke (Fig. 5I, J). In addition, we found that a considerable proportion of 

the DEGs identified in circulating monocytes also remained differentially expressed in 

cardiac monocyte/macrophages after stroke (Fig. S5K). These common genes were found to 

participate in pathways related to stress response, immune cell activation, migration, and 

differentiation. We next analyzed the hearts of BM recipient mice for hallmarks of ECM 

remodeling observed after stroke. We found significantly increased Mmp9 expression in 

cardiac macrophages of mice receiving BM from stroke donors and more specifically, an 

increase of Mmp9 expression particularly in transplanted GFP+ cardiac 

monocytes/macrophages (Fig. 5 K, L). Moreover, we observed significantly increased 

cardiac fibrosis in animals receiving the stroke BM transplant in comparison to control BM 

recipients (Fig. 5M). Together, these findings demonstrate that myeloid function is not only 

stably altered after stroke but that these changes in the myeloid compartment are sufficient to 

drive secondary cardiac fibrosis. 
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Innate immune memory is mediated by early post-stroke Interleukin-1β secretion 

The observed effects all indicate a phenomenon described after vaccination and in infection 

models as “trained immunity”14, which generally describes a heightened response of innate 

immune cells to subsequent stimuli. Indeed, we observed that primary monocytes as well as 

BM-derived macrophages isolated from stroke mice had an increased phagocytic activity 

compared to cells from control mice (Fig. 6A). Furthermore, cells from mice with a stroke 

also showed an increased response to cytokine stimulation (Fig. S6A), overall confirming the 

development of trained immunity due to stroke. 

A characteristic hallmark of trained immunity is epigenetic reprogramming of myeloid cells. 

Therefore, we first assessed histone modifications at one month after stroke or in control mice 

for key histone marks and identified changes in both enhancer-associated marks (H3K4me1 

and H3K27ac), as well as in H3K4me3, which is a histone modification associated with active 

promoters14 (Fig. S6B). Next, we wanted to examine if similar TFs are involved in rewiring 

of the epigenetic landscape at promoters in HSPC and monocytes. Correspondingly, we 

identified differential enrichment of several transcription factor (TF) motifs including CTCF, 

STAT1/2, GABPA, CEBPD, GFI and KLF14 in HSPC (Fig. 6B). These TF have been 

previously described to regulate survival and proliferation of HSPC, their differentiation 

towards the myeloid lineage and their inflammatory phenotype.30–34 We also evaluated the 

chromatin profiling of mature monocytes isolated from mice one month after stroke or control 

conditions. Consistent with the findings in HSPCs, we found that H3K4me3 levels in 

monocytes were tightly linked to diverse TF motifs after stroke, including CTCF and several 

regions associated with the NF-kb and IL-1 signaling pathways, and a pro-inflammatory 

response, such as E2F2, ATF7, STAT1 and KLF14 (Fig. 6C). 32,34–36  

We previously identified systemic inflammasome activation and subsequent Interleukin (IL)-

1β secretion in response to tissue injury including stroke, with serum IL-1β concentrations 

peaking within the first hours after injury to similar peak levels as observed after stimulation 

with lipopolysaccharide (Fig. S6C, D).2 Studies in experimental infection models have 

suggested IL-1β-mediated effects to be involved in epigenetic reprogramming.17 Therefore, 

we performed single-cell ATAC sequencing for analysis of open chromatin accessibility in 

control mice and in animals one month after stroke which either received IL-1β neutralizing 

antibodies or vehicle control. We obtained a total of 13,520 nuclei from Lin-CD45+CD11b+ 

BM cells, and identified a total of 11 clusters which were superimposed on the BM mRNA 
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sequencing UMAP plot (see Fig. 5A), confirming coverage of the complete BM cell 

heterogeneity (Fig. 6D). We identified in the HSPC as well as in the mature Ly6Chigh 

monocyte clusters distinct differences in chromatin accessibility one month after stroke 

compared to control mice (Fig. S6E, F, Table S4). Next, we particularly focused on potentially 

important cell-type-specific differentially-active regulatory sequences,37 and identified 

significant changes in TF motifs between stroke and control conditions (Fig. 6E). These 

analyses confirm our findings that stroke induces a pronounced alteration in the activity of 

several TF in HSC, including CTCF, ETV4 and RUNX2, which have been previously 

described to regulate HSPC function.38–40 Similarly, we also confirmed that stroke changed 

the epigenetic landscape of mature Ly6Chigh monocytes, by changing the motif accessibility 

associated with TF involved in stress and immune responses, such as CTCF, NRF1 (also 

known as NFE2) and FOS:JUND(AP1).41–46 Importantly, IL-1β neutralization prevented 

most of the stroke-induced changes in chromatin accessibility in both, HSPC and mature 

Ly6Chigh monocytes (Fig. 6E). To explore stroke-regulated TFs, we identified genes with 

differential expression between control and stroke conditions linked to these transcription 

factors. These genes were involved in inflammation and cytokine signaling, including IL-1β 

signaling. (Fig. S6G,H).  

Finally, to confirm that IL-1β drives the epigenetic reprogramming observed after stroke we 

used bulk ATAC-sequencing of the HSPC-enriched myeloid fraction of BM (i.e. HSPCs) 

cells treated with recombinant IL-1β. We observed significant alterations in chromatin 

accessibility across a range of genomic regions in HSPCs treated with IL-1β, although most 

of the changes were quantitative (Fig. 6F). This analysis revealed an enrichment of TF motifs 

in IL-1β-treated HSPCs that are consistent with those identified in both the analysis of histone 

modification sites and the single-cell ATAC-seq analyses after experimental stroke. 

Altogether, these results demonstrate the critical role of IL-1β in inducing epigenetic changes 

leading to post-stroke trained immunity.  

Interleukin-1β-driven innate immune memory mediates remote organ dysfunction after 

stroke 

Beyond its role in post-stroke trained immunity, we aimed to further test the role of IL-1β in 

the post-stroke increased myelopoiesis and monocyte recruitment to the heart. Therefore, we 

evaluated the heart and BM myeloid composition one week after injection of recombinant 

(r)IL-1β in naive mice without a stroke (Fig. 7A). By flow cytometry, we observed a 
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substantial increase in the Ly6Chigh cardiac monocytes and CCR2high monocytes/macrophages 

in the hearts rIL-1β-treated mice (Fig. 7B) and found correspondingly increased myelopoiesis, 

characterized by elevated counts of HSPCs and mature monocytes after rIL-1β injection (Fig. 

7C). Notably, we observed efficient normalization of BM cellularity to levels of control mice 

in stroke animals receiving acute IL-1β neutralization by rIL-1β-specific antibodies (Fig. 7D, 

E, Fig. S7A, B). In turn, anti-IL-1β treatment during the acute phase reduced circulating 

Ly6Chigh monocyte counts one month post-stroke (Fig. 7F), and the post-stroke increase in 

CCR2high cardiac monocytes/macrophages was also restored to control levels after IL-1β 

neutralization (Fig. 7G). Correspondingly, preventing release by blocking caspase-1 

activation by administration of the caspase-1 inhibitor VX-765,2 similarly prevented the post-

stroke increase in myelopoiesis (Fig. S7C). Of note, delayed neutralization of IL-1β levels at 

2 weeks after stroke failed to rescue the post-stroke increase in myelopoiesis (Fig. S7D), 

confirming that the post-stroke inflammasome-dependent acute IL-1β release but not a 

chronic stimulation by potentially residual circulatory IL-1β primes the post-stroke increase 

in myelopoiesis and cardiac pathology.  

Finally, we observed that acute (but not delayed) neutralization of the early IL-1β release was 

sufficient to prevent the long-term cardiac phenotype by significantly reducing Mmp9 

expression of cardiac monocytes/macrophages and cardiac fibrosis to levels of control mice 

without a stroke (Fig. 7H, I, Fig. S7E). These findings suggest that the IL-1β-driven 

epigenetic changes leading to trained immunity can be causally involved in mediating the 

chronic cardiac fibrosis after stroke. 

Blocking BM-to-heart trafficking of monocytes prevents post-stroke cardiac 

dysfunction 

Despite its striking efficacy on innate immune memory and cardiac secondary comorbidities, 

the translational use of neutralizing IL-1β in stroke patients is limited by an increased risk of 

infections.47 Therefore, we sought for alternative options by blocking the migration of pro-

inflammatory myeloid cells to secondary organs using the dual C-C chemokine receptors type 

2 and 5 antagonist Cenicriviroc (CVC), which has been developed and proven safe for HIV 

infections and for steatohepatitis.48–50 We found that daily treatment with CVC after 

experimental stroke substantially reduced monocyte recruitment to the heart (Fig. 7J, K, Fig. 

S7F, G). This effect is likely attributable to blocking the chemokine-dependent invasion of 
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monocytes to secondary organs, because CVC increased circulating Ly-6Chigh monocyte 

counts and had no direct cytotoxic effect on monocytes (Fig. S7H, I). Consequently, CVC 

treatment significantly reduced Mmp9 expression by cardiac monocytes/macrophages and 

reduced cardiac fibrosis (Fig. 7L, M, Fig. S7J). Importantly, this therapeutic reduction in 

inflammatory cardiac ECM remodeling by CVC also significantly improved diastolic cardiac 

function in the chronic phase after stroke to comparable levels of control mice without a stroke 

(Fig. 7N). In summary, these results demonstrate the therapeutic potential of blocking the 

BM-to-heart migration of pro-inflammatory programmed monocytes as a strategy to prevent 

secondary cardiac comorbidity following stroke. 
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DISCUSSION 

Systemic inflammation following a stroke has been identified as a critical factor affecting the 

short- and long-term prognosis of stroke patients.51,52 Interestingly, many of the pre-existing 

or acquired health conditions that arise after a stroke share common inflammatory 

mechanisms. These mechanisms can potentially exacerbate the development of other medical 

complications, leading to a worsened long-term outcome. Consequently, addressing systemic 

inflammation has emerged as a novel focus for translational research, with initial clinical trials 

already conducted to minimize functional disabilities in patients and prevent secondary 

complications.3  

Our study reveals that stroke triggers persistent inflammation in multiple organs by inducing 

innate immune memory. Specifically, we discovered that IL-1β-mediated epigenetic changes 

in the myeloid compartment play an unrecognized role in cardiac fibrosis, leading to diastolic 

dysfunction following ischemic brain injury. 

Cardiovascular diseases, such as atrial fibrillation, valvular heart disease, and congestive heart 

failure, are well-known risk factors for ischemic stroke.53,54 However, this relationship is 

bidirectional, as the incidence of cardiovascular disorders also increases after an initial 

stroke.55,56 After a stroke, more than 60% of patients experience electrocardiographic (ECG) 

abnormalities,9 25% are diagnosed with serious arrhythmias,57 and approximately 19% 

develop at least one significant cardiac adverse event.10 Interestingly, a previous report 

demonstrated a causal role of monocytes to the development of atrial arrythmias.27 Previous 

studies in mice have demonstrated that stroke results in chronic systolic dysfunction lasting 

up to 8 weeks after the brain injury, leading to a delayed reduction in left ventricular ejection 

fraction and an increase in left ventricular volume.58,59 The SICFAIL study, a prospective 

clinical study involving 696 stroke patients, demonstrated a surprisingly high incidence of 

cardiac dysfunction after stroke. Diastolic dysfunction was found to be the most prevalent 

type of cardiac dysfunction, affecting 23% of patients without signs of systolic dysfunction.60 

This study clearly highlights the previously unrecognized burden of secondary cardiac 

dysfunction following ischemic stroke. Although diastolic dysfunction is highly prevalent, it 

is not routinely assessed in stroke patients61,62 and its clinical relevance in patients with acute 

ischemic stroke is not well understood. In our study – investigating a small subgroup of the 

SICFAIL cohort – we observed that in principle progressive diastolic dysfunction can also 
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occur in stroke patients, similar to our experimental stroke model. Similarly, we demonstrated 

in a cohort of autopsy samples the development of cardiac fibrosis after stroke. 

Patients with chronic systemic inflammatory diseases, such as rheumatoid arthritis, psoriasis, 

or psoriatic arthritis, are known to have an increased risk of cardiovascular disease. For 

example, a recent population-based cohort study described an increased incidence of 

cardiovascular disease in patients with inflammatory bowel disease even in the absence of 

common risk factors like obesity, lipid disturbances, or hypertension, suggesting that 

inflammation may be a key factor underlying the development of these cardiovascular 

complications.18,63 Therefore, it is reasonable to consider that the systemic inflammatory 

response triggered by the ischemic brain lesion itself may further predispose stroke patients 

to secondary (inflammatory) vascular events.  

Here, we demonstrate that persistent pro-inflammatory changes in myeloid cells after stroke 

are a causal factor for the development of cardiac fibrosis independent of other predisposing 

factor for cardiovascular disorders. Innate immune memory—defined as long-term changes 

in the innate immune cell compartment that alters its responsiveness to a second stimulation—

has so far been described in infection models and in vaccination,13 but was so far not 

recognized as a pathogenic mechanism after sterile tissue injuries including stroke. 

Importantly, innate (trained) immunity to a pathogen not only heightens innate immune 

responsiveness to the same pathogen but was demonstrated to also affect unrelated 

inflammatory processes, as for example the disease-modifying effect of periodontitis for 

atherosclerosis progression.17 In this study, we make the observation of innate immune 

memory in response to a sterile tissue injury, which links this acute event to the development 

of a chronic, secondary pathology at a remote organ site.  

Our study highlights IL-1β-mediated epigenetic changes and the recruitment of 

reprogrammed cells to the healthy heart as critical events in the development of chronic 

secondary organ dysfunction after a stroke. Notably, epigenetic changes induced by the acute 

surge of IL-1β post-stroke are comparable to the observed epigenetic modifications in 

previous studies using infection models.64,65 Based on our findings, targeting IL-1β 

systemically can potentially prevent post-stroke epigenetic changes and the resulting pro-

inflammatory effects on remote organ homeostasis. This aligns well with previous research 

demonstrating the cardiovascular benefits observed in the CANTOS trial using anti-IL-1β 

therapy.47 However, the trial also revealed significant risks of increased infection rates 
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associated with this non-specific approach that targets a key pro-inflammatory cytokine 

involved in pathogen clearance. This limitation poses a challenge for the further development 

of this approach in translational research. 

Therefore, in our study, we explored an alternative strategy to limit the recruitment of 

monocytes from BM and circulation to remote organs by using a dual chemokine inhibitor 

targeting CCR2/5 (Cenicriviroc).48 Notably, genetic studies have provided evidence of the 

involvement of CCL2-CCR2 signaling in various cardiovascular disorders, suggesting that 

targeting this signaling pathway could have beneficial effects on monocyte recruitment.66 

Moreover, Cenicriviroc has demonstrated safety and efficacy in other conditions, including 

HIV and hepatosteatosis.48–50  

In conclusion, our study provides mechanistic insights into immune-mediated secondary 

comorbidities following stroke, such as cardiac dysfunction and potentially others. We have 

identified innate immune memory as a causal mechanism underlying chronic changes in 

resident innate immune cells across multiple organs, which contribute to the development or 

progression of secondary organ dysfunction. These discoveries offer a therapeutic rationale 

for the secondary prevention of post-stroke comorbidities. 

Limitations of the study. 

There are several limitations to our study. While our results propose IL-1β as a principal 

mediator of trained immunity and its significance for cardiac pathology after stroke, we did 

not test in this study the generalizability of this IL-1β-mediated pathway to other conditions 

of acute tissue injury or infection models. Also, the exact molecular mechanisms by which 

IL-1β induces epigenetic changes and altered hematopoiesis remain unclear, including the 

intracellular mechanisms as well as potential effects on structural BM organization and 

interaction of HSC with stromal cells. Similarly, the effects of stroke on long-term 

myelopoiesis and trained immunity in humans is so far unknown. In relation to the cardiac 

phenotype of diastolic dysfunction and delayed cardiac fibrosis after stroke, this phenotype 

remains to be validated in human stroke patients in a prospective clinical study; also, a 

potential mechanistic relationship between early systolic and later diastolic cardiac 

dysfunction remains so far unexplored. Our study found no indications for a direct effect of 

changes in the autonomic nervous system on post-stroke trained immunity or chronic diastolic 

dysfunction although we cannot exclude a contribution of the autonomic nervous system on 
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myelopoiesis, structural remodeling of BM stromal cells or other peripheral immune 

compartments (e.g. the spleen and intestine), that might indirectly contribute to the phenotype 

observed in the chronic phase post-stroke. 
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Figure 1. Stroke induces long-term inflammatory changes in systemic monocytes/macrophages. 

(A) Myeloid cells were sorted from blood and peripheral organs 1 month after experimental ischemic 

stroke (n=4/group) for single-cell mRNA sequencing. (B) UMAP plot of 29,124 CD45+ CD11b+ cells, 

colored by identified clusters. (C) Number of differentially expressed genes (DEG) between 

conditions per identified population (adj. p value <0.05). Ly6Chigh monocytes show the highest number 

of DEG (857 genes). (D) Expression levels of selected genes in the Ly6Chigh monocytes highlighted 

in (C) and selected from the enriched GO terms in the set of DEG between conditions (adj. p value 

<0.1). The dot size corresponds to the fraction of cells within each condition and the color indicates 

average expression. (E) Euclidian distances in the PCA space between the stroke and control per organ. 

The PCA was calculated from a total of 18,834 genes identified in all CD45+CD11b+ cells. (F) UMAP 

plot of 1,117 CD45+ CD11b+ cells from the heart, colored by identified populations and (G) stacked 

bar graph for percentage of identified population per condition (chi-square test). (H) Monocle3 
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pseudo-temporal ordering of CD45+ CD11b+ cells from the heart superimposed on the UMAP plot and 

split by condition. Cells are colored based on their progression along pseudo-temporal space.  

 

 
 

Figure 2. Stroke results in chronic cardiac diastolic dysfunction and inflammatory cardiac 

remodeling. (A) Representative ultrasound images (M-mode) performed at indicated time points (n = 

12(stroke)/6(control)) and quantification of the left ventricle (LV) volume in systole (squares) and 

diastole (circles). LVAW: Left ventricle anterior wall; LVPW: left ventricle posterior wall. (B) 

Representative images (Sirius red/Fast green staining) and quantification of cardiac fibrosis in the LV 

free wall (t test, n=7/10 per group, 4 independent sections per mouse). (C) Representative image of  

cardiac electrophysiology at 1 month after stroke or control (n=7/group) and quantification of 

inducibility of atrial tachycardia (AT). (D) Representative image and quantification of collagen I 

content, expressed in percentage of total area of the LV free wall (scale bar = 50 µm; t test, n = 8/10 

per group). (E) Representative second harmonic generation (SHG) images for the detection of the 

organization of fibrillar collagen and quantification of the Aspect ratio (scale bar = 20 µm; nested t 

test, n = 9/10 mice per group, 35-50 images per mouse heart). (F) Enzymatic MMP9 activity using gel 

zymography of heart samples one month after stroke or control (U test, n = 10/11 per group). (G) 
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Representative images of single molecule fluorescence in situ hybridization (smFISH) and 

quantification of the number of Mmp9 mRNA puncta per Cx3cr1+ cell (scale bar = 5 µm; t test, n = 7 

per group). (H) Quantification of flow cytometry for Ly6Chigh monocytes (CD45+ Ly6G- CD11b+ 

F4/80- Ly6Chigh) and CCR2high monocytes/macrophages (CD45+ Ly6G- CD11b+ F4/80+ CCR2high) in 

the heart one month after stroke or control (t test; n=8/10 per group). (I) Mmp9 mRNA expression 

(RT-qPCR) in sorted blood CCR2+ monocytes relative to Ppia expression and normalized to control 

(U test, n=6/10 per group). 

 

 
Figure 3. Stroke increases cardiac fibrosis and monocyte accumulation in patients. (A) 

Representative images of the patient with chronic diastolic dysfunction recruited by the Stroke 

Induced Cardiac FAILure study (SICFAIL) consortium. Corresponding quantification of the E/e’ of 

3 patients identified with chronic diastolic dysfunction. (B) Myocardial autopsy samples were 

collected from a total of 19 patients: 12 ischemic stroke (IS) patients and 7 controls, who died without 

cardiac or brain disorder (confirmed by autopsy). Basic demographical and clinical characteristics are 

depicted. Data is expressed as median (IQR), unless stated otherwise. *p<0.05 (chi-square test). (C) 
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Representative images (Masson Trichrome staining, scale bar = 0.1 mm) and quantification of 

collagen content (t test). (D) Representative images (Sirius red/Fast green staining, scale bar = 0.2 mm) 

and quantification of the collagen content expressed as percentage of total cardiac area (t test). (E) 

Quantification of CD14+ cells (t test). (F) Representative image (scale bar = 0.05 mm) and 

quantification (t test) of CCR2+ cells. (G) Correlation of CCR2+ cell counts with cardiac fibrosis 

(Masson Trichrome staining, Pearson correlation test). (H) Representative images and quantification 

of single molecule fluorescence in situ hybridization (smFISH) for the detection of Mmp9 mRNA 

puncta expression in CD14+ cardiac cells from stroke and control patients (scale bar = 5 µm; t test, n 

= 7/9 per group). (I) Volcano plot showing regulated genes in the myocardium between IS and control 

patients. Colored genes are p<0.05. (J) Heatmap showing the TOP differentially expressed genes in 

the heart between IS and control patients. 
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Figure 4. Stroke promotes chronic monocyte recruitment into the heart. (A) Ms4a3creERT2-Ai14 

stroke and control mice were daily administered with Tamoxifen for 7 consecutive days from day 14 

after stroke. Cardiac myeloid cells were analyzed by flow cytometry one month after stroke or control 
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(n=7/8 per group). Representative gating strategy for the tdTomato (tdT+) cardiac 

monocytes/macrophages (CD45+ Ly6G- CD11b+, mid panel) and quantification of tdT+ cardiac 

monocytes/macrophages (right panel). (B) Mice were daily administered with EdU for 7 or 14 days 

after stroke. Lineage negative myeloid cells from the blood, and peripheral organs were analyzed by 

flow cytometry for percentage of EdU+ CD11b+ cells per timepoint (n=6/7 per organ). (C) 

CCR2creERT2-Ai14 reporter mice received Tamoxifen every second day from day 7 after stroke or 

control surgery until one month and cardiac interstitial cells analyzed using single-cell mRNA 

sequencing (n=2 mice/group). UMAP plot of a total of 34,927 cardiac interstitial cells, colored by 

identified clusters and (D) UMAP plot of the cardiac monocytes/macrophages subsets. (E) UMAP 

plot showing the expression of tdT within the cardiac monocytes/macrophages. (F) Percentage of tdT+ 

cells per cell subset. (G) Monocle3 pseudo-temporal ordering of tdT+ cardiac monocytes/macrophages 

superimposed on the UMAP plot. Cells are colored based on their progression along pseudo-temporal 

space. (H) Stacked bar graph for percentage of cells per population. (I) Pathway analysis for tDEGs 

between conditions in tdT+ cardiac monocytes/macrophages. Biological processes were grouped and 

sorted by p value. (J) Schematic design of cell-cell interaction analysis (left upper panel) and chord 

plot showing up-regulated ligand-receptor pairs from tdT+ cardiac monocytes/macrophages 

populations to fibroblasts after stroke. List of up-regulated signaling pathways from tdT+ cardiac 

monocytes/macrophages populations to fibroblasts after stroke. (K) Representative images and 

quantification of single molecule fluorescence in situ hybridization (smFISH) for the detection of the 

count of Vimentin+ cardiac fibroblasts and the Collagen I mRNA expression in Vimentin+ fibroblasts 

one month after stroke or control (scale bar = 5 µm; t test, n = 7/group). 
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Figure 5. Stroke induces persistent innate immune memory. (A) Schematic experimental design: 

lymphoid lineage- (CD3, CD4, CD8a, CD19 and Ter119) and neutrophil- (Ly6G) negative myeloid 
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cells were sorted from the BM of control and stroke mice one month after stroke (n=8) for single-cell 

mRNA sequencing. UMAP plot of the 22,169 myeloid cells sorted from the BM of control and stroke 

mice. (B) Monocle3 pseudo-temporal ordering of myeloid BM cells, superimposed on the UMAP plot. 

Cells are colored based on their progression along pseudo-temporal space (left panel) or by cell types 

(right panel). (C) Number of differentially expressed genes (DEG) between conditions per cell type 

(adj. p value <0.05). (D) Quantification of monocyte and neutrophil cell counts between conditions 

(U-test; n=9/13 per group). (E) Schematic of the differentiation path of hematopoietic stem cells (HSC) 

towards monocytes (Mo) and neutrophils (Neu) (left panel) and quantifications of HSC-multipotent 

progenitors 1 (MPP1), common myeloid progenitors (CMP) and granulocyte-monocyte progenitors 

(GMP) (U-test; n=9/13 per group). (F) Schematic experimental design: bone marrow (BM) cells 

enriched for HSPCs were isolated from stroke and control actin-GFP mice and transplanted into BM-

depleted Mx1Cre:c-mybfl/fl mice. One month after transplantation, mice were sacrificed and GFP-

positive myeloid cells from BM, blood and heart were isolated and analyzed using single-cell mRNA 

sequencing and flow cytometry. (G) UMAP plot of 25,358 myeloid GFP+ cells from the BM of 

transplanted mice, colored by identified populations and superimposed on the UMAP plot of the 

myeloid cells from the endogenous BM (cells in gray, Fig. 5A for reference). (H) Dot plot showing 

the expression of selected genes in the Ly6Chigh monocytic populations from the endogenous BM of 

stroke and control mice (left column) and the BM of recipient mice transplanted with stroke and 

control GFP+ HSPC-enriched BM cells (right column). Genes were selected from the enriched GO 

terms in the set of DEG between conditions in Ly6Chigh monocytes (adjusted p value<0.1). The dot 

size corresponds to the fraction of cells within each condition and the color indicates average 

expression. (I) Monocle3 pseudo-temporal ordering of GFP+ cells from recipient mice, superimposed 

on the UMAP plot and split by condition. Cells are colored based on their progression along pseudo-

temporal space. (J) Quantification of the flow cytometry analysis of GFP+ cardiac 

monocytes/macrophages from recipient mice transplanted with stroke or control BM cells. (K, L) 

Representative images for single molecule fluorescence in situ hybridization (smFISH) (left, scale bar 

= 5 µm) and quantification of the number of Mmp9 puncta per Cx3cr1+ cardiac cells (K; U test, n=5/7 

per group) and GFP+ cardiac cells (L; U test, n=5/6 per group). (M) Representative images (Sirius 

red/Fast green staining) and quantification of cardiac fibrosis in the left ventricle (LV) free wall of 

recipient mice (t test, n=5/7 per group, 3/4 heart sections per mouse). 
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Figure 6. Innate immune memory is mediated by early post-stroke IL-1β secretion. (A) 

Schematic experimental design: bone marrow-derived macrophages (BMDM) and primary monocytes 

were isolated from mice one month after stroke or control. Uptake of zymosan beads was quantified 

by flow cytometry (t test, n=6 per group). (B) Density heatmaps for enriched H3K4me3 peaks in 
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lymphoid lineage- (CD3, CD4, CD8a, CD19 and Ter119) and neutrophil- (Ly6G) negative myeloid 

cells from mice one-month post-stroke (up, green) or control mice (down, pink), split by condition. 

Heatmap of motif enrichment for H3K4me3 peaks for HSPCs between mice one-month post-stroke 

and control mice and (C) corresponding heatmap for Ly6Chigh monocytes. (D) Schematic experimental 

design: mice received Interleukin (IL)-1β neutralizing antibodies or vehicle 1h before and 1h after 

stroke induction. One month later, nuclei were isolated from lineage-negative myeloid cells 

(n=3/group) for single-nuclei ATAC-sequencing. UMAP plot of 13,520 myeloid nuclei, colored by 

identified populations and superimposed on the UMAP plot of the myeloid cells from the endogenous 

BM of control and stroke mice (cells in gray, Fig. 5A). (E) Dot plot showing per-cell differential motif 

activity scores between experimental conditions in HSC (left panel) and Ly6Chigh monocytes (right 

panel). Identified motifs with the highest and lowest activity scores between control and vehicle-

treated strokes are represented (adj. p value <0.05). (F) Schematic experimental design: HSPC-

enriched myeloid cells were cultured with either recombinant (r)IL-1β or vehicle for 16h, and analyzed 

by ATAC sequencing (left panel). Density heatmaps for differentially open chromatin regions split by 

condition (middle panel). Heatmap of motif enrichment for differentially accessible peaks between 

groups (right panel). 
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Figure 7. IL-1β-driven innate immune memory mediates cardiac dysfunction after stroke. (A) 

Schematic experimental design: naive WT mice received rIL-1β or vehicle intraperitoneally (i.p.) and 

organs collected 7d later for flow cytometry. (B) Quantification of Ly6Chigh monocytes (CD45+ Ly6G- 

CD11b+ F4/80- Ly6Chigh) and CCR2high monocytes/macrophages (CD45+ Ly6G- CD11b+ F4/80+ 

CCR2high) between groups (t test, n=7/10 per group). (C) Quantification of HSC-multipotent 



Sijia Zhang                                                                                                           Publication II 
 

79 
 

progenitors 1 (HSC-MPP1) and Ly6Chigh monocytes in BM (t test, n=5/8 per group). (D) Schematic 

experimental design: mice received IL-1β−specific neutralizing antibodies or vehicle 1h before and 

1h after stroke induction and organs collected for analysis one month later. (E) HSC-multipotent 

progenitors 1 (HSC-MPP1) and total monocytes in BM from stroke mice (U-test; n=10/11 per group) 

and (F) Ly6Chigh monocytes (CD45+ Ly6G- CD11b+ Ly6Chigh) in blood (t-test; n=10/8 per group) and 

(G) CCR2high monocytes/macrophages (CD45+ Ly6G- CD11b+ F4/80+ CCR2high) in hearts (t-test; 

n=10/7 per group). (H) Representative images and quantification of Mmp9 mRNA expression in 

Cx3cr1+ cardiac myeloid cells between treatment groups by single molecule fluorescence in situ 

hybridization (smFISH, scale bar = 5 µm, U test, n=6/7 per group). (I) Representative images (Sirius 

red/Fast green staining) and quantification of cardiac fibrosis in the left ventricle (LV) free wall (t test, 

n=8/14 per group, 4 heart sections per mouse). (J) Schematic experimental design: Stroke mice were 

administered daily with the dual C-C chemokine receptors type 2 and 5 antagonist Cenicriviroc 

(Stroke+CVC) or vehicle (Stroke+Veh) for 28 days. Cardiac ultrasound imaging was performed at 

day 0, 14 and 28. Hearts were collected at 28d for flow cytometry and histological analysis. (K) Gating 

strategy for Ly6Chigh monocytes in CVC- and vehicle-treated stroke mice and corresponding 

quantification (U-test; n=8-12 per group). (L) Representative smFISH images and quantification of 

the number of Mmp9 puncta per Cx3cr1+ cardiac myeloid cell (U test, n=6/7 per group). (M) 

Representative images (Sirius red/Fast green staining) and quantification of cardiac fibrosis in the LV 

free wall in CVC- and vehicle-treated stroke mice. Dashed line indicates mean percentage of fibrotic 

area in control mice (t test, n=9/14 per group, 4 heart sections per mouse). (N) Representative 

ultrasound images (M-mode) performed at day 0, 14 and 28 after stroke on CVC- and vehicle-treated 

stroke mice (left panel). Quantification of the left ventricle (LV) volume in systole (squares) and 

diastole (circles). Dashed line indicates mean LV volume in control mice at day 28. Multiple t tests, 

n=6/12 per group. LVAW: Left ventricle anterior wall; LVPW: left ventricle posterior wall.   
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Figure S1. Stroke induces long-term inflammatory changes in monocytes/macrophages from 

peripheral organs, related to Figure 1. (A) Representative images of ischemic stroke lesions from 

the transient middle cerebral artery occlusion (tMCAo) stroke mouse model (upper panel). Graph 
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showing the neurological deficits of mice over time after stroke, assessed by the Neuroscore test. (B) 

Uniform manifold approximation and projection (UMAP) plots of a representative set of 1,000 CD45+ 

CD11b+ cells per peripheral organ, colored by identified populations. (C) Number of cells per 

identified population, split by condition. (D) UMAP plot of the monocytes and macrophages clusters 

identified in peripheral organs, annotated with key expressed genes per population. (E) Volcano plot 

showing the up (322 genes, red) and down-regulated genes (338 genes, purple) of Ly6Chigh monocytes 

from stroke and control mice. Colored genes are p<0.05 and |fold-change|>1.25. (F) Pathway analysis 

was performed using Ingenuity Pathway Analysis (IPA, Qiagen) using the DEG from Ly6Chigh 

monocytes, with an adjusted p value <0.05 and |fold-change|>1.58. Top diseases and functions 

categories sorted by p value are displayed. (G) Functional gene interaction network analysis using 

IPA. Genes are colored based on fold-change values determined by the single cell mRNA sequencing 

analysis, where red indicates an increase in stroke and green in control animals. (H) PCA plot 

displaying all analyzed samples from all peripheral organs. The PCA was calculated from a total of 

18,834 genes identified in peripheral CD45+CD11b+ myeloid cells. The Euclidian distances between 

stroke and control clusters per organ are indicated in black lines. (I) Dot plot showing the expression 

profile of selected genes key for the identification of the cell populations in the heart. The dot size 

corresponds to the fraction of cells within each condition expressing the indicated transcript, and the 

color indicates average expression. (J) Dot plot showing the expression levels of selected gene features 

in Ly6Chigh monocytes from the heart and blood. Genes were selected from the list of DEG between 

both cell populations. The dot size corresponds to the fraction of cells within each condition expressing 

the indicated transcript, and the color indicates average expression. (K) Ridge plots showing the 

pseudotime score distribution in each cell population identified in the heart. (L) UMAP plot showing 

the imbalance score. (M) Correlation values of the trajectory-driver genes between stroke and control 

conditions. (N) Pathway analysis using ShinyGO for differential trajectory-driver genes between 

stroke and control conditions.  
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Figure S2. Stroke results in chronic cardiac diastolic dysfunction, related to Figure 2. (A) 

Quantification of the ejection fraction (EF, left panel) and fractional shortening (FS, right panel) at 

indicated time points (days) before (day 0) and after stroke, and control (U tests, n=6/12 per group). 

(B) Quantification of the transmitral deceleration time at day 0 and 28 in control and stroke mice (U 

tests, n=6/12 per group). (C) Quantification of cardiac fibrosis in the LV septum wall at 1m after 
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stroke and control (t test, n=7/10 per group, 4 heart sections per mouse). (D) Quantification of cardiac 

fibrosis in the LV free wall at 3m after stroke and control (t test, n=7/10 per group, 4 heart sections 

per mouse). (E) Quantification of the blood pressure at the indicated time points (days) before (day 0) 

and after stroke, and control conditions (n=3/8 per group). (F) Blood urea concentration was measured 

in mice one month after stroke or in control mice (t test, n=7 per group). (G) Quantification of the LV 

posterior wall thickness at the end of diastole (LVPW, d) at indicated time points (days) before (day 

0) and after stroke, and control mice (U tests, n=6/12 per group). (H) Heart-body ratio was measured 

in mice one month after stroke and control mice (t tests, n=8/12 per group). (I) Quantification of heart 

rate (right panel) and PR interval (left panel) at indicated time points (days) after stroke and control, 

using continuous ECG telemetry (U tests, n=4 per group). Each timepoint include the measurement in 

the morning and at night. (J) Representative immunofluorescence images of the tyrosine hydroxylase 

(TH) in the heart at indicated time points (days) after stroke and control. DAPI was used as nuclear 

dye (left, scale bar = 50 μm). Quantification of the TH content, expressed in percentage of total area 

of the LV free wall (right; t test, n = 5/group). (K) Representative images of immunofluorescence 

staining for the detection of collagen III and elastin in heart coronal sections (left; scale bar = 50 µm). 

Corresponding quantification of collagen III and elastin content, expressed in percentage of total area 

of the LV free wall (right; t test, n = 8/10 per group). (L) Total pro-MMP9 protein levels were 

measured in heart samples from stroke and control mice. Pro-MMP9 protein levels are normalized to 

total protein content (U-test, n=9/11 per group). (M) RT-qPCR was performed on sorted 

monocyte/macrophages (Mo/Ma, CD45+Ly6G-CD11b+) to measure the expression levels of Mmp9 

mRNA, quantified relative to the expression of the housekeeping gene encoding for Ppia and 

normalized to control levels (U test, n=7 per group). (N) Quantification of the Ly6Chigh monocytes 

(CD45+CD11b+Ly6g-Ly6Chigh) in blood, liver, spleen and lung from mice one month after stroke and 

control mice, measured by flow cytometry and expressed as percentage of total CD45+ cells (t test, 

n=8/7 per group). 
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Figure S3. Stroke promotes chronic monocyte recruitment into the heart, related to Figure 4. 

(A) Schematic experimental design: Ms4a3creERT2xAi14 mouse were treated with tamoxifen for 7 

consecutive days. Mice were sacrificed at different time points within the 3 weeks after tamoxifen 

treatment and the heart myeloid cells were analyzed by flow cytometry (left panel). (B) TdTomato 

labeling of lymphocytes (CD3+, CD4+, CD8a+, CD19+, Ter119+), monocytes (Ly6C+Ly6G-) and 

neutrophils (Ly6C+Ly6G+) in bone marrow (mid panels) and blood (right panel) after 7 daily doses 

of tamoxifen (n=3/4). (C) TdTomato labeling of monocytes (Ly6C+Ly6G-) in blood over time after 

7 daily doses of tamoxifen (n=4). (D) Dot plot showing the expression profile of selected key genes 

for the identification of cell subsets of cardiac interstitial cells sorted from hearts one month after 

stroke or control surgery in Ccr2creERT2xAi14 reporter mice (n=2 mice/group). The dot size corresponds 

to the fraction of cells within each condition expressing the indicated transcript, and the color indicates 
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average expression. (E) Violin plots showing the expression levels of selected key genes for the 

identification of the populations of cardiac monocytes and macrophages.  
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Figure S4. Bone marrow cellularity and function is chronically altered after stroke, related to 

Figure 5. (A) Dot plot showing the expression profile of selected key genes for the identification of 

the populations of lymphoid (CD3, CD4, CD8a, CD19 and Ter119)-lineage and neutrophil (Ly6G) 

negative myeloid cells sorted from the BM of control and stroke mice 1 month after stroke (n=4/group). 

The dot size corresponds to the fraction of cells within each condition expressing the indicated 

transcript, and the color indicates average expression. (B) Pathway analysis was performed using 

differentially expressed genes between stroke and control conditions in hematopoietic stem cells 

(HSC), common myeloid progenitors (CMP) and granulocyte-monocyte progenitors (GMP). 

Biological processes were grouped and sorted by p value. (C) Venn analysis illustrating shared DEGs 

between stroke and control conditions in both HSC and Ly6Chigh monocytes (right panel). Pathway 

analysis of the shared DEGs in HSC and Ly6Chigh monocytes. Biological processes were grouped and 

sorted by p value (left panel). (D) Venn diagram illustrating shared DEGs between stroke and control 

conditions in bone marrow (BM) and circulating (blood) Ly6Chigh monocytes. (E) Representative 

immunoblot graph of the Lipoprotein ligase (Lpl) and Apolipoprotein E (APOE) in cultured BM 

derived macrophages (BMDM) isolated from mice one month after stroke and control mice (upper 

panel). Corresponding quantification of the APOE and Lpl intensity normalized to β-actin (U test, n=4 

per group). (F) UMAP plot of the 23,516 lymphoid lineage- (CD3, CD4, CD8a, CD19 and Ter119) 

and neutrophil- (Ly6G) negative myeloid cells sorted from the BM three months after stroke or control 

(left panel). Quantification of DEGs between stroke and control conditions per identified subset (adj. 

p value <0.05) (middle panels). Euclidian distances in the PCA space of HSPC and Ly6Chigh 

monocytes from control mice and mice one month and three months after stroke. (G) Representative 

gating strategy for BM progenitor cells and cell count quantifications of hematopoietic stem cells-

multipotent progenitors 1 (HSC-MPP1), common myeloid progenitors (CMP), granulocyte-monocyte 

progenitors (GMP) and Ly6C+ monocytes in stroke and control mice at 1 and 7 days after stroke (U-

test; n=9/13 per group). LSK: Lin-Sca1+c-Kit+; LS-K: Lin-Sca1-c-Kit+; LSlowKlow: Lin-Sca1lowc-

Kitlow; MMP: multipotent progenitors. (H) Cell count quantification of BM (left panel, t test, n=7/5 

per group) and blood Ly6Chigh monocytes (right panel, t test, n=10/6 per group) at three month after 

stroke and control. (I) Schematic experimental design: stroke and control mice were administered with 

EdU 4h before sacrifice. Subsequently, BM cells were isolated and analyzed by flow cytometry (left 

panel). Corresponding quantification of the percentage of EdU+ cells from HSC/MPP1 in stroke and 

control mice (U-test; n=7/11 per group). (J) Schematic experimental design: mice underwent either 

transient ischemic attack (TIA), distal Middle Cerebral Artery occlusion (dMCAo) or filament-

induced occlusion of the proximal Middle Cerebral Artery (fMCAO). BM was collected 24h post-

surgery and analyzed by flow cytometry (upper left panel). Representative images of the 

corresponding brain lesions 24h after each surgery (bottom left panel – no structural lesion after TIA). 

Cell count quantification of HSC-MPP1, CMP and GMP for each condition (U-test; n=7-17 per group). 
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Figure S5. Stroke induces persistent innate immune memory, related to Figure 5. (A) Schematic 

experimental design: bone marrow (BM) cells were isolated from actin-eGFP or kikGR control and 

stroke mice 1 month after stroke and enriched for hematopoietic stem and progenitor cells (HSPC). 

HSPC-enriched GFP+ cells were transplanted into BM-depleted Mx1Cre:c-mybfl/fl mice. (B) Histogram 

of cells before and after HSPC enrichment showing the proportion of lineageneg and lineagepos BM 
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cells (right panel). Corresponding flow cytometry quantification of the percentage of lineageneg cells 

before and after HSPC enrichment (n=6/12 per group, right panel). (C) Blood chimerism 1 month after 

BM transplantation, depicted as the percentage of GFP+ monocytes in blood from recipient mice. (D) 

Percentage of GFP+ donor-derived HSPC (Lineage- c-kit+) cells and Ly6Chigh monocytes from 

recipient mice (n=7/10 per group). Results indicate no difference in repopulation efficacy between 

control and stroke donors. (E) Percentage of circulating eGFP+ leukocytes (CD45+) monocytes 

(Ly6Chigh) from recipient mice (n=7/6 per group).  (F) UMAP plot of myeloid cells from the BM of 

transplanted mice, split by condition (left panel) and number of differentially expressed genes (DEG) 

between stroke and control (adjusted p value <0.05). (G) Number of DEG between stroke and control 

conditions per cell type. (H) PCA plot displaying individual samples from the BM of stroke (light 

blue) and control mice (light red) and the BM of recipient mice transplanted with stroke (dark blue) 

and control (dark red) GFP+ HSPC-enriched BM cells (left panels). The PCA was calculated from a 

total of 18,834 genes identified in BM myeloid cells. Euclidian distances between stroke samples and 

control samples are indicated in black lines and were calculated from the mean of each cluster. (I) 

Euclidian distances in the PCA space between the stroke and control samples and samples from 

recipient mice transplanted with stroke and control GFP+ HSPC-enriched BM cells. (J) UMAP plot 

of a total of 3,098 GFP+ blood monocytes and cardiac monocytes/macrophages from recipient mice 

transplanted with stroke or control GFP+ HSPC-enriched BM cells, colored by identified cluster (left 

panel) or by organ (right panel). (K) Venn diagram illustrating shared DEGs between blood and heart 

GFP+ cells isolated from recipient mice transplanted with stroke or control GFP+ HSPC-enriched BM 

cells (upper panel). Pathway analysis was performed using ShinyGO for shared DEGs between blood 

and heart, with an FDR-adj. p value <0.05 (bottom panel). 
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Figure S6. Innate immune memory is mediated by early post-stroke IL-1β secretion, related to 

Figure 6. 

(A) Representative immunoblot graph of the protein levels of cJun and phospho-cJun in cultured bone 

marrow-derived macrophages (BMDM) isolated from mice one month after stroke and control mice, 

and following stimulation with 5ng/ml or 50ng/ml of recombinant IL-1β. (B) Density heatmaps 

H3K4m1, H3K27ac or H3K4me3 peaks in Ly6Chigh monocytes from mice one month post-stroke (up, 

green) or control mice (down, pink), split by condition. Regions with similar levels of histone 

modifications are also shown (middle, white) (left panel). (C) Plasma IL-1β and IL-6 levels at 

indicated time points after stroke, expressed as ratio to control levels (baseline) before stroke. (D) 
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Schematic experimental design: mice received a single injection intraperitoneal (i.p.) injection of 

lipopolysaccharides (LPS). Twenty-four hours later, mice were sacrificed, and blood was collected 

(upper panel). Plasma IL-1β levels 24h after stroke or LPS treatment, expressed as ratio to IL-1β levels 

from naïve mice (control). (E) Side-by-side heatmaps showing the correspondence links of peaks (left) 

and gene (right) from the single nuclei ATAC sequencing and single cell mRNA sequencing, 

respectively. (F) Volcano plots showing the differentially accessible peaks between vehicle-treated 

stroke and control and between αIL-1β-treated stroke and control mice for Ly6Chigh monocytes (upper 

panel) and HSC (lower panel). Colored peaks are p<0.05 and log2FC > 0.75, and top peaks were 

associated to the closest genes (Table S4). (G) Dot plot showing the statistical significance of the 

differential expression of genes that showed a significant correlation with the top 10 transcription 

factors with highest differential activity between stroke and control conditions in Ly6Chigh monocytes. 

(H) Pathway analysis performed by g:Profiler using the differential expressed genes between stroke 

and control conditions that showed significant correlation with the top 10 transcription factors with 

highest differential activity between these two conditions in Ly6Chigh monocytes. Biological 

processes were grouped and sorted by p value. 



Sijia Zhang                                                                                                           Publication II 
 

91 
 

 
Figure S7. Interleukin-1β -driven innate immune memory mediates remote organ dysfunction 

after stroke, related to Figure 7. (A) Schematic experimental design: mice received IL-1β-specific 

neutralizing antibodies or vehicle 1h before and 1h after stroke induction. Twenty-four hours later, 

BM cells were isolated for flow cytometry (left panel). Cell count quantifications of hematopoietic 
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stem cells-multipotent progenitors 1 (HSC-MPP1), common myeloid progenitors (CMP), 

granulocyte-monocyte progenitors (GMP) and total Ly6C+ monocytes in BM from anti-IL1β or 

vehicle-treated stroke mice (U-test; n=13/18 per group). (B) Same experimental design as in (A), but 

BM were collected 1 month after stroke for flow cytometric cell count quantifications of total CD11b+ 

myeloid cells and Ly6G+ neutrophils (U-test; n=10/11 per group). (C) Schematic experimental design: 

mice received the caspase-1 inhibitor VX-765 or vehicle 1h before stroke induction. Twenty-four 

hours later, BM were collected for flow cytometry analysis (left panel). Cell count quantifications of 

HSC-MPP1 and total Ly6C+ monocytes in BM from VX-765 or vehicle-treated stroke mice (U-test; 

n=18/15 per group). (D) Schematic experimental design: mice received IL-1β neutralizing antibodies 

or vehicle 14d after stroke. Two weeks later, one month after stroke, BM and hearts were collected 

for flow cytometry and histology staining, respectively (left panel). Cell count quantifications of HSC-

MPP1, CMP, GMP and Ly6Chigh monocytes in BM from anti-IL1β or vehicle-treated stroke mice (t-

test; n=7/6 per group). (E) Representative images of the Sirius red/Fast green collagen staining 

performed on cardiac coronal sections from delayed anti-IL1β and vehicle-treated stroke mice (left 

panel). Quantification of cardiac fibrosis in the LV free wall in anti-IL1β and vehicle-treated stroke 

mice. Dashed line indicates mean percentage of fibrotic area in control mice, * indicates significant 

difference between respective stroke to control mice per treatment condition (t test, n= 5 per group, 3-

4 heart sections per mouse). (F) Schematic experimental design: Stroke mice were administered daily 

with the dual C-C chemokine receptors type 2 and 5 antagonist Cenicriviroc (Stroke+CVC) or vehicle 

(Stroke) for 28 days. Mice were sacrificed at day 28 and the heart and blood were collected for flow 

cytometry and histological analysis. (G) Flow cytometry of total CCR2+ and Ly6C+MHC-IIhigh 

monocytes/macrophages in the heart of stroke mice treated with CVC or vehicle (t test; n=8/12 per 

group). (H) Flow cytometry for circulating Ly6Chigh monocytes in CVC- or vehicle-treated stroke mice, 

expressed as percentage of total circulating CD45+ cells. Dashed lines indicate mean values in control 

mice (t test; n=9 per group). (I) Schematic experimental design: splenocytes were freshly isolated 

from naïve mice and treated with CVC at a dose of 0 (DMSO), 10 and 100 nM. Two hours after 

treatment, the percentage of live CCR2+ cells was evaluated by flow cytometry. (J) smFISH 

quantification for the detection of total Cx3cr1+ cells (left panel), Mmp9+ Cx3cr1+ cells (mid panel) 

and Mmp9+ cells (right panel) in the hearts of CVC- or vehicle-treated stroke mice. DAPI was used as 

nuclear dye. Dashed lines indicate mean values in control mice (t test, n=6/7 per group).  

 
 
  



Sijia Zhang                                                                                                           Publication II 
 

93 
 

STAR METHODS 
 
 
RESOURCE AVAILABILITY 
 
Lead contact  
Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Arthur Liesz (Arthur.Liesz@med.uni-muenchen.de).  

 

Materials availability  

This study did not generate new unique reagents.  

 

Data and code availability  

Single-cell RNA-seq and single-nuclei ATAC-seq data have been deposited at GEO and are 

publicly available as of the date of publication. Accession numbers are also listed in the key 

resources table. This paper does not report original code. The used scripts for bioinformatic 

analyses of sequencing data are available at Mendeley Data (DOI: 10.17632/xygfn6kbgb.1) 

and at https://github.com/Lieszlab. Any additional information required to reanalyze the data 

reported in this paper is available from the lead contact upon request. 
 

 

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS  

 

Clinical patient population 

Clinical data from three stroke patients recruited within the Stroke Induced Cardiac FAILure 

study (SICFAIL) consortium that were followed-up by cardiac echocardiography at three and 

6 months after the incident stroke event was obtained. Methods off the SICFAIL study have 

been published elsewhere.60 Patients underwent transthoracic echocardiography as part of the 

clinical routine by expert sonographers of the Comprehensive Heart Failure Centre Würzburg 

of the University Hospital Würzburg using standardized protocols. Pulsed-wave tissue 

Doppler imaging was obtained at the septal and lateral mitral annulus in the apical four-

chamber view. The E/e’ ratio was calculated averaging the lateral and septal e’ velocities.82 

Worsening of diastolic function was defined as an increase in the E/e’ ratio of at least 5 points. 

This study complied with the Declaration of Helsinki and was approved by the Ethics 

https://github.com/Lieszlab
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Committee of the Medical Faculty of the University of Würzburg (176/13). Demographical 

and clinical characteristics of the three patients are shown below.  

 

  

 Patient 1 Patient 2 Patient 3 
Age range, 
years 

70-80 70-80 60-70 

Sex  Male Male Male 
Baseline 
NIHSS 

9 0 4 

HS-CRP N/A 0.26 0.17 
NT-proBNP N/A 908 270 

 

   

Human postmortem material was obtained from the National Center Biobank Network 

(NCBN) from Japan and the Institute of Legal Medicine, LMU University from Munich. 

Ethical approval for the use of human postmortem material was granted according to 

institutional ethics board protocol and national regulations. Detailed demographics and 

clinical characteristics of the patients are found in Table S3.  

 

 Stroke (n=13) Control 
(n=6) 

Age, years 79 (12) 80 (29.3) 
Sex (male), n (%) 76% (10) 33% (2) 
Baseline NIHSS 23 (12) N/A 
Time from stroke to death, 
days 

44 (48.5) N/A 

Shown as Median (Interquartile range, IQR), unless indicated 

 

 

Animal experiments 

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

experimental animals and were approved by the respective governmental committees 

(Regierungspraesidium Oberbayern, the Rhineland Palatinate Landesuntersuchungsamt 

Koblenz). Wild-type C57BL6/J mice were purchased from Charles River. eGFP reporter mice 

(C57BL/6-Tg (CAG-EGFP)131Osb/LeySopJ), KikGR reporter mice (Tg(CAG-

KikGR)33Hadj) and Ai14 reporter mice (B6.Cg-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J) were purchased from the Jackson Laboratory (US), and bred and housed at 
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the animal core facility of the Center for Stroke and Dementia Research (Munich, Germany). 

The Mx1-Cre mice (B6.Cg-Tg(Mx1-cre)1Cgn/J) and the Mybfl/fl floxed mutant mice 

(B6.129P2-Mybtm1Cgn/TbndJ) were purchased from Jackson Laboratory (US).  Ccr2CreERT2-

TdT (Ccr2tm1(cre/ERT2,mKate2)Arte) mice were kindly provided by the Becher lab at 

University of Zurich (Switzerland), and were housed at the animal core facility of the Walter-

Brendel-Center for Experimental Medicine (Munich, Germany) and crossbred to 

Rosa26tdTomato reporter mice. Ms4a3creERT2 mice (B6J-Ms4a3em1(CreERT2)-

Gt(ROSA)26Sortm14(CAG-tdTomato)) were generated at the animal core facility of the 

Center for Stroke and Dementia Research (Munich, Germany), by CRISPR-Cas9-mediated 

insertion of an IRES-CreERT2 cassette into the 3’ un-translated region (3’UTR) of the Ms4a3 

gene in C57BL/6 zygotes. Genotyping was done by PCR using the following primers: Ms4a3 

forward primer 5’- GACATTGCAGACGGGATGTAT-3’; Ms4a3 reverse primer 5’- 

ATCCATGGAGGTGTCATAGACCA-3’; CreERT2 forward primer 5’-

AACACCCCGTGAAACTGCTC-3’.  

Wild-type male mice and transgenic mice of both sexes (aged 8-12 weeks) were used for the 

experiments. All mice had free access to food and water at a 12 h dark-light cycle. Data were 

excluded from all mice that died during surgery. Animals were randomly assigned to 

treatment groups and all analyses were performed by investigators blinded to group allocation. 

All animal experiments were performed and reported in accordance with the ARRIVE 

guidelines.11  

 
 
 
METHOD DETAILS  
 
Transient proximal cerebral artery occlusion model 

Transient intraluminal occlusion of the middle cerebral artery (MCA) was performed as 

previously described.12 Briefly, mice were anaesthetized with isoflurane delivered in 100% 

O2. A midline neck incision was made and the common carotid artery and left external carotid 

artery were isolated and ligated; a 2-mm silicon-coated filament was introduced via a small 

incision in the external carotid artery and advanced towards the internal carotid artery, 

therefore occluding the MCA. MCA was occluded for 5 min for a transient ischemic attack 

(TIA) model or for 60 min for tbe transient MCAo stroke model. After occlusion, the animals 

were re-anesthetized, and the filament was removed. MCA occlusion and reperfusion were 
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confirmed by the corresponding decrease or increase in the blood flow, respectively, 

measured by a laser Doppler probe affixed to the skull above the MCA territory (decrease in 

the laser Doppler flow signal >80% of baseline value and increase in the laser Doppler flow 

signal>80% of baseline value before reperfusion). After recovery, the mice were kept in their 

home cage with facilitated access to water and food. Body temperature was maintained at 

37°C throughout surgery using a feedback-controlled heating pad. The overall mortality rate 

of stroke mice was approximately 30 %. Exclusion criteria: 1. Insufficient MCA occlusion (a 

reduction in blood flow to >20% of the baseline value); 2. Insufficient MCA reperfusion (an 

increase in blood flow of >80% of the baseline value before removing the filament); 3. Death 

during the surgery.  

 

Permanent distal cerebral artery occlusion model 

Permanent occlusion of the distal MCA was performed as previously described.83 Briefly, 

mice were anaesthetized with isoflurane delivered in 100% O2 and placed in lateral position. 

After a skin incision between eye and ear, the temporal muscle was removed and the MCA 

identified. Then, a burr hole was drilled over the MCA and the dura mater was removed. The 

MCA was permanently occluded using bipolar electrocoagulation forceps. Permanent 

occlusion of the MCA was visually verified before suturing the wound. After recovery, the 

mice were kept in their home cage with facilitated access to water and food. Body temperature 

was maintained at 37°C throughout surgery using a feedback-controlled heating pad. 

Exclusion criteria: Artery broken during surgery and/or major bleeding artery and remaining 

blood between the brain and skull. 

 

Drug administrations 

5-ethynyl-2´-deoxyuridine (EdU) 

Mice received one i.p. injection of EdU dissolved in 0.9% Sodium Chloride 4 h prior to 

euthanasia, at a dose of 5 mg kg-1 body weight, in a final volume of 250 µl. For continuous 

and controlled EdU delivery, osmotic pumps (ALZET) containing 100 µl of EdU at a 

concentration of 10 mg/ml were implanted i.p. into mice for 1 week.   

 

Anti-IL-1β 

Mice received two i.p. injections of antagonizing anti-IL-1β or vehicle (0.9% NaCl) 1 h prior 

to and 1 h after surgery, at a dose of 4 mg kg-1 body weight, in a final volume of 200 µl. 



Sijia Zhang                                                                                                           Publication II 
 

97 
 

 

Recombinant IL-1β 

Mice received one i.p. injection of recombinant IL-1β or vehicle (0.9% NaCl), at a dose of 

40µg kg-1 body weight, in a final volume of 100µl. 

 

Lipopolysaccharides (LPS) 

Mice received one i.p. injection of LPS or vehicle (0.9% NaCl), at a dose of 300µg kg-1 body 

weight, in a final volume of 100µl. 

 

CCR2/CCR5 antagonist Cenicriviroc (CVC) 

Mice received daily i.p. injections of CVC or vehicle (30% Kolliphor and 70% 0.9% NaCl) 

at a dose of 20 mg kg-1 body weight, in a final volume of 250 µl.13 First dose was given after 

stroke induction and then daily for 28 days.  

 

Tamoxifen 

Tamoxifen was prepared by dissolving in Miglyol 812 for a final concentration of 20 mg/mL 

and stored at 4 ºC. Mice received daily i.p. injections of Tamoxifen solution at a dose of 120 

mg kg-1 body weight, in a final volume of 150 µl, for 7 consecutive days.   

 
Echocardiography 

All mice underwent transthoracic echocardiography using a high-frequency ultrasound 

system with a 40-MHz linear transducer (Vevo 3100LT, Visual Sonics, Canada). In brief, 

mice were anaesthetized with isoflurane (in 100% O2 at 4% induction for 1 min and 1.5% for 

maintenance) and placed in supine position on a heated platform (37ºC). Heart rate was 

monitored along the recording period. After applying ultrasonic gel, the heart was visualized 

and a 2D M-mode video (4.5 seconds) was recorded from the parasternal short-axis view. To 

estimate the mitral valve inflow pattern, the transmitral LV outflow was also recorded from 

the apical four chamber view using the pulse wave (PW)-doppler imaging mode. All data was 

analyzed in Vevo 3100 Software, as previously described and according to the American 

Society of Echocardiography recommendations.14 The investigators performing and reading 

the echocardiograms were blinded to the treatment allocation. 

 

ECG telemetry 



Sijia Zhang                                                                                                           Publication II 
 

98 
 

Continuous electrocardiogram (ECG) acquisition was done over a period of 3 weeks by 

implanting telemetry transmitters (PhysiolTel ETA-F10, Data Science International, DSI) in 

male C57Bl/6J wildtype mice (n=4/group) as previously described.84,85 Briefly, anesthetized 

mice were placed in a supine position on a heated platform (37ºC). A 1.5-2 cm ventral midline 

abdominal incision was performed, and a subcutaneous pocket in the upper right chest and 

left abdomen below the heart was prepared for placing the electrode leads. The transmitter 

body was gently placed in the peritoneum above the intestine. Using a 14-gauge needle, the 

electrical leads were tunneled through the peritoneum and subcutaneously positioned in the 

prepared pockets leading to an Einthoven II configuration. The tips of the leads were fixed to 

the pectoral muscle using a 7-0 suture, and the abdominal fascia and skin were closed. 

Data analysis was done using Ponemah’s ECG Pro module (Ponemah software 6.42 

version).85,86 24-hour ECG traces on day 3, 7, 14 and 21 post transmitter implantations were 

subdivided into 12-hour traces to allow a separate analysis of the ECG during day and night 

time. P, Q, R, S, T marks were automatically annotated by the software. Undetected marks 

were manually added. 20 consecutive ECG beats were averaged in each 12-hour day and night 

window to obtain the heart rate (BPM), P wave duration (ms), PR interval (ms), QRS duration 

(ms), QT interval (ms). QTc was calculated using Bazett´s formula. 

 

Cardiac electrophysiology (EP) studies 

EP studies were performed 4w post-stroke or naive male C57Bl/6J mice (n=5-7/group) to 

assess the atrial, av nodal, and ventricular conduction properties, as well as arrhythmia 

inducibility. An amplifier (AD Instruments), Powerlab (AD Instruments), stimulator (ISO-

Stim-01D, npi), and LabChart Pro software (version 8.0, AD Instruments) was used for signal 

recording and processing as well as intracardiac stimulation. Mice were anesthetized with 

isoflurane (2.5-4% in 100% oxygen at 1L/min. flow rate) and subsequently maintained at 1.5-

2% during EP studies. Mice were positioned in a supine position on a heated platform (37ºC) 

monitored with a rectal temperature probe (Kent Scientific). For surface ECG recording, 

needle electrodes were placed subcutaneously with the negative lead in the right forelimb, the 

positive electrode in the left hindlimb, and the ground lead in the right hindlimb allowing an 

Einthoven I configuration. A midline incision was made along the sternocleidomastoid 

muscle to visualize and expose the right jugular vein. Two 4-0 sutures were placed at the 

proximal and distal end of the vein. The suture at the proximal end was tightened and clamped 
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to straighten the vein. The distal suture was used to hold the catheter in place upon insertion 

into the heart. A small cut was made in the longitudinal direction of the vein using precision 

scissors before a 1.1 F octapolar catheter (Millar Instruments) was placed in the vein, followed 

by gradual advancement into the heart until the tip was located in the RV apex. The correct 

position of the catheter was confirmed by the local electrograms.  

Programmed electrical stimulation was performed following a standard protocol with 120 ms 

and 100 ms pacing cycle lengths as previously described. In brief, the Wenckebach cycle 

length was determined by progressively faster atrial pacing rates and the retrograde (VA) 

conduction cycle length was measured by progressively slower ventricular pacing rates to 

assess conduction properties of the AV node. Refractory periods in the atrium, the AV node 

and the ventricle were determined using the standardized S1/S2 protocol. Inducibility of 

arrhythmias was assessed by applying the standardized S1S2S3 protocol with basic cycle 

lengths of 120ms and 100 ms and S2/S3 stimulation at cycle lengths of 40-10 ms in 5 ms 

decrements. Furthermore, burst pacing with application of two 3 second and 6 second bursts 

at rates of 40–10 ms in 5 ms decrements was performed. An atrial arrhythmia was defined as 

high frequent atrial signal with regular/irregular AV conduction or a clear change in atrial 

basic cycle length post stimulation with morphologic change of the atrial signal indicating 

ectopic origin, either of them lasting for ≥1 second. 

 

Non-invasive blood pressure measurements 

Mouse blood pressure was evaluated by tail-cuff transmission photoplethysmography using 

BP-2000 Blood Pressure Analysis System (Visitech Systems, USA). In brief, mice were 

placed in a holder device with its tail passing through a cuff with an optical sensor. The 

standard test session was run for 20 times and systolic, diastolic blood pressure and heart rate 

were acquired. 

 

BM transplantation  

Donor animals (actin-eGFP+ or KikGR+) were euthanized and femurs were collected in cold 

PBS. Bone marrows were isolated from femurs and filtered through 40 μm cell strainers to 

obtain single cell suspensions. Depletion of mature hematopoietic cells, including T cells, B 

cells, monocytes/macrophages, granulocytes, erythrocytes and their committed precursors 

was achieved using a negative selection kit for Lineage Cell Depletion (Miltenyi). After 

washing, cell number and viability was assessed using an automated cell counter (Countess 
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3, ThermoFisher Scientific) and Trypan Blue solution (Merck, Germany). Cells were injected 

i.v. into Mx1Cre:c-Mybfl/fl recipient mice (3-8x106 cells per mouse) in a total volume of 100 l 

saline. At the time of transplantation, recipient mice had previously been treated with poly(I:C) 

solution (Invivogen) at a dose of 10 μg g-1 body weight every other day for five times to 

induce BM depletion.15 Mice were maintained for 4 weeks after transplantation to establish 

efficient BM repopulation.  

 

Organ and tissue collection 

Mice were terminally anesthetized with ketamine (120mg/kg) and xylazine (16mg/kg). In a 

subset of experiments, mice were injected i.v. with 3 μg CD45-eFluor450 or CD45-APC-Cy7, 

3 min before transcardiac perfusion, to exclude blood contamination in peripheral organs. 

Blood was drawn via cardiac puncture and collected in 50mM EDTA tubes (Sigma-Aldrich). 

Plasma was isolated by centrifugation at 3000g for 10 min and stored at -80ºC until further 

use. Immediately after cardiac puncture, mice were transcardially perfused with 0.9% NaCl 

and the heart, both lungs, the right liver lobe, the spleen and both femurs and tibias were 

carefully excised and processed according to the specific endpoint.  

 

Cell isolation 

Spleen and bone marrow (from femur) were homogenized and filtered through 40 μm cell 

strainers to obtain single cell suspensions. Heart, lung and liver tissues were thoroughly 

minced in a digestive solution containing 60U/ml DNAse, 450U/ml Collagenase I, 125 U/ml 

Collagenase XI and 60 U/ml Hyaluronidase I-S in PBS and incubated for 30 min at 37°C on 

a shaker at 250 rpm. Afterwards, samples were filtered through a 40 μm cell strainer to obtain 

final single cell suspensions.  

 

Cell sorting 

Cell suspensions were obtained as described above and further purified by a density gradient 

centrifugation with Histopaque-107 at 300g, 4°C for 20 min. The mononuclear layer was 

isolated and cells were washed twice with PBS. Cell suspensions were stained with surface 

markers diluted in Brilliant Stain Buffer and sorted using a FACS Aria II cell sorter (BD 

Biosciences, Inc.) or a SH800S Cell Sorter (Sony Biotechnology). Propidium iodide (PI) or 

4′,6-diamidino-2-phenylindole (DAPI) were used as a cell viability marker. 

 

Flow cytometry 
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The primary conjugated anti-mouse antibodies listed above were used for surface marker 

staining of different leukocytes subpopulations (see Key Resources Table). For high-

dimensional flow cytometry of the heart, mice were injected i.v. with 3 μg CD45-e450 (see 

antibody list) 3 min before transcardiac perfusion, to exclude blood contamination. All 

samples were stained with Zombie NIR Fixable Viability Kit (1:1000) for 10 min at 4ºC and 

then with the specific surface markers diluted in Brilliant Stain Buffer, according to the 

manufacturer’s protocols, for 30 min at 4ºC. For the Click-iT EdU flow cytometry cell 

proliferation assay, prior to surface antibody staining, cell suspensions were fixed, 

permeabilized and the intracellular EdU was labelled by means of a click chemical reaction, 

following manufacturer´s instructions. All flow cytometric data was acquired using a Cytek 

Northern lightsTM flow cytometer (Cytek Biosciences, US) and analyzed using FlowJo 

software.   

 

Single cell RNA sequencing  

Six mouse single-cell RNA experiments were performed in this study: two on myeloid cells 

isolated from peripheral organs, including the heart, lung, liver, spleen and/or blood; one on 

cardiac interstitial cells, and the other three on bone marrow myeloid cells, either from stroke 

and control mice, or from naïve recipients after BM transplantation. For the first experiments, 

mononuclear cell suspensions from peripheral organs were incubated with anti-CD16/CD32 

antibody to block nonspecific binding and stained for CD45+CD11b+ myeloid cells (see 

antibodies list). Unique cell hashtags antibodies were also used to label cells from each organ 

individually. All surface antibodies and hashtag antibodies were incubated for 30 min at 4ºC. 

Immediately prior to cell sorting, PI was added to all samples to label dead cells. Cells were 

sorted according to their surface markers (SH800S Cell Sorter, Sony Biotechnology or FACS 

Aria II Fusion cell sorter, BD Biosciences, Inc.). Sorted and organ-specific labeled cells from 

the same animal were pooled together in the same collecting tube (for peripheral organs, a 

cell ratio of 1:4:4:4:4 for the heart, lung, liver, spleen and blood was maintained; for heart and 

blood from BMT mice, the cell ratio was 2:1, respectively). After sorting, all cells were 

centrifuged and cautiously resuspended to a final concentration of 1000-1200 cells/µl. Cells 

were then transferred to the Next GEM chip according to manufacturer’s instructions. 

ScRNA-seq and cell hashing libraries were prepared using the 10x Chromium Single Cell 3′ 

Solution combined with feature barcoding technology for Cell surface protein (cell hashing), 

as per established protocols.16   
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For analysis of cardiac interstitial cells, cell suspensions from the heart were obtained by 

means of an enzymatic digestion as previously described. Cell suspensions were then passed 

through a 40mm cell strainer to remove cardiomyocytes and incubated with pre-warmed red 

cell lysis buffer for 2 min to remove blood cells. Dead cell debris was removed with the Dead 

Cell Removal kit (Miltenyi) and single nucleated cells were incubated with DAPI for 5 min 

prior to sorting CD45(i.v. injected)-negative live cells on a FACS Aria II Fusion cell sorter 

(BD Biosciences, Inc.). After sorting, all cells were centrifuged and cautiously resuspended 

to a final concentration of 1000 cells/µl. Cells were then transferred to the Next GEM chip 

according to manufacturer’s instructions. ScRNA-seq libraries were prepared using the 10x 

Chromium Single Cell 3′ Solution, as per established protocols.16   

For the experiments on bone marrow samples, bone marrow cells suspensions were stained 

with a cocktail of antibodies against markers of the lymphoid lineage (CD3, CD4, CD8a, 

CD19 and Ter119) and mature neutrophils (Ly6G, see antibodies list). Immediately prior to 

cell sorting, PI or 7-AAD were also added to label dead cells. Cells were sorted according to 

the surface markers (SH800S Cell Sorter, Sony Biotechnology, or FACS Aria II Fusion cell 

sorter, BD Biosciences, Inc.) and the negative fraction of BM myeloid cells (depleted of 

lymphoid lineage cells and neutrophils) was collected. After sorting, cells were centrifuged 

and cautiously resuspended to a final concentration of 1000-1400 cells/µl. Cells were then 

further processed according to manufacturer’s (10X) instructions. The scRNA-seq libraries 

were prepared using the 10x Chromium Single Cell 3′ Solution.  

In all six experiments, quality control of all cDNA samples was performed with a Bioanalyzer 

2100 (Agilent Technologies) and libraries were quantified with the Qubit dsDNA HS kit. 

Gene expression libraries were sequenced on an Illumina NextSeq 1000 or 2000 using 20,000 

reads per cell. Cell-surface protein expression libraries were sequenced on an Illumina 

NextSeq 1000 or 2000 aiming for 5,000 reads per cell.  

Single cell RNA-seq data analysis 

Cell Ranger software was used to demultiplex samples, process raw data, align reads to the 

mouse mm10 reference genome (or a custom mouse mm10 reference genome with the eGFP, 

kikGR or tdTomato marker genes incorporated) and summarize unique molecular identifier 

(UMI) counts. Filtered gene-barcode and hashing-barcode matrices that contained only 

barcodes with UMI counts that passed the threshold for cell detection were used for further 
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analysis. Filtered UMI count matrices were processed using R and the R package Seurat. As 

quality control steps, the following cells were filtered out for further analysis: (1) doublets 

originating from two cells from different samples (one cell positive for two HTO); (2) cells 

with no HTO detected; (3) cells with a number of detected genes <500 or >6000; (4) cells 

with >7% of counts that belonged to mitochondrial genes. Hereafter, raw gene counts in high-

quality singlets were log normalized and submitted to the identification of high variable genes 

by MeanVarPlot method. Data was scaled and regressed against the number of UMIs and 

mitochondrial RNA content per cell. Data was subjected to principal component analysis and 

unsupervised clustering by the Louvain clustering method. Cell clusters were visualized using 

Uniform Manifold Approximation and Projection (UMAP) representations. Clusters were 

manually annotated using the top upregulated genes for each cluster and through the UMAP 

visual inspection of the expression of key previously described markers. After initial cluster 

annotation, clusters of T and B cells (between 5-20% of total cells, depending on the 

experiment) were removed and all remaining myeloid cells were reanalyzed. Differentially 

expressed genes between conditions were calculated using the FindMarkers function. 

Volcano plots were generated using EnhancedVolcano in R (Bioconductor EnhancedVolcano 

v.1.6.0).17 Pathway enrichment analysis was performed using Ingenuity Pathway Analysis 

(Qiagen) and ShinyGO80. Trajectory and pseudotime analysis were computed on the 

corresponding UMAP projections using Monocle 3.18 The CellRank framework (v2.0.2) was 

used to identify potential genes and GO terms associated with the monocyte-macrophage 

differentiation trajectory.71 In brief, for every single cell fate probabilities of reaching tissue-

resident macrophages, as a differentiated terminal state, were calculated. These fate 

probabilities were correlated with gene expression to uncover putative trajectory driver genes. 

Gene expression was modelled by generalized additive models (n_knots=6). Cell-to-cell 

communication network analysis was performed using R toolkit CellChat.72  

Single Nuclei ATAC-seq  

Single nuclei suspensions were prepared as previously reported.19 In brief, BM cell 

suspensions were obtained as described for the single-cell sequencing experiments. Live, 

lymphoid lineage (CD3, CD4, CD8a, CD19 and Ter119) and neutrophil (Ly6G) negative BM 

cells were sorted using a FACS Aria II Fusion cell sorter (BD Biosciences, Inc.). Cells were 

centrifuged and incubated twice with Nuclei EZ Lysis Buffer on ice for 5 min each time. 

Lysed cells were washed and nuclei were incubated with 7AAD at 1µg/ml for microscopic 
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inspection of integrity before sorting on a FACS Aria II Fusion (BD Biosciences). Then, 

nuclei were further processed according to manufacturer’s (10X) protocols at a concentration 

of 1000-5000 nuclei/µl. Single nuclei ATAC libraries were prepared using the 10x Chromium 

Next GEM Single Cell ATAC kit. Quality control of all cDNA samples was performed with 

a Bioanalyzer 2100 (Agilent Technologies). Libraries were sequenced on an Illumina 

NextSeq 1000, aiming for 25,000 reads per nuclei.  

Single nuclei ATAC-seq data analysis 

Cell Ranger ATAC software (10x Genomics) was used to process raw single nuclei ATAC-

seq data, align reads to the Mus musculus mm10 reference genome, generate the peak matrix 

with single-cell accessibility counts and the fragments file with unique fragments across all 

single cells. Filtered peak-barcode matrices that contained only barcodes with UMI counts 

that passed the threshold for cell detection were used for further analysis. Filtered matrices 

and fragment files were processed using R and the R packages Signac and Seurat. In brief, a 

chromatin accessibility matrix was created and as quality control steps, the following nuclei 

were filtered out for further analysis: (1) nuclei with a total detected fragments > 30,000 or < 

5,000; (2) nuclei with the fraction of all fragments that fall within ATAC-seq peaks < 40%; 

(3) nuclei with a transcriptional start site (TSS) enrichment score lower than 2; and (4) nuclei 

with a ratio of mononucleosomal to nucleosome-free fragments higher than 4. Peaks were 

called using MACS2.20 Hereafter, UMAP based on latent semantic indexing (LSI) was 

generated to visualize data in the two-dimensional space and a gene activity matrix was 

created to quantify the activity of each gene in the genome by assessing its chromatin 

accessibility associated with each gene. Next, to help interpret data, the integration pipeline 

(canonical correlation analysis) from the Seurat package was used to perform cross-modality 

integration and label transfer on the single-cell ATAC dataset and single-cell mRNA 

sequencing dataset also generated from BM myeloid cells. Shared correlation patterns in the 

gene activity matrix and the single-cell mRNA sequencing were used to identify matched 

biological states and annotate predicted cluster labels for all nuclei from the ATAC object. 

Only those nuclei with a predicted score above the 0.5 cutoff were retained and considered 

for further analyses. Volcano plots showing differential accessible peaks between conditions 

were generated using EnhancedVolcano in R (Bioconductor EnhancedVolcano v.1.6.0).17 To 

identify differentially-active motifs between experimental conditions within specific cell 

types, we computed a per-cell motif activity score using chromVAR (adj p-value <0.05).21 
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Motif position frequency matrices were obtained from the JASPAR database. For each gene, 

we used the ArchR package to identify set of peaks that regulate the gene by computing the 

correlation between gene expression and accessibility at nearby peaks. Peak-to-gene links 

were identified using default parameters, with k=100 and empirical p-value estimation. 

Positively correlated peak-to-gene links were defined with cutoffs r > 0.45 and FDR < 0.1. 

The corresponding peak-to-gene matrix was obtained by returning matrices from 

plotPeak2GeneHeatmap() function with k = 25, grouped by cluster identities. To further 

characterize these peak-to-gene links, the presence of putative transcription factor motifs was 

identified using the R package motifmatchr. Peaks were converted to GRanges and position 

weight matrices were obtained from JASPAR 2022 database.22  

Bulk ATAC sequencing 

Bone marrow (BM) cells were isolated from naïve mice as previously described above. 

Depletion of mature hematopoietic cells, including T cells, B cells, monocytes/macrophages, 

granulocytes, erythrocytes and their committed precursors was achieved using a negative 

selection kit for Lineage Cell Depletion (Miltenyi). Cells were then cultured for 24h at 37ºC 

and 5% CO2 at a density of 2,5·10^5/mL in StemSpan™ SFEM medium supplemented with 

Priomicin (1:500), thrombopoietin (TPO) (100 ng/ml), and stem cell factor (SCF) (20 ng/ml) 

to maintain the stemness of the progenitors and prevent extensive differentiation. Then, cells 

were exposed to either Isotype or recombinant IL-1b at a concentration of 10 ng/ml overnight 

at 37ºC. The next morning, cells were harvested, and ATAC-Seq kit libraries were prepared 

using the ATAC-Seq Kit from Active Motif, following the manufacturer’s instructions. 

Libraries were pooled and sequenced on an Illumina NextSeq 1000. Bulk ATAC-seq data was 

aligned to the mouse genome and read filtering, peak calling and IDR based peak filtering 

was performed by implementing the ENCODE ATAC-seq pipeline.87 The bigwig coverage 

track was generated using Deeptools (v3.1.3).87 Differentially accessible peaks (3 groups: 

control, shared, IL-1β-treated) were identified using csaw.74 Motif enrichment analysis was 

performed using monaLisa.73  

CUT&tag sequencing 

BM cell suspensions were obtained as described for the single-cell sequencing experiments. 

BM monocytes (CD11b+Ly6C+Ly6G-) and the lineage- (CD3, CD4, CD8a, CD19, Ter119) 

and Ly6G) negative myeloid fraction of BM (HSPC-enriched population) were sorted using 
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a FACS Aria II cell sorter (BD Biosciences, Inc.). Cleavage Under Targets Tagmentation 

(CUT&Tag) assays for H3K27Ac, H3K4me1 and H3K4me3 were performed on these two 

cell populations as previously reported88,89, using the EpiCypher protocol with specific 

modifications. Briefly, nuclei were extracted from 1·10^5 cells, washed twice and incubated 

with 10 μL of activated concanavalin A beads (ThermoFisher) for 10 min at RT. The beads 

were then resuspended in cold antibody buffer containing primary antibodies (against 

H3K27ac, H3K4me1 or H3K4me3) and the mixture was incubated overnight at 4°C on a 

nutator. Then, the beads were washed twice and resuspended in secondary H+L antibody 

(NovusBio) diluted in 50 μL digitonin buffer, followed by incubation for 30 min at RT on a 

rotator. Samples were then incubated with 2.5 µL CUTANA pAG-Tn5 (EpiCypher) for 1 h 

at RT on a nutator. DNA was tagmented for 1 h at 37°C using tagmentation buffer and 

tagmented chromatin fragments were released for 1 h at 58°C. 13 ul of tagged DNA was used 

to prepare the library using NEBNext® High-Fidelity 2X PCR Master Mix (NEB) with 

CUT&Tag specific PCR cycling parameters. DNA was purified using AMPureXP Beads 

(Beckman Coulter). The quality of the CUT&Tag libraries was assessed using the Agilent 

2100 Bioanalyzer System (Agilent). Libraries were pooled together and sequenced on an 

Novaseq 6000 SP 300 flowcell using paired-end sequencing (2*150). CUT&Tag-seq data was 

mapped using CUT&RUNTools 2.0.90 Differentially accessible peaks (3 groups - control, 

shared, stroke) were identified using csaw.74 Motif enrichment analysis was performed using 

monaLisa.73 The plotting of the Cut&tag signal at genomic features was performed using 

SeqPlots.91  

Second harmonic generation microscopy imaging  

Mice were deeply anesthetized and euthanized as described above. Hearts were immediately 

extracted and immersed in 4% paraformaldehyde overnight. Afterwards, hearts were 

embedded in 4% agarose, coronally sectioned to 100 μm thick sections and kept at 4ºC as 

free-floating sections in PBS. Sections were then imaged using Zeiss LSM 7 MP microscopy 

(Zeiss, Germany), acquiring second harmonic generation signals (445 nm) after excitation at 

a wavelength of 895 nm. SHG images were quantitatively analyzed with ImageJ software as 

previously described.23,24 In brief, the images underwent Fast Fourier Transformation (FFT) 

and then were submitted to an elliptic fit to obtain Aspect Ratio values as a measure of the 

anisotropy of the collagen fiber distribution.  

 

Mouse heart histological sections 
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Mice were deeply anaesthetized and euthanized as described above. For conventional and 

immunofluorescence staining procedures, hearts were immediately extracted, submerged in 

4% paraformaldehyde overnight at 4ºC, embedded in paraffin and coronally sectioned to 5 

μm thick sections. For RNA-fluorescence in situ hybridization (RNA-FISH), hearts were 

excised, directly flash-frozen on dry ice and coronally cryosectioned to 5μm thick sections. 

 

Human heart histological sections 

Cardiac tissue specimens were obtained from adult subjects with ischemic stroke and controls. 

Specimens were immersed in 10% formalin upon collection to preserve tissue integrity, 

embedded in paraffin and sectioned at 3 μm thick sections. 

 

Picrosirius red staining 

Mouse and human heart paraffin sections were deparaffinized, stepwise in xylene, 100% 

ethanol, 70% ethanol and 50% ethanol, and then stained with Fast Green solution for 20 min. 

The sections were washed with 30% acetic acid, rinsed in tap water and submerged to 

Picrosirius red Solution for 60 min. Hereafter, sections were washed with 30% acetic acid and 

absolute alcohol, dried at room temperature (RT) and mounted with Eukitt® Quick-hardening 

mounting medium. Images were acquired at 20x magnification using Axio Imager 2 (Zeiss, 

Germany).  

 

Hematoxylin and eosin staining 

Mouse and human heart paraffin sections were processed and deparaffinized as previously 

described. Sections were incubated with Mayer's hematoxylin solution at RT for 5 min and 

washed under running tap water for 10 min. Afterwards, sections were incubated with 1% 

Eosin Y solution at RT for 3 min and rinsed with distilled water. Finally, sections were 

dehydrated stepwise with 70% ethanol, 80% ethanol, 90% ethanol and 100% ethanol, dried 

at RT and mounted with Eukitt® Quick-hardening mounting medium. Images were acquired 

at 100x magnification using Axio Imager 2 (Zeiss, Germany).  

 

 

Immunofluorescence staining  

Mouse heart paraffin sections were processed and deparaffinized as previously described. 

After deparaffinization, sections were incubated with blocking solution containing 2% goat 

serum, 1% BSA and 0.1% cold fish skin gelatin in PBS for 1h at RT. Afterwards, sections 
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were incubated with the primary antibodies against Collagen I (1:50), Collagen III (1:100), 

Fibronectin (1:50) or Tyrosine Hydroxylase (TH) (1:100) overnight at 4°C. Then, sections 

were washed in PBS and incubated with Alexa Flour 647 goat anti-rabbit secondary antibody 

(1:100) in the dark for 1h at RT. After washing, sections were stained with DAPI and mounted 

with FluoromountTM Aqueous Mounting medium. Images were acquired in a confocal 

microscope at 20x or 40x magnification (LSM 880, LSM 980; Carl Zeiss, Germany)).  

 

Immunohistochemical staining 

Human heart paraffin sections were deparaffinized and submitted to antigen retrieval in 

sodium citrate buffer (pH 6) for 20 min at 90ºC. Then, sections were washed and immersed 

in 3% hydrogen peroxide in methanol for 15 min. Sections were then incubated with blocking 

solution containing 5% goat serum, 1% BSA and 0.1% cold fish skin gelatin in PBS for 1 h 

at RT, and afterwards with the primary antibodies against CD14 (1:100) or CCR2 (1:100) 

overnight at 4°C. After washing, sections were incubated with HRP-conjugated goat anti-

rabbit secondary antibody (1:1000) in the dark for 1 h at RT. Finally, sections were washed, 

stained with Mayer’s hematoxylin for 5 min, dried and mounted with FluoromountTM 

Aqueous Mounting medium. Images were acquired at 20x and 40x magnifications using Axio 

Imager 2 (Zeiss, Germany). 

 

RNA-fluorescence in situ hybridization (RNA-FISH) 

The RNAscope Multiplex Fluorescent v2 was used on mouse flash-frozen and human paraffin 

sections, according to the manufacturer’s instructions. Mouse flash-frozen sections were first 

fixed with 4% PFA at 4°C for 30 min and dehydrated stepwise in 50% ethanol, 70% ethanol 

and 100% ethanol. Then, sections were incubated with protease IV at RT for 30 min and 

hybridized with probes specific to Mmp9, Collagen I, Vimentin or Cx3cr1 at 40°C for 2 h. 

Human paraffin sections were deparaffinized by incubating with Xylene for 10 min and then 

100% ethanol for 5 min. Then, sections were incubated with Hydrogen peroxide for 10 min 

at RT and antigen retrieval was done by incubating sections with RNAscope® Retrieval 

Reagents at 95°C for 15 min. Sections were then incubated with protease III at RT for 30 min 

and hybridized with probes specific to MMP9 and CD14 at 40°C for 2 h. After hybridization, 

all sections (mouse and humans) were washed and incubated with a series of pre-amplifier 

and amplifier reagents, fluorophores and the HRP blocker at 40°C for 15–30 min each, 

according to manufacturers’ protocols. To detect the eGFP+ signal, specific mouse sections 

were further incubated with 0.5% Triton X-100 for 5 min, blocked with 4% BSA for 10 min 
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at RT and incubated with 1:200 anti-GFP Nanobody conjugated to a fluorescent dye (GFP-

booster) at 4°C overnight.  Finally, all sections were then stained with DAPI and mounted 

with FluoromountTM Aqueous Mounting medium. Images were acquired at 20x and 63x 

magnifications (Leica, Dmi8, Germany).  

 

MMP9 gelatin zymography   

Mice were deeply anaesthetized and euthanized as described above. Hearts were immediately 

extracted and flash-frozen on powdered dry ice. Frozen hearts were placed in microcentrifuge 

tubes containing RIPA lysis/extraction buffer already supplemented with 

protease/phosphatase inhibitor and 5mm steal beads, and placed on a tissue lyser (Qiagen, 

Germany) at 50HZ for 10 min. The total protein content of each sample was measured using 

the Pierce BCA protein assay kit. Same amounts of protein were loaded and fractioned on 10% 

Zymogram Plus (Gelatin) gels, according to the manufacturer’s instructions. Gels were then 

incubated in Zymogram Renaturing Buffer and in Zymogram Developing Buffer for 30 min 

each, both at RT with gentle agitation. Then, gels were incubated in Zymogram Developing 

Buffer overnight at 37°C and stained with the colloidal blue staining kit for 3 hours at RT. 

Gels were washed in water overnight and imaged with a gel scanner (Epson, Germany). 

Images were analyzed with ImageJ.  

 

Blood urea measurement 

Plasma was collected from stroke and control mice one month post-stroke and frozen at -80ºC 

until further use. Frozen plasma was thawed on ice and a commercial urea assay kit (Abcam, 

USA) was used for evaluating the concentration of the blood urea, according to 

manufacturer’s instructions. All samples were run in duplicates and all duplicates showed a 

coefficient of variation <15%. 

 

Enzyme linked immunosorbent assay (ELISA) 

Total pro-MMP9 concentrations were measured in heart protein lysates using the pro-MMP9 

Mouse ELISA kit, according to manufacturer’s (ThermoFisher) instructions. Pro-MMP9 

concentrations are expressed per microgram of total protein content in the heart, measured 

using the Pierce BCA protein assay kit and following manufacturer’s instructions. Blood IL-

1β and IL-6 concentrations were assessed respectively with Mouse IL-1 beta SimpleStep Elisa 

kit (Abcam) and Mouse IL-6 ELISA Kit (Abcam), according to manufacturer’s instructions. 

Briefly, mouse blood was extracted using EDTA tubes at different timepoints after stroke then 
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centrifuged at 3000 x g for 15 min. The plasma was collected and stored in -80 °C until 

running the assay. All samples were run in duplicates and all duplicates showed a coefficient 

of variation <15%.  

 

qPCR 

Total RNA from FACS-sorted cells was extracted using Arcturus® PicoPure® RNA Isolation 

Kit, according to the manufacturer's instructions. Reverse transcription to cDNA was 

performed using High-Capacity Reverse Transcription Kit. qRT-PCR was performed with a 

standard SYBR-Green PCR kit protocol as previously described.25 Relative changes on Mmp9 

gene expression levels were normalized to Ppia gene expression levels by using the 2-⊗⊗Ct 

method.26  

 

Splenocytes isolation and incubation with CVC 

Mice were deeply anaesthetized and euthanized as described above. Spleens were 

immediately removed and cell suspensions were prepared as previously described. 

Splenocytes were incubated for 2h at 37°C with CVC at different concentrations (0 μM, 5μM, 

10 μM and 100 μM). Afterwards, cells were washed and stained with surface markers for flow 

cytometry as described above. 

 

BMDM and primary monocyte isolation  

Bone marrow derived macrophage (BMDM) cells are generated from mouse tibia and femur. 

After flushed out from both femurs and tibias, bone marrow cells were filtered through 40μm 

cell strainers to obtain single cell suspensions. Subsequently, cells were resuspended in 

DMEM (Gibco), supplemented with 10% fetal bovine serum (FBS) (Gibco), 1% Gentamycin 

(ThermoFisher Scientific) and 20 % L929 cell-conditioned medium (LCM) to promote 

differentiation into macrophages. A total of 5x105 cells were seeded per well and cultured for 

7 days at 37 °C with 5% CO2.  

Primary monocytes were obtained from isolated cell suspensions using the negative selection 

kit EasySep monocyte isolation kit (StemCell). Sorted monocytes were then plated in 12-well 

plates at 5x105 cells per well in DMEM (Gibco), supplemented with 10% FBS (Gibco) and 

1% Gentamycin (Thermo Scientific) and cultured for 24h at 37 °C with 5% CO2. 

 

BMDM and primary monocyte phagocytosis assay 
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Fully differentiated BMDMs or cultured primary monocytes were primed with 100 ng/ml LPS 

for 4h. Then, cells were treated with 1µg/ml (BMDMs) or 5µg/ml (monocytes) pHrodo 

Zymosan (Thermo Fisher, US) for 30 min. Zymosan uptake by cells was analyzed via flow 

cytometry, as previously described. 

 

BMDM stimulation with IL-1β  

Fully differentiated BMDM were treated with 5ng/ml or 50ng/ml of recombinant IL-1β or 

vehicle for 6h at 37ºC with 5% CO2. Cells were then washed and harvested and analyzed by 

western blot. 

 

Western blotting analysis 

BMDM were lysed with RIPA lysis/extraction buffer with added protease/phosphatase 

inhibitor (Thermo Fisher Scientific). Total protein was quantified using the Pierce BCA 

protein assay kit (Thermo Fisher Scientific). Whole cell lysates were fractionated by SDS-

PAGE and transferred onto a polyvinylidene difluoride membrane (BioRad). After blocking 

for 1 hour in TBS-T (TBS with 0.1 % Tween 20, pH 8.0) containing 4 % skin mile powder 

(Sigma), the membrane was incubated with the primary antibodies against following 

antibodies: rabbit anti-cJun/phospho-cJun (1:1000; Cell signalling), rabbit anti-actin (1:2000; 

Sigma), rabbit APOE (1: 5000, Invitrogen), mouse anti-β-Tubulin (1:2000, Sigma Aldrich) 

and rabbit anti-LPL (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) at RT. Membranes were developed using ECL substrate (Millipore, 

US) and acquired via the Vilber Fusion Fx7 imaging system. 

 
 
Bulk mRNA sequencing of human heart samples 

Human heart paraffin sections were used to retrieve the PFA-cross-linked mRNA as 

previously described.27 In brief, PFA-fixed paraffin-embedded hearth tissue sections were 

scratched from each slide using a stereomicroscope (Olympus SZ51, Model# 1111260100), 

collected in cold PKD buffer supplemented with proteinase K solution and snap-frozen in 

liquid nitrogen until further use. To prepare the Smartseq2 libraries, samples were thawed at 

RT for 3 min and incubated at 56°C in a thermal cycler (lid temperature 66°C), for 4 h or until 

tissue was completely dissolved. Samples were then placed on ice and incubated at 56°C for 

1 min with dT25 magnetic beads to reverse crosslinked samples. Samples were incubated at 
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RT to allow mRNA hybridization and washed with 1x hybridization buffer (HB), containing 

2x SSPE, 0.05% Tween-20 and 0.05% RNase Inhibitor. Samples were then washed with PBS 

with 0.1% RNase Inhibitor and incubated with RNase-free water for 2 min at 80°C to elute 

mRNA. Smartseq2 libraries were prepared from 1 ng mRNA, as previously described.  

Libraries were sequenced 2x60 reads base pairs paired-end on an Illumina NextSeq 1000 to a 

depth of 300,000-600,000 reads/sample.  

 

Bulk mRNA sequencing data analysis 

FastQC was used to check the quality of fastq files. Low-quality reads and adapters were 

trimmed using Cutadapt using the following parameters: (1) reads <20 bp, and (2) quality 

cutoff of 20. The trimmed FASTQ files were mapped to the mm10 reference genome using 

STAR. The mapped reads (of lesion tissue sections) belonging to the same slide were merged 

using the merge BAM files tool in Galaxy version 4. To quantify the number of reads mapping 

to the exons of each gene, featureCounts program was used. Data was further analyzed in R. 

As quality control steps, the following samples were filtered out for further analysis: (1) 

Samples with a high percentage of mitochondrial genes (>20%); samples with a high 

percentage of ribosomal genes (>8%); (3) very highly-expressed genes with more than 20.000 

counts; and (4) genes that are expressed in less than 5 samples with more than 1 count. 

Hereafter, raw gene counts were normalized to stabilize variance (regularized logarithm 

method) and differentially expressed genes were identified using the DESeq2 package in R. 

 
 

QUANTIFICATION AND STATISTICAL ANALYSIS  

Data were analyzed using GraphPad Prism version 9.0. All summary data are expressed as 

the mean ± standard deviation (s.d.), unless indicated otherwise. Normality was assessed in 

all datasets using the Shapiro-Wilk normality test. Normally-distributed data were analyzed 

using a two-way Student’s t test (for 2 groups) or ANOVA (for > 2 groups). Data with a no 

normal distribution were analyzed using the Mann-Whitney U test (for 2 groups) or Kruskal-

Wallis test (H test, for > 2 groups). Multiple comparison adjusted p values were computed 

using Bonferroni correction or Dunn’s multiple comparison tests. A p value < 0.05 was 

considered statistically significant.  
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Supplemental information 

 

Table S1. Echocardiogram measurements, related to Figure 2. 

Table S2. Cardiac conduction properties, related to Figure 2. 

Table S3.  Demographical and clinical characteristics of stroke patients from whom the 

myocardial autopsy samples were collected, related to Figure 3. 

Table S4. Peak-to-gene annotations, related to Figure 6. 
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