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1. INTRODUCTION 

Societies and economies of developed countries are encountering unprecedented 

challenges due to the rapidly expanding older population. In 2020, the number of individuals aged 

over 65 reached a staggering 727 million (World Population Ageing 2020 Highlights, 2020). 

Projections indicate that by the year 2050, this number will more than double, with seniors 

constituting up to 16% of the population, equating to one in every six individuals (World 

Population Ageing 2020 Highlights, 2020). Aging, while not a disease in itself, brings about a 

series of physiological changes that are largely inevitable and correlate with a surge in brain-

related diseases such as Alzheimer's disease, amyotrophic lateral sclerosis (ALS), Parkinson's 

disease, strokes, and tumors (Azam et al., 2021). 

At the tissue level, aging causes an increase in the number of senescent cells, which are 

incapable of proliferation and hinder the formation of new blood vessels and the repair of 

damaged endothelium. Endothelial senescence is linked with endothelial dysfunction, arterial 

stiffening, impaired angiogenesis, defective vascular repair, and an increased prevalence of 

atherosclerosis (Erusalimsky, 2009). At the microvascular level of the brain, aging is associated 

with increased capillary diameters, decreased capillary density, and heightened red blood cell 

velocities (Brown & Thore, 2011; Desjardins et al., 2014). Repairing brain vasculature should 

improve brain functions, thus we looked at ways to achieve this. 

Since it was shown that reducing the number of senescent cells using senolytics can 

significantly increase the lifespan of mice there has been an increased interest in research studying 

the therapeutic use of senolytics (Xu et al., 2018). Studies have shown that senolysis in the aging 

brain via senolitics leads to improved blood-brain barrier (BBB) properties and reduced 

neuroinflammation (Yao et al., 2024). Our theory was that this treatment could be combined with 

endothelial progenitor cells (EPCs) therapy for a more significant effect. The positive effect of 

EPC therapy on neurogenesis after ischemic injury is well-documented (Esquiva et al., 2018). 

Still, the effect of EPCs under physiological conditions or in aging needs to be better studied. 

Another field in which EPCs are promising is the delivery or in situ production of 

therapeutics in the brain (Cheng et al., 2023; Collet et al., 2016). As antibody therapies against 

misfolded proteins and their aggregates in the brain face difficulties in reaching their targets 

(Kouhi et al., 2021), we entered a collaboration to use EPCs as antibody factories against TDP43. 

In the following part of the introduction, I will detail the topics connected to this research.  
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2. LITERATURE BACKGROUND 

2.1 Aging  

Nowadays, the issue of aging is pressing, as it presents unresolved health and 

socioeconomic challenges. The aging process is inevitable, intricate, and heavily influenced by 

genetics and various environmental factors, including dietary choices, levels of physical 

activity, exposure to microbes, pollutants, ionizing radiation, and psychological factors (Plagg 

& Zerbe, 2020). Aging is a multi-level phenomenon impacting multiple organs at molecular 

and cellular levels (Katsagoni et al., 2023). Among the most notable manifestations of aging is 

the gradual decline in the functional capabilities of our brain. This decline encompasses various 

aspects, including memory, learning, motor coordination, decision-making speed, attention, and 

sensory perception such as taste, touch, vision, smell, and hearing (Alexander et al., 2012). As 

individuals age, changes occur in neurons' biological, chemical, and physical properties. 

Additionally, aging serves as a significant risk factor for various neurological diseases, 

including Alzheimer's disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis 

(ALS), Huntington’s disease (HD), and frontotemporal lobar dementia (FTD) and stroke (Azam 

et al., 2021; Kesidou et al., 2023; Navakkode & Kennedy, 2024). The cellular and molecular 

hallmarks of aging include accumulating oxidatively damaged proteins, nucleic acids, and 

lipids; dysfunctional neuronal calcium homeostasis; compromised DNA repair; exhaustion of 

stem cells; glia cell activation and inflammation; mitochondrial dysfunction; impaired 

molecular waste disposal; aberrant neuronal network activity; impaired adaptive stress response 

signaling; and dysregulated energy metabolism (Figure 1) (Mattson & Arumugam, 2018). 

Neuron function depends on brain homeostasis, which is maintained by the 

neurovascular unit (NVU) that is comprised of neural and vascular cell types. The two main 

NVU functions responsible for brain homeostasis are the neurovascular coupling and the blood-

brain barrier. It is becoming clear that glial cells – that support neurons both physically and 

chemically - play important roles in aging (Salas et al., 2020). Similarly, endothelial cells that 

are responsible for the blood-brain barrier - the strict control of nutrient and waste transport 

between the blood and the brain tissue - also develop dysfunction with aging (Carracedo et al., 

2018). Increased blood-brain barrier permeability was observed in healthy individuals as early 

as the age of 40 (Montagne et al., 2015). 
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The complex biological network of the aging process is characterized by an increased 

number of senescent cells. While senescence aids tissue remodeling during development and 

following damage, it can also impair tissue regeneration, leading to inflammation and the 

emergence of numerous chronic illnesses or tumors (Muñoz-Espín & Serrano, 2014). 

 

Figure 1. Hallmarks of aging 

2.2 Senescence 

Originally recognized as the limited replicative capacity of primary cells in vitro, 

senescence plays significant roles in living organisms as well (Kuilman et al., 2010). Senescent 

cells are arrested in replication, are resistant to apoptosis and undergo further phenotypic 

changes - the senescence-associated secretory phenotype (SASP) - that results in the secretion 

of high levels of inflammatory cytokines, chemokines, growth factors, and proteases.  

On one hand senescence is a beneficial process as it plays roles in tissue remodeling 

during development or in response to injury and is an important anticancer process as it can 

prevent cells with damaged genomes from proliferating uncontrollably. The secretion of 

proinflammatory mediators can boost immune response and tissue repair. Cellular senescence 

can be triggered by several factors, including oncogene activation, irradiation, DNA damage, 

and telomere shortening. On the other hand, mutations in essential genes that induce cell cycle 

arrest via senescence may result in the immortalization of cells, increasing their lifespan and 
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raising the risk of cancer. Physiologically, the senescent cells are cleared by the immune system, 

but this process becomes less efficient during aging (Burton & Krizhanovsky, 2014). As the 

number of senescent cells increases, the secreted proinflammatory factors can limit tissue 

regeneration by impairing stem and progenitor cell function and also cause tissue damage that 

can promote age-related diseases and cancer. 

2.3 Senolysis  

Senescence is being recognized to be central in the aging process and many pathologies. 

Experimental introduction of senescent cells in mice decreased their lifespan (Xu et al., 2018). 

Senolysis, the removal of senescent cells was predicted to prolong the lifespan and health span. 

Targeted removal of senescent cells was made possible first in a mouse model strain 

called INK-ATTAC. In these transgenic mice, senescent cells can be eliminated through the 

inducible activation of a modified caspase-8 gene in cells expressing a biomarker of senescence: 

p16(Ink4a). This was able to inhibit the appearance of senescence-associated tissue dysfunction 

and thus increase the health span (Baker et al., 2011). This tool proved to be invaluable and has 

since been used to uncover many details of how senescence is connected to aging and age-

related pathologies (Melo Dos Santos et al., 2024). As the molecular mechanisms of senescence 

were becoming known, a new class of drugs, termed senolytics were introduced targeting the 

apoptosis resistance of senescent cells (Zhu et al., 2015). 

Anti-apoptotic signaling was already well-studied in cancer research, thus the first 

senolytics were repurposed anticancer drugs (Kirkland & Tchkonia, 2020). Dasatinib (D) is an 

anticancer, broad-spectrum tyrosine kinase inhibitor drug targeting multiple tyrosine kinases 

(Montero et al., 2011). Quercetin (Q), a natural flavonol that gives apple peel its bitter taste and 

inhibits the mTOR and PI3K signaling pathways (Bruning, 2013), was found to be more 

efficient at reducing the viability of senescent human umbilical vein endothelial cells (HUVEC) 

than Dasatinib (Zhu et al., 2015). The combination of D and Q has been shown to alleviate 

symptoms of age-related conditions in mouse models and improve survival in older mice (Xu 

et al., 2018; Zhu et al., 2015). Additionally, the removal of senescent cells using D+Q has been 

shown to restore the reparative functions of human cardiomyocytes and endothelial cells in 

vitro (Sunderland et al., 2023).  

Further research, aimed at Bcl-2 family inhibition, confirmed that abt-263 (navitoclax) 

that inhibits Bcl‐xl, Bcl‐2, and Bcl‐w was senolytic but TW‐37 that targets Bcl‐xl, Bcl‐2, and 
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Mcl‐1 was not (Zhu et al., 2016). Abt-263 showed cell type specificity based on the expression 

patterns of Bcl-2 family proteins. In vivo abt-263 treatment depleted senescent cells and 

mitigated total body irradiation-induced premature aging of the hematopoietic system and 

rejuvenated senescent hematopoietic and muscle stem cells in healthy, aged mice (J. Chang et 

al., 2016). Abt-263 has been shown to target and eliminate senescent cells involved in the 

development of atherosclerosis (Childs et al., 2016). 

 The search for further senolytic substances continues to be successful in broadening the 

repertoire available for clearing senescent cells.  Piperlongumine is a senolytic molecule 

isolated from plants in the Piper genus and studied for its anticancer effects through ROS-

independent signaling (Wang et al., 2016). Another natural product with senolytic properties is 

fisetin, which is a flavonoid present in many fruits and vegetables with the highest concentration 

found in strawberries. Two specific inhibitors of Bcl-xl, A1331852, and A1155463, were also 

found to be senolytic, potentially allowing more cell type-specific senolysis with fewer side 

effects (Zhu et al., 2017). A recent addition to the group of senolytic drugs, zoledronic acid was 

used for close to 20 years to decrease the risk of fractures. It was found to decrease mortality 

of patients and expand the lifespan and health span of animals, thus recently it was tested and 

confirmed for senolytic effect in animal experiments (Samakkarnthai et al., 2023). 

2.4 Senolysis in the brain  

The use of senolytics not only reduced the cognitive dysfunction caused by aging in 

mice and rats (Krzystyniak et al., 2022) but also showed positive effects in various disease 

models including neurodegenerative diseases. Both clearing senescent cells in the INK-ATTAC 

model or using D+Q treatment in aged wild-type mice improved vasomotor function in 

atherosclerosis (Roos et al., 2016). The clearance of senescent cells in multiple transgenic 

mouse models of neurodegenerative diseases – using the INK-ATTAC transgenic model or 

pharmacologically by senolytic treatments with abt-263 or D+Q – ameliorated 

neurodegenerative symptoms and improved cognition (Bussian et al., 2018; Musi et al., 2018; 

P. Zhang et al., 2019). Senolysis was also found neuroprotective following hypoxia (Lu et al., 

2023), and could rescue paclitaxel-induced microvascular senescence and attenuate 

chemotherapy-induced cognitive impairment (Ahire et al., 2023). There are multiple clinical 

trials of senolysis going on currently (Chaib et al., 2022). Two of these were phase I trials that 

finished recently, with one focusing on brain function. The two small pilot studies established 
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the safety, tolerability, and feasibility of D+Q treatment in Alzheimer’s disease and in 

idiopathic pulmonary fibrosis with promising albeit preliminary results (Gonzales et al., 2023; 

Nambiar et al., 2023). 

2.5 Endothelial cells of the central nervous system 

Endothelial cells (ECs) of mesodermal origin constitute the primary cellular lining of 

blood vessels, lymphatic vessels, and the heart (Bautch & Caron, 2015). Brain endothelial cells 

are specialized endothelial cells that form the inner lining of blood vessels in the central nervous 

system. These cells form the cellular basis of the blood-brain barrier that strictly regulates the 

transport of molecules and ions between the brain and the blood. One of the most important 

aspects of brain endothelial cells is the continuous intercellular connection provided by tight 

junctions. Aging and age-related neurological disorders affect the subcellular localization and 

expression level of claudin 5, which is the main transmembrane protein of brain endothelial 

tight junctions (Costea et al., 2019).  

Vascular structures develop and grow through two major processes involving 

endothelial cells. Vasculogenesis is the process by which mesodermal cells, known as 

angioblasts, assemble to form new endothelial tubes in the developing embryo. Conversely, 

angiogenesis refers to the sprouting of vasculature from pre-existing vessels. Vasculogenesis 

was described as the process of new vessel formation during embryonic development. However, 

a similar process has also been discovered to occur during adult life (Dudley & Griffioen, 2023).  

2.6 Endothelial progenitor cells  

In 1997 Asahara and colleagues isolated CD34+, angioblast-like cells from peripheral 

blood that they called putative progenitor endothelial cells. These cells could be cultured in 

vitro and were able to home into angiogenic sites, differentiated into endothelial cells, and 

contribute to new vessel formation which is consistent with vasculogenesis (Asahara et al., 

1997). These were later named endothelial progenitor cells or EPCs and started a new wave of 

research into their potential therapeutic use for example as vectors for treating cancer by 

targeting neovascularization for relieving regional ischemia. The following year bone marrow-

derived precursor endothelial cells were described to differentiate into endothelial cells in vivo 

in a dog model (Shi et al., 1998). These experiments and others presented evidence that EPCs 

in the circulation mobilize from the bone marrow in response to injury. This was later 

questioned as contradictory results were found while studying EPCs in samples from people 
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with sex-mismatched bone marrow transplantation (Fujisawa et al., 2019). Besides the debate 

about whether EPCs originate from bone marrow or from mature vasculature, there are further 

discussions regarding the definition and types of EPCs as well (Aquino et al., 2021; Medina et 

al., 2017). Regardless of these differences, EPCs can, without question, promote 

revascularization and regeneration of tissue after injury. Their efficacy in multiple pathologies 

such as sepsis or diabetes and in tissue regeneration after trauma, inflammation, or ischemia-

reoxigenation induced injury has been demonstrated in many organs such as the kidney, lung, 

bone, heart, and in the brain as well (Chen et al., 2022). Regarding the therapeutic use of EPCs 

in the brain most data is focused on stroke models where EPCs injected into the circulation can 

improve neurogenesis, possibly through neovascularization and improved BBB properties 

(Esquiva et al., 2018; Geng et al., 2017; Huang et al., 2020). 

During embryogenesis, the cardiovascular system develops from mesodermal cells. 

RNA analysis of isolated embryonic EPCs from 7.5 days post conception (dpc) murine embryos 

showed the expression of endothelial genes tie-2 and thrombomodulin but not that of VEGF 

receptors without the induction of endothelial differentiation  (Hatzopoulos et al., 1998). The 

embryonic EPCs homed to areas of hypoxia, did not cause tumors and secreted many factors of 

angiogenesis, organogenesis, and tissue remodeling (Kupatt, Horstkotte, et al., 2005). 

Embryonic EPCs do not express major histocompatibility class I proteins, thus are not rejected 

by the host and avoid elimination by natural killer cells (Wei et al., 2004), as was demonstrated 

by Kupatt and colleagues after injecting murine embryonic EPCs into rabbits (Kupatt, Hinkel, 

et al., 2005) and pigs (Kupatt, Hinkel, et al., 2005) did not trigger an acute immune response 

but increased neovascularization and tissue regeneration. Embryonic EPCs in the aorta–gonad–

mesonephros (AGM) of murine embryos diverge from hemangioblasts and become committed 

to the endothelial lineage at 10.5 dpc. EPCs isolated at this time point already express VEGF 

receptors, VE-cadherin and other endothelial markers, and the stem cell marker Sca-1 and the 

hematopoietic stem cell marker CD34. Immortalized AGM derived EPCs named MAgEC 10.5 

(mouse AGM endothelial cells, 10.5 dpc) and MAgEC 11.5 (isolated at dpc 11.5) demonstrated 

angiogenic activity in vitro, homed in on hypoxic areas in vivo and cooperated with mature 

endothelial cells to form tube-like structures and penetrate tumor spheroids through a 

vasculogenesis-like process (Collet et al., 2016; Klimkiewicz et al., 2017). 
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2.7 EPCs in ischemic stroke 

Hypoxia is a pathological condition characterized by insufficient oxygen delivery, either 

generalized or tissue hypoxia. In the brain – besides respiratory or heart emergencies – mainly 

hypoxic and in a smaller number hemorrhagic stroke causes tissue hypoxia. Stroke is a leading 

cause of mortality and disability. In aging populations – such as Europe – its incidence is 

expected to increase dramatically in the first half of the 21st century (Béjot et al., 2016; OECD 

& European Union, 2022). 

Clinical studies showed that a higher number of circulating EPCs correlated with better 

outcomes of stroke. Furthermore, the serum levels of VEGF, angiopoietin 1, brain-derived 

neurotrophic factor and stromal cell-derived factor-1α correlated with CD34+ cell numbers in 

patients’ blood samples. As these factors mobilized EPCs from the bone marrow in animal 

experiments it is likely that mobilization of EPCs from the bone marrow after stroke plays an 

important role in humans as well (Sobrino et al., 2011). In cerebral small vessel disease, the 

number of circulating CD34+CD133+CD309+ EPCs correlates with disease burden although 

it is not yet known whether the increased EPC number is beneficial in this case (Kapoor et al., 

2021a). 

Considering the promising results of animal experiments, there are very few clinical 

trials that finished with results (Custodia et al., 2022a). The trials all used different protocols 

for EPC isolation, thus EPCs of different origins and subtypes were collected and expanded in 

vitro before injection into the circulation of patients. Nevertheless, these trials showed that 

autologous EPC treatment was not just feasible and safe but also promising based on  6 months 

follow up in multiple treatment protocols:  bone marrow-derived mononuclear cells injected 

after subacute ischemic stroke (Moniche et al., 2012), CD34+ selected peripheral blood-derived 

EPCs injected after acute ischemic stroke (Banerjee et al., 2014), CD34+ cells isolated after 

mobilization with granulocyte colony-stimulating factor and injected in aged ischemic stroke 

patients (Sung et al., 2018). Similarly, the only placebo-controlled, randomized trial with 4 

years of follow-up found no adverse effect of the treatment and promising albeit not statistically 

significant functional benefits (Fang et al., 2019).  

2.8 EPCs in neurodegenerative diseases  

Neurodegenerative diseases are an increasing problem in aging populations and are 

more and more recognized to have neurovascular components. Multiple studies have examined 
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whether EPC numbers are affected by AD and other neurovascular pathologies. Although there 

were some contradictory results the consensus appeared to be that lower EPC count was 

associated with worse disease outcome (Rudnicka-Drożak et al., 2022). Currently, no clinical 

trials have investigated the use of EPCs in treating AD. However, there were preclinical studies 

on animal models. After EPCs injection into the hippocampal regions, APP/PS1 transgenic 

mice exhibited notable enhancements in spatial learning and memory abilities. Additionally, 

there was an increase in the expression of tight junction proteins (ZO-1, Claudin-5, and 

Occludin), a decrease in amyloid-beta (Aβ) plaque accumulation, and a reduction in 

hippocampal cell apoptosis (S. Zhang et al., 2018). A study showed that exogenous EPCs 

injected into Alzheimer’s disease model APP/PS1 transgenic mice integrated into brain tissue 

at significantly higher levels than in wild-type mice, indicating that the pathological 

environment may promote EPC homing and integration (Yuan et al., 2016).   

Accumulation of misfolded protein aggregates is characteristic of the progression of 

multiple neurodegenerative (Jo et al., 2020). For example, amyloid-β forms the pathological 

aggregates in AD (Tiwari et al., 2019), while α-synuclein defines PD pathology (Atik et al., 

2016). In ALS, the accumulation of TAR DNA-binding protein 43 (TDP-43) aggregates is a 

key feature (Steinacker et al., 2019). TDP-43, encoded by the TARDBP gene, is a nuclear 

protein in the hnRNP family that can become cleaved, hyperphosphorylated, and ubiquitinated 

in disease states. ALS is a common motor neuron disorder, characterized by the degeneration 

of upper and lower motor neurons. As ALS progresses, p-TDP-43 lesions increase, leading to 

further motor neuron death (Braak et al., 2013). Monoclonal antibodies (mAbs) have been 

developed to clear misfolded proteins and their aggregates (Kwong et al., 2014). However, all 

phase-III clinical trials have been unsuccessful in hitting major endpoints because of the 

extremely efficient filter of BBB. Less than 1% of a small faction crosses the BBB (Zuchero et 

al., 2016). Successful delivery of therapeutic agents across the BBB requires structurally 

healthy blood vessels, normal vascularization, adequate blood flow, and recruitment of solute 

carrier-mediated transport or receptor-mediated transcytosis systems (Sweeney et al., 2019).   

Thus, EPCs could be therapeutic tools to repair the damaged vasculature. EPC 

therapeutic effect could be further enhanced if EPCs were modified to express therapeutic 

antibodies locally in brain tissue. 
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3. OBJECTIVES 

There is no clear consensus on how endothelial progenitor cells are able to improve 

neural function and repair and there is little known about their function in aging. The few studies 

that mention the localization of EPCs study tissue regeneration in response to ischemic injury. 

Consequently, there is a need for more detailed research to learn whether these cells adhere to 

the brain vasculature transiently or are able to integrate into it.  Therefore, the goals of this 

thesis were: 

• To study the dynamics of EPC-brain vasculature interactions under physiological 

conditions, in aging and in response to ischemic injury. 

• To study a novel approach using ex vivo transfected EPCs as cellular producers of 

antibody fragments targeting misfolded proteins implicated in neurodegeneration. 

• To study whether senolytic pre-treatment using abt-263 or the combination of 

dasatinib and quercetin can increase EPC interactions with the brain vasculature.  
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4. MATERIALS AND METHODS 

4.1 Cell culture 

 MAgEC10.5 and tdTomato expressing MAgEC10.5 cells (C. Kieda Patents Nr 

99-16169, WO-9631178B2) were described earlier (Collet et al., 2016; Thinard et al., 2022). 

In brief, the MAgEC10.5 cell line expressing tdTomato was generated using a third-generation 

lentiviral system, which included the plasmids pMDLg/pRRE, pRSV-Rev, and pMD2.G (gifted 

by Didier Trono, Addgene plasmid # 12251, 12253, 12259, Watertown, MA, USA) along with 

the expression vector pLV [3Exp]-EF1A>{tdTomato}:IRES: Puro (VectorBuilder, Chicago, 

IL, USA). Lentiviral vectors were produced using the Lenti-X™ 293T cell line (Clontech, 

Takara, Kusatsu, Japan), following the method described by Rossowska (Rossowska et al., 

2017). After puromycin selection (10 µg/mL, Sigma-Aldrich, St. Louis, MO, USA), a stable 

MAgEC 10.5/tdTomato cell line was established and renamed MAgEC 10.5-tomato. 

Transduction efficiency and tdTomato fluorescence were analyzed using flow cytometry 

(FACS Aria, Becton Dickinson, Franklin Lakes, New Jersey, USA). Additionally, 4 × 105 

MAgEC 10.5 cells labeled with CellTracker Red (C34552, Thermo Fisher, Waltham, MA, 

USA) were used, according to the manufacturer's instructions. 

MAgEC10.5 cells were cultured in OPTIMEM I supplemented with 2% FBS (Thermo 

Fisher Scientific, Gibco, Waltham, Massachusetts USA) in a 5% CO2 incubator at 37°C. Media 

was changed every 2-3 days, depending on cell numbers. Cultures were split at or before 

reaching confluence. For intracarotid injections, cells were seeded at a low density (500 000 

cells per 3.5 cm diameter culture dish) the day before to ensure that cells were not clumped 

after trypsinization. Trypsin was used at 0.05% for passage and cell collection for 3 minutes. 

After stopping trypsin, a small volume was used to count cells in a hemocytometer. The rest 

was centrifuged for 5 minutes at 4°C at 700 RCF and suspended in Ringer-HEPES (6 mM 

NaHCO3, 150 mM NaCl, 2.2 mM CaCl2, 5.2 mM KCl, 0.2 mM MgCl2, 5 mM HEPES and 2.8 

mM D-glucose, pH 7,4) so that 200 µL contained 400 000 cells.  

MAgEC 10.5 RT cells were seeded at a density of 30,000 cells per well in a 12-well 

plate and allowed to adhere for 12 hours. The medium was then replaced with serum-free Opti-

MEM. After 6 hours, the cells were transfected with Lipofectamine 2000 and Fabs-encoding 

vectors (pl.DualCAG.Hygro.cAb2789 or pl.DualCAG.Hygro.cAb2508) according to the 

manufacturer’s instructions. Transfected cells were maintained in serum-free medium for an 
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additional 12 hours. After this period, hygromycin (125µg/mL) was added for selection. 

Following 24 hours of selection, the medium was replaced with fresh medium, which was 

changed every two days for two weeks. After two weeks, hygromycin-resistant colonies 

appeared. To isolate specific clones, the cells were detached and seeded at a density of one cell 

per well in a 96-well plate (1 cell/per well). The selected clones were screened for Fab secretion 

using western blot analysis. 

4.2 Animals 

Young, 8 to 12 weeks-old and old, 20 to 30 months-old female mice were used for aging 

experiments and 8-12 weeks old mixed sex for other experiments. Mouse strains used were: 

BALB/c and FVB/Ant:TgCAG-yfp_sb #27. Animal housing conditions complied with the laws 

of Hungary (article 40/2013. (II. 14.)), that conform European Union regulations: 22±2°C, 

55±10% humidity, 25x air change per hour, 12-12 hours light-dark cycle with ad libitum access 

to regular chow and water. Cardboard tunnels were used for environmental enrichment. 

Procedures conformed to widely accepted standards, best practices and Hungarian laws of 

animal protection. The primary endpoint was MAgEC10.5 integration into brain vasculature. 

Group sizes were estimated using G*power when designing the experiments (version 3.1.9.7). 

To compare treatment groups, test family was set to "F tests", the statistical test used was 

"ANOVA: Fixed effects, omnibus, one-way", the type of analysis was "A priori: compute 

required sample size - given α, power and effect size. Effect size was determined from variances 

with "variance explained by special effect" set to 0.1 and "variance within group" set to 0.25. 

When comparing treatment groups over time, the statistical test used was “ANOVA: Repeated 

measures, within, between interactions”. For old mice, a 25% death rate was estimated. 

Individual mice were assigned to a list randomly, numbered for identification, and then placed 

into treatment groups. Experiments were not blinded, as individual experiments and their 

analysis were done by the same researchers. During the experiments, no confounders were 

identified. Animals were monitored daily for any indications for terminating the experiment 

such as infections, lethargy, greater than 25% loss of body weight, etc. In senolysis experiments, 

the number of young mice for 24 hours treatment were 6, 9, 7 while for 48 hours treatment were 

7, 6, and 5 for control, abt-263, and dasatinib with quercetin groups respectively. Old groups 

had 5, 6, and 5 mice for 24-hour treatments and 5, 6, and 6 mice for 48 hours. EPC integration 

was checked in 2, 4, and 3 mice in the same groups as above after 5 days. For two-vessel 



18 

 

occlusion experiments, 5 groups of BALB/c animals were used with 3 animals in each of the 5 

groups. TTC staining required 5 groups (MAgEC 10.5 injected and uninjected groups at two 

time points and a sham surgery group) and two groups were used to assess EPC integration. For 

in vivo BBB permeability, 15 MAgEC 10.5 cells were observed in 7 young mice and 5 cells in 

3 old mice. For in vivo determination of EPC preactivation by TNFα 6 groups were used with 

3 mice each (two time points with three treatment groups). A total of 105 BALB/c and 29 

FVB/Ant:TgCAG-yfp_sb #27 mice were used. Euthanasia was carried out with the isoflurane 

overdose method by setting the evaporator to over 5% until breathing stopped. 

 

Experiment Figure Strain Sex Treatment Number of mice 

Senolytic 15B, D BALB/c   Young Old 

     24 hours 48 hours 24 hours 48 hours 5 days 

   female Control 6 7 5 5 2 

   female Abt-263 9 6 6 6 4 

   female D+Q 7 5 5 6 3 

 15E    liver kidney spleen Lung Muscle 

   mixed  2 2 2 2 2 

Hypoxia 
(2VO) 14C BALB/c   Vehicle MAgEC-tomato  

     2 days 7 days 2 days 7 days  

   mixed  3 3 3 3  
          

 14D    Control 2VO    

   mixed  3 3    

BBB 
permeability     Young Old    

 10B, C 
FVB/Ant:TgCAG-

yfp_sb #27 mixed  7 3    

TNF 
treatment     Control 1ng/ml 5ng/ml   

 9 
FVB/Ant:TgCAG-

yfp_sb #27 mixed  3 3 3   

Table 1. The number of mice used in experiments 

 

4.3 Quantification of MAgEC10.5 adhesion and immunofluorescence  

After 3, and 5 days, the animals were perfused with phosphate-buffered saline (PBS, 10 

mM, pH = 7.4) and then fixed with 4% paraformaldehyde (PFA) in PBS for 

immunofluorescence. The brains were removed and postfixed in PFA at 4°C overnight. The 

next day, PBS was used instead of the fixative for the vibratome section, and the brains were 
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kept at 4°C until the next step. Following fixation, the whole brain was placed for coronal 

sectioning with a vibratome (VT1000 S, Leica Biosystems, Wetzlar, Germany). PBS with 

0.05% sodium azide was used to preserve 30-um brain slices. Slices were incubated in PBS for 

20 minutes at 85°C to perform antigen retrieval. 0.5% TritonX-100 in PBS was used for 

permeabilization for 1 hour at room temperature. Following that, blocking with 3% bovine 

serum albumin (BSA) in PBS was performed. The primary antibody solutions were prepared 

in PBS with 3% BSA. 

 Under slow nutation, sections were incubated overnight at 4°C. The following primary 

and secondary antibodies are shown in Table 1. Sections were thoroughly rinsed in PBS before 

exposure to the secondary antibody solution for 60 minutes at room temperature in the dark. 

The sections were counterstained with color-compatible nuclear staining (Hoechst 33342, 

Sigma-Aldrich) for 5 minutes, washed with PBS, and mounted with FluoroMount-G medium 

(Southern Biotech, USA). A fluorescent microscope (Axiovert Z1, Zeiss, Budapest, Hungary) 

equipped with super-resolution capable laser scanning confocal microscopy (Stedycon, 

Abberior Instruments, Göttingen, Germany) was used to record immunofluorescence. 
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Primary 

Antibody 

Cat. No Application 

anti-claudin-

5 m. 

35-2500, Invitrogen, 

ThermoFisher, Waltham, USA 

IF: 1:200 in 3% 

BSA in PBS 

anti-AQP4 m sc-390488, Santa Cruz 

Biotechnology, Dallas, USA 

IF: 1:200 in 3% 

BSA in PBS 

anti-collagen 

IV 

Abcam, Cambridge, UK, 

#ab6586 

IF: 1:200 in 3% 

BSA in PBS 

anti-Fab m Sigma Aldrich, #A182 IF: 1:200 in 3% 

BSA in PBS 

anti-

PECAM-1 

NB100-2284, Novus Biologicals, 

Centennial, CO, USA 

IF: 1:100 in 3% 

BSA in PBS 

Secondary 

Antibody 

Cat. No Application 

Alexa 

Fluor® 594 

AffiniPure g. anti-

mouse IgG (H + L) 

115-585-003 (Jackson Immuno 

Research, Ely, UK) 

IF: 1:500 in 1% 

BSA in PBS 

Alexa 

Fluor® 647 

AffiniPure g. anti-

rabbit IgG (H + L) 

111-605-003 (Jackson Immuno 

Research) 

IF: 1:500 in 1% 

BSA in PBS 

Alexa 

Fluor® 488 Cross-

Adsorbed d. anti-

goat IgG (H + L) 

A-11055 (Thermo Fisher 

Scientific 

IF: 1:500 in 1% 

BSA in PBS 

g. = goat, m. = mouse, r. = rabbit, IF = immunofluorescence. 

Table 2.  Primary and secondary antibodies used 
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4.4 Two-photon imaging 

Intravital, two-photon imaging was performed as previously described (Tóth et al., 

2021). Mice were placed on a heating system after being given isoflurane anesthesia. 

Anesthesia was induced with 4% isoflurane and maintained with 1.5% using an isoflurane 

evaporator (RWD, Guangdong, China). The attached aluminum bar immobilized and held the 

head in place. Due to the superficial pial vasculature's consistent placement and recognizable 

pattern, we could capture the same cortical volume over days. Intravenous microscopy was 

conducted with a FEMTO 3D Dual microscope (Femtonics, Budapest, Hungary)  using a 20x 

extended working distance water immersion objective (XLUMPLFLN-20XW, Olympus) and 

MES software (v6, Femtonics, Budapest, Hungary). A Mai Tai HP Ti-sapphire laser (RK TECH 

Ltd.) was used to optimize Venus-YFP and tdTomato. This laser was also sufficient for SR101 

and optimum for EmGFP and CellTracker Red CMTPX excitation. The laser power was varied 

between 10% and 40% depending on the imaging depth (0–400μm from the brain's surface). 

GaAsP photomultipliers were used to acquire emission wavelengths. For the first 24 hours after 

inoculation, larger volumes (x: 500μm, y: 500μm, and z: 250 μm) were recorded with three μm 

vertical steps to assess cell number changes and dynamics of EPCs cell integration. Image 

stacks were automatically merged, leveled, and RGB-converted in Fiji (software versions: 

ImageJ154f and Java 1.8.0_66 64bit). 

4.5 Cranial window 

Cranial windows were implanted similarly to previously described (Haskó et al., 2019). 

Before and throughout the surgery, animals were administered 1-2% isoflurane gas (RWD, 

Guangdong, China) through inhalation using a Surgivet Classic T3 vaporizer (RWD, 

Guangdong, China), set at a flow rate of 1-2 liters per minute. The depth of anesthesia was 

assessed by monitoring toe, tail pinch reflexes, and eye blink. During the operations, the 

experimental animal was placed on a heating pad (RWD, Guangdong, China) to maintain a 

constant temperature. Ear and nose bars secured the animal's head in a stereotaxic frame 

adapter. Eye ointment was applied to both eyes to prevent dryness, and a hair removal cream 

was administered to the head. Subsequently, the area was disinfected using 70% ethanol, and 

the skin on the top of the head was removed. The periosteum was irrigated with a 2% Lidocaine 

solution (Sigma-Aldrich, St. Louis, MO). To ensure a clean surface, the periosteum was 

carefully scraped away from the exposed region of the cranium, followed by a thorough 
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washing of the area. Using an OM-6 operating microscope (Takagi, Tokyo, Japan), the skull 

was gently thinned across the sensorimotor cortex in a 3–4 mm diameter region using a micro 

drill (H.MH-170, Foredom, Blackstone Industries, Bethel, Connecticut, USA). The centers for 

the craniotomies were approximately 1.7 mm posterior and 2.2 mm lateral from the bregma. 

During this process, sterile Ringer-HEPES cold drops were applied to cool the surface, and 

debris was removed using compressed air. Once the bone reached the desired thinness, as 

indicated by slight movement upon gentle pressure, a craniotomy was performed using a drop 

of sterile Ringer-HEPES solution. A gelatin sponge soaked in sterile Ringer-HEPES solution 

was employed to control any unintentional hemorrhage resulting from the craniotomy. A 5 mm-

diameter coverslip (Thomas Scientific, Swedesboro, NJ) was placed over the exposed brain, 

and Cyanoacrylate glue was used to seal the glass's edge. An aluminum head plate was 

cemented to the skull.  After the procedure, mice were intraperitoneal injected with Rimadyl 

(carprofen, 5mg/kg) and were left to convalesce to reduce inflammation from the surgery. A 

one-month healing interval was observed between cranial window implantation and intravital 

microscopy observation (Figure 2) 

 

Figure 2. Cranial window after 3 weeks of implantation 

4.6 Intracarotid injection 

Intracarotid injections were performed as previously described (Haskó et al., 2019). 

Before surgery, all surgical instruments and supplies were sterilized. Anesthesia was induced 

with 4% isoflurane and maintained with 1.5% using an isoflurane evaporator (RWD, 

Guangdong, China). The animal's feet were gently pinched to ensure complete sedation, and no 

reaction was observed. The mouse was then securely positioned on a heated pad using rubber 

bands. The neck area was shaved or treated with a hair removal solution, then the hair was 

removed with a paper towel. 
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Next, povidone-iodine and 70% alcohol were applied to clean the skin of the neck. The 

mouse was positioned on the stage of the dissecting microscope (Takagi OM-6). A surgical 

scalpel was used, and a small incision, less than one centimeter long, was made in the skin. 

Toothed forceps were used to dissect through the muscle, exposing the carotid artery beneath. 

Surgical forceps were employed to separate the carotid artery from the adjacent vagus nerve. A 

small cotton ball, moistened with Ringer-HEPES, was placed under the carotid artery at the 

injection site. Loose knots were tied distally and proximally to the cotton ball, with the proximal 

knot tightened to prevent blood from entering the injection site. Cell injection was performed 

once the carotid artery on the cotton ball appeared to be fully compressed with fresh red blood. 

A volume of 200μl of MAgEC cells was vortexed and drawn into a 1 ml syringe (Inject 

F Braun). Slowly, a 30G needle (BD Microlance 3) was inserted into the lumen of the carotid 

artery, positioned over the cotton ball, under the dissecting microscope. The cells were then 

slowly administered through the carotid artery (Figure 3). The successful injection was 

confirmed by observing the morphology of nearby blood vessels and muscles under the 

microscope. After the injection, the distal carotid artery was gently lifted to prevent 

regurgitation. The muscle was repositioned to cover the incision site, and the skin was closed 

using glue. 

 

Figure 3. Intracarotid injection 

The right common carotid artery (1) and two of its branches, the external carotid artery 

(2) and internal carotid artery (3). Temporary ligations were made at the proximal part (A) of 

the common carotid artery and at the external carotid artery (B). A moist cotton ball was used 

to lift the common carotid (C) 

4.7 Femoral artery cannulation and fluorescent tracer injection 

Anesthesia was induced with 4% isoflurane and maintained with 1.5% using an 

isoflurane evaporator (RWD, Guangdong, China). The inner thigh of the mouse was shaved 
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and disinfected with 70% ethanol and iodine. The skin was cut parallel to the femur, and 

connective tissue was retracted. Under an OM-6 operating microscope (Takagi, Tokyo, Japan), 

the femoral artery, vein, and nerve were separated bluntly. The artery was lifted from the tissue 

by placing three pieces of surgical thread, and three ligatures were placed. The distal ligature 

was tightened permanently, and the proximal was tightened temporarily. A small cut was made 

on the artery with micro scaffolds, through which the cannula was inserted and fixed in position 

with the middle ligation and the remaining thread of the distal one. The proximal ligature was 

opened to gain access to the circulation, and the skin was closed. Throughout the operation, the 

area was irrigated with sterile Ringer-HEPES (Figure 4). 

 

                                      Figure 4. Femoral artery cannulation 

(A) Distal ligature tightened permanently. (B) Proximal ligature tightened temporarily. 

The cannula (arrow) was inserted and fixed in position with the middle ligation (C) 

4.8 Two-Vessel Occlusion (2VO) 

  Briefly, anesthesia was induced with 4% isoflurane and maintained with 1.5% 

using an isoflurane evaporator (RWD, Guangdong, China). A 0.5-1 cm vertical skin incision 

was made along the ventral midline of the neck. The fat and connective tissue were lifted using 

forceps to access the tissue plane underneath. While observing through the microscope, the 

common carotid artery (CCA) was carefully separated from the surrounding nerves and veins 

using forceps. This procedure was repeated for both CCAs. The CCAs were gently pulled up 

through the silk suture and clipped with microclamps. The isoflurane concentration was reduced 

to 1%, ensuring the mouse did not react when its tail was pinched. After 30 minutes, the clips 

and silk sutures beneath the CCAs were removed. Finally, glue was applied to the skin wound 

to seal it (Figure 5).  



25 

 

 

Figure 5. Two-Vessel Occlusion (2VO) mouse model 

4.9 2,3,5-triphenyltetrazolium chloride (TTC) staining 

The brains were rapidly isolated and placed in cold PBS (0-4°C). Using a vibratome 

(VT1000 S, Leica Biosystems, Wetzlar, Germany), the brains were sectioned into 450μm-thick 

coronal slices within 10 minutes post-decapitation. The brain slices were then immersed in TTC 

solution (10ml, 2% TTC in PBS) for 10 minutes at 37°C. Following staining, the slices were 

fixed in 4% formaldehyde solution. Metabolically active regions stained red, whereas cerebral 

infarctions remained white. The sections were photographed using a Takagi OM-6 operating 

microscope, and infarct volumes were measured using FIJI software. 

4.10 TNFα pre-treatment of MAgEC 10.5-tomato cells 

MAgEC 10.5-tomato cells were seeded at 500 000 cells per 3.5 cm diameter culture 

dish. The following day, the cells were treated with 1 or 5 ng/mL rmTNFα (Peprotech, 

Margravine Road, London, UK) for 1 hour in serum-free OPTIMEM I before injection into the 

carotid artery of mice. To minimize the negative effects of TNFα, we selected these low doses 

and short treatment of the endothelial progenitor cells over systemic treatment of the mice. 

4.11 Quantification of MAgEC10.5 integration 

Formaldehyde-fixed 30 µm brain sections from control and 2VO mice were imaged 

using a fluorescent microscope (Axiovert Z1, Zeiss, Budapest, Hungary) equipped with a digital 

camera and managed by the micro-manager software (D. Edelstein et al., 2014; Edelstein et al., 

2010). Cells were categorized based on their morphology: solid, bright cells that visibly filled 
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the vessel lumen were classified as adherent, whereas cells exhibiting clear endothelial 

morphology, characterized by thin cells surrounding the lumen with a thicker central region 

containing the nucleus, were counted as integrated. This classification was straightforward for 

vessels aligned parallel or nearly parallel with the sectioning plane; however, determining the 

morphology was challenging for vessels oriented perpendicular or nearly perpendicular to the 

brain section. 

4.12 Senolysis 

Both young and aged BALB/c mice were administered senolytics dissolved in a vehicle 

mixture consisting of 60% Phosal 50 PG (Lipoid AG), 30% polyethylene glycol 400, and 10% 

ethanol (Molar Chemicals Kft, Budapest, Hungary). The first treatment protocol involved 

administering 100 mg/kg Abt-263 (MedChemexpress, Monmouth Junction, New Jersey, USA) 

once daily for five days via oral gavage. The second protocol involved a single oral gavage of 

5 mg/kg dasatinib (Sellekchem, Houston, Texas, USA) combined with 50 mg/kg quercetin. 

Control groups received the vehicle mixture alone. Seven days post-treatment initiation, the 

mice were injected with MAgEC 10.5-tomato cells through the internal carotid artery.  

4.13 In vivo BBB permeability measurement 

Young and old FVB/Ant: TgCAG-yfp_sb#27 mice underwent cranial window 

implantation for two-photon microscopy and were injected with MAgEC 10.5-tomato cells. 

Mice displaying red fluorescent MAgECs within the cranial window two days post-injection 

were then cannulated in the femoral artery and repositioned under the two-photon microscope. 

They were subsequently injected with Na-fluorescein and Evans blue, serving as low and high 

molecular weight tracers, respectively, through the cannula. Fluorescence intensity for the 

tracers was measured in two-photon images in regions of interest (ROI) near blood vessels 

containing MAgEC 10.5-tomato cells and in control vessels without them. Given the average 

distance between brain capillaries is approximately 40µm, one ROI was selected immediately 

adjacent to the vessel, while the second was placed 20µm away. The second ROI was chosen 

in a way that no other vessel was closer to it on the basis of previous three-dimensional imaging. 

4.14 Statistical analysis 

Data for each group were tested using the Shapiro-Wilk test of normality (shapiro.test()) 

and outliers for outliers (identify_outliers()) then ANOVA with post hoc Tukey test was 
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performed using R and R Commander (versions 4.3.1 and 2.8-0). T-tests were calculated in 

Excel (Microsoft Office 2016). Data are presented in standard box plots or bar graphs of means 

with standard deviations, as specified in the figure legends. Statistically significant differences 

were indicated with their respective significance levels. All animals and measurements were 

included in the study. 
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5.  RESULTS  

5.1 MAgEC10.5 EPC adhesion to the brain vasculature 

MAgEC 10.5 immortalized EPCs, labeled with CellTracker Red or red fluorescent 

MAgEC 10.5-tomato cells were cultured sparse (Figure 6A) to avoid cell clumping when 

injected through the internal carotid artery (ICA) of young BALB/c mice. The injected cells 

rapidly adhered to the vasculature and, thus most of the observed cells were in the ipsilateral 

hemisphere (Figure 6B). In brain sections, the progenitor cells were seen inside capillary vessels 

and appeared to fill the lumen. However, the microvessels were likely not completely blocked, 

as we did not see blood cells stuck next to the progenitors in the vessel lumens after transcardial 

perfusion or during in vivo microscopy. Immunofluorescence labeling of neurovascular unit 

components, such as the collagen IV in the basal membrane allowed the monitoring of the 

MAgEC 10.5 endothelial progenitor cell adhesion and integration within the vessels (Figure 

6C). 

 

Figure 6. MAgEC 10.5 EPC adhesion in brain vessels 

A Sparse culture of MAgEC 10.5 cell line displaying tdTomato expression (red), bars 

are 50µm . B MAgEC 10.5-tomato cells were injected in BALB/c mice and were observed ex 

vivo in the ipsilateral hemisphere one day after injection. Right panel: an example of adherent 

red fluorescent progenitor cell. Nuclei labeled blue with Hoechst 33342, bars are 10µm . C 

Microscopic detection of MAgEC 10.5 cells labeled with CellTracker Red. Syto 13 (green), a 

nuclear stain, was used to approximate cell identification based on the position and shape of the 

nuclei. This allowed for the identification of astrocytes, pericytes endothelial cells in the vessel 

walls, and MAgECs inside the vessels. Collagen IV staining highlighted the extracellular 
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matrix, aiding in determining the relative position of MAgECs inside the vessels and their 

localization in the brain microvasculature, bars are 10µm. 

Monitoring MAgEC 10.5-tomato cells through cranial windows in FVB/Ant:TgCAG-

yfp_sb #27 mice that express Venus yellow fluorescent protein in endothelial cells, we observed 

that at this point, some of the red fluorescent MAgEC 10.5-tomato stay at the same location for 

24 hours or even 5 days or longer (Figure 7A), while others detached and moved to different 

sites (Figure 7B). 

 

Figure 7. MAgEC 10.5 EPC adhesion in brain vessels in vivo 

MAgEC 10.5-tomato were followed in vivo in the somatosensory cortex of 

FVB/Ant:TgCAG-yfp_sb #27 mice using two-photon microscopy, having vascular endothelial 

cells labeled in yellow. A Representative progenitor cells (red) stayed at the same location 24 

and 48 hours after injection. B Representative progenitor cell (red) was not present 1H after 

injection and was adherent to the vessel at 24 hours and moved 96 hours after injection. Bars 

are 10 µm. 

5.2 MAgEC10.5 EPC cell integration into the capillary bed 

MAgEC 10.5 immortalized EPCs, labeled with CellTracker Red, were injected into the 

common carotid artery of adult wild-type BALB/c mice. As early as 28 hours post-injection, 

the EPCs were observed flattening along the vessel walls (Figure 8A), suggesting that these 

cells were potentially at an early step of integration into the vessel wall. For longer-term studies, 

MAgEC 10.5 cells were modified to express the red fluorescent protein, creating the MAgEC 
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10.5-tomato line, and similarly injected into BALB/c mice. Seven days after injection, the cells 

were analyzed for claudin 5, a tight junction protein marker. The results demonstrated the 

formation of tight junctions between the injected MAgEC 10.5-tomato cells and the unlabeled 

resident endothelial cells (Figure 8B, C). We concluded that the presented MAgEC 10.5-tomato 

cells were integrated into the capillary bed though we could only observe a partial vessel lumen 

as the vessel was bisected during sectioning. Later, by monitoring MAgEC 10.5-tomato cells 

in young BALB/c brain tissue after injection, we found that multiple cells took up endothelial-

like morphology within five days. Immunofluorescence labeling and laser confocal microscopy 

revealed that MAgECs integrated into the capillary bed, presenting continuous tight junctions 

(TJs) visualized by claudin 5 staining and forming the vessel lumen together with preexisting 

endothelial cells (Figure 8D). The existence of TJs between the MAgEC 10.5-tomato derived 

and pre-existing cells and the presence of a vessel lumen strongly suggest that these are 

functional blood vessels (Figure 8E).  

To support our ex vivo findings, we monitored MAgEC 10.5-tomato interactions with 

brain vasculature in vivo. MAgEC 10.5-tomato cells were injected into adult wild-type BALB/c 

mice, which previously underwent cranial window surgery. During this procedure, a clear glass 

plate was implanted into the parietal bone to allow for intravital two-photon imaging of brain 

tissue. 3D volume scanning with a two-photon microscope was used to monitor the integration 

of MAgEC 10.5-tomato cells into brain endothelial cells in vivo. Even though integration is not 

a common event and the brain volume that can be monitored is restricted to an approximately 

3mm circular area and a depth of 200-400μm, we successfully observed an integrated MAgEC 

10.5-tomato cell integrated into the cortical microvasculature (Figure 8F). During the 

observation blood flow through the tdTomato positive vessel segment was clearly visible due 

to Cascade Blue dextran labeling. 

C 
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Figure 8. MAgEC 10.5 EPC integration into the capillary bed 

 MAgEC 10.5-tomato cells were injected into BALB/c mice. A. At 28 hours following 

ICA injection of MAgEC 10.5 (Cell tracker red labeled, red), some EPCs were observed in the 

brain microvasculature without completely obstructing the vessel lumen. The brain capillaries 

were delineated using PECAM-1 immunolabelling (cyan). The image represents a maximum 

intensity projection of a confocal z-stack. B. Seven days post-ICA injection, transduced 

MAgEC 10.5-tdTomato cells (red, immunolabelled with anti-RFP) were observed integrated 

into the brain vasculature. In one capillary branch, an endothelial cell derived from the 

transduced EPC appeared to line the lumen. In another branch, the vessel wall was partially 

made up by a red fluorescent cell. Claudin 5 immunolabeling (cyan) indicated tight junctions 

between two regions of the same EPC-derived endothelial cell in both upper branches, as well 

as between an EPC-derived endothelial cell (red) and an unlabelled endothelial cell (white 

dashed lines). Tight junctions encircled adjacent endothelial cells, sealing the connection 

between them (black dashed lines). The right panel shows the image without overlay. The image 

is the maximum intensity projection of a confocal z-stack. C STED image from a single optical 

section of the stack reveals the tight junction strand structure at higher resolution (40 nm pixel 
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size). Immunofluorescent labeling of claudin 5 in green shows: D. MAgEC 10.5-tomato cell in 

the lumen of a brain microvessel and E. MAgEC 10.5-tomato cell differentiated into an 

endothelial cell and integrated into the wall of a microvessel observed in the thalamus. 

Orthogonal images taken at the dashed lines reveal the vessel lumen formed by the MAgEC 

10.5-tomato derived endothelial cell and a preexisting endothelial cell together. F In vivo two-

photon microscopic image of MAgEC 10.5-tomato integrated into the microvasculature (red: 

MAgEC 10.5-tomato cell, Blue: Cascade Blue-dextran vascular label). Bars are 10 µm. 

5.3 In vivo EPC adhesion and integration after preactivation by TNFα 

Theoretically, the positive effect of EPCs on tissue regeneration can be enhanced by 

increasing the number of progenitors that adhere to the brain vasculature. As TNFα activates 

EPC adhesion in vitro (Prisco et al., 2015), we pre-treated MAgEC 10.5-tomato cells in culture 

for one hour with 1 or 5ng/mL TNFα before injecting them in FVB/Ant:TgCAG-yfp_sb #27 

mice. Using intravital two-photon microscopy, we saw an increased number of adherent cells 

24 hours after injection. Monitoring the adherent cells for 120 hours, we found that a larger 

number of individual cells stayed at the same location in the vasculature compared with 

untreated controls (Figure 9).  

 

Figure 9. Effect of TNFα on EPC adhesion in vivo in young BALB/c mice 

Based on intravital two-photon imaging, MAgEC 10.5-tomato cells pre-treated with 

TNFα adhered to vasculature in greater numbers 24 hours after injection. Revisiting the same 

cells after 120 hours shows that more cells stayed at the same location if pre-treated with TNFα. 

Means +/- standard deviation are presented, n=3 for each group, ANOVA: * p≤0.05, ** p≤0.01 
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5.4 In vivo BBB function at EPC adhesion sites 

To learn whether the arrest of EPCs induces changes in vascular functionality, functional 

assessment of the BBB and the TJs was performed by monitoring in vivo permeability using 

intravital two-photon microscopy. Young and old FVB/Ant: TgCAG-yfp_sb #27 mice 

underwent cranial window implantation for two-photon microscopy. The mice were injected 

with MAgEC 10.5-tomato. Mice in which red fluorescent MAgECs were present within the 

cranial window two days after injection were then cannulated in the femoral artery, placed back 

into the two-photon microscope, and injected with Na-fluorescein and Evans blue as low and 

high-molecular-weight tracers through the cannula. Fluorescence intensity for the tracers was 

measured in two-photon images in regions of interest (ROI) near blood vessels containing 

MAgEC 10.5-tomato cells and control vessels that did not. The average distance between 

capillaries in the brain is approximately 40µm, thus one ROI was chosen immediately next to 

the vessel, while the second one was placed 20µm farther. The second ROI was chosen in a 

way that no other vessel was closer to it based on previous three-dimensional imaging (Figure 

10A). ANOVA analysis showed that the BBB permeability for Na-fluorescein (Figure 10B, C) 

and Evans blue-albumin (not shown) did not significantly change either in young or old mice 

two days after the injection of cells. We also did not observe a gradient between the ROI closer 

or farther away from the vessel in question. 
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Figure 10. In vivo BBB permeability measurements at MAgEC 10.5 EPC adhesion sites 

Two days after injecting MAgEC 10.5-tomato in FVB/Ant:TgCAG-yfp_sb #27 mice, 

vascular permeability was assayed in vivo near MAgEC 10.5 cells in the somatosensory cortex. 

A Example maximum intensity projection for the location of ROIs (circles) for fluorescence 

measurement near a MAgEC cell marked with the arrow and at a control vessel. The intensity 

measurements were done on single optical sections. Bar is 10µm. B and C Bar graphs show 

relative fluorescent intensity over time next to or farther away from vessels, that either 

contained a MAgEC 10.5-tomato cell or not in the brain of B young or C old mice. Means +/- 

standard deviation are presented, n=5 for young and n=3 for old. 
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5.5 Detection of EPC secreted Fab in the brain  

Given that MAgEC EPCs closely associated with the brain vasculature, we tested 

whether these cells could be used as vectors for treating neurological disorders after genetic 

modification for the secretion of therapeutic molecules. Therefore, MAgEC 10.5 cells were 

further modified to also express the anti-TDP-43 Fab (cells named MAgEC 10.5 RT anti-TDP-

43). Following the characterization of the cells and carotid injection into BALB/c mice, 

immunolabelling was used to localize the MAgEC 10.5 RT anti-TDP-43 cells and the anti-TDP-

43 Fab expressed in relation to the brain microvasculature. The anti-TDP-43 Fab was detected 

in EPCs located in the brain vasculature 7 days after injection (Figure 11A). Furthermore, anti-

TDP-43 Fabs were also observed outside PECAM-1 labeled microvessels that contained red 

fluorescent EPCs expressing this Fab (Figure 11B). To test whether the Fab localized into the 

perivascular space and penetrated the brain parenchyma, we immunolabelled astrocytic endfeet 

that ensheathe the microvasculature by its specific marker aquaporin-4. We observed a distinct 

localization of the Fabs along the aquaporin-4 stained endfeet (Figure 11C). From these images, 

it was not possible to differentiate the luminal and abluminal sides of astrocytic endfeet even 

using super-resolution microscopy (Figure 12). Nevertheless, we observed sites where the Fabs 

were clearly localized in the brain parenchyma, past the aquaporin-4 signal. Notably, some 

extravascular anti-TDP-43 Fab co-localised with tdTomato originating from MAgEC 10.5 RT 

anti-TDP-43 cells, suggesting vesicular localization (Figure 13). 
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Figure 11. Therapeutic antibody production and localization in vivo 

Exogenous TDP-43 antibody secreted by MAgEC cells was visualized in the brain 

vasculature and parenchyma using confocal and super-resolution microscopy. A. Seven days 

post-injection, MAgEC 10.5 anti-TDP-43 cells (tdTomato, red) secreting anti-TDP-43 Fab 

fragments (cyan, white in co-localization with red) in mouse brain tissue, with nuclei stained 

by Syto-13 (green). Image is a confocal maximum intensity projection. B. At 48 hours, anti-

TDP-43 Fab fragments (cyan) produced by MAgEC cells (red) crossed the blood-brain barrier, 

localizing outside microvessels labeled with anti-PECAM-1 (green). C. Fab localization at the 

astrocytic endfeet (aquaporin-4, green). The first panel is the maximum intensity projection, 

subsequent panels present a single optical section showing all channels, MAgEC cells and TDP-

43 Fab staining, MAgEC cells and aquaporin-4 staining, respectively. Scale bars are 10 μm. 
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Figure 12. Therapeutic antibody localization via STED superresolution microscopy 

 The first two larger panels present confocal maximum intensity projection and single 

optical section of a brain microvessel containing MAgEC 10.5 RT anti-TDP-43 cells. In this 

case aquaporin-4 was stained red to allow simultaneous STED imaging with the TDP-43 Fab 

(cyan). The smaller panels show STED images of the area marked with a white square. On most 

images, it is hard to conclude whether the Fab signal is on the luminal side or the abluminal 

side of astrocytic end-feet even using super-resolution microscopy. The scale bars are 10 μm.  
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Figure 13. Therapeutic antibody detection in the brain parenchyma 

Fab signal (arrowheads) that clearly localized in the brain parenchyma outside 

microvessels containing MAgEC 10.5 anti-TDP-43 cells. The parenchymal TDP-43 Fab 

staining, past the aquaporin-4 signal coincided with red signal from tdTomato originating from 

MAgEC cells (arrow). The image shows a maximum intensity projection in the first panel, 

single optical sections in the following panels, and the last two panels show aquaporin (green) 

or TDP-43 Fab (cyan) beside the MAgEC cells. The scale bar is 10 µm. 
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5.6 Effect of hypoxia on EPC integration and tissue regeneration in vivo 

As tissue damage induced by ischemic injury can be alleviated by EPC treatment, we 

used an experimental hypoxia model to study the role of EPC integration in this. BALB/c mice 

underwent two-vessel occlusion (2VO), which causes mild ischemic stroke in the anterior 

circulation) before being injected with MAgEC 10.5-tomato to model global hypoxia. The 

initial ipsilateral distribution of MAgEC 10.5-tomato cells in healthy brains shifted to a uniform 

distribution across both hemispheres in hypoxia (Figure 14A). The extent of the injury was 

measured by comparing the area showing tissue damage to the whole area of brain sections on 

photographs after TTC staining (Figure 14B). Injecting MAgEC 10.5-tomato resulted in 

significantly greater recovery of the ischemic tissue. Two days after ischemic insult, the injured 

brain tissue volume was 22 and 21 % for sham and MAgEC 10.5-tomato injected animals, 

whereas, after 7 days, it decreased to 17 and 11 %, respectively (Figure 14C). To determine the 

effect of hypoxia on EPC integration, we counted MAgEC 10.5-tomato cells in tissue sections 

five days after 2VO and EPC cell injection. We observed a significant, approximately twofold 

increase in the total and integrated number of MAgEC 10.5-tomato cells in response to 2VO 

compared to sham-operated controls (Figure 14D). 
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Figure 14. Effects of experimental hypoxia on EPC adhesion and integration 

A The initial ipsilateral distribution of EPC cells in healthy brains shifted to a uniform 

distribution across both hemispheres in hypoxia. Images were thresholded and contrasted for 

better visibility. B Representative image of TTC staining for infarct volume. The stained area 

(red) is the non-infarct area; while the unstained area (white) is the infarct area. C Summarized 

data showing the infarct volume (percentage of brain section) in treatment groups following 

2VO ischemic stroke. n=3, t-test: * p = 0.013. D Both the number of adherent and integrated 

MAgEC 10.5-tomato increased in 2VO animals compared to controls 5 days after injection. 

n=3, 16 sections each, t-test: ** p=0.00782 Bar graphs are means +- standard deviation.  
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5.7 Effect of senolysis on the adhesion and integration of EPCs in vivo  

Using senolytic treatments on young and old BALB/c mice, we aimed to increase the 

number of EPC adhesion events by creating a niche for adhesion in place of the eliminated 

senescent endothelial cells. Mice underwent senolysis, then MAgEC 10.5-tomato injection, and 

24 or 48 hours later, the number of adherent cells was counted (Figure 15A). We found that 

both senolytic treatments increased MAgEC 10.5-tomato adhesion to brain vasculature at both 

time points in young mice and after 48 hours in old mice (Figure 15B). The dasatinib + quercetin 

treatment caused a noticeably larger increase compared to abt-263. In old animals, there was a 

marked decrease in the number of adherent cells compared to young animals. 24 hours after 

injection, young animals had over 100 MAgEC 10.5-tomato cells per mm3 brain tissue while 

old animals had half as much. 48 hours after injection, the number of adherent cells in young 

animals was 63+/-4, while in old animals it was 30+/-5. Senolytic treatments were unable to 

completely negate the lower adhesion in old mice, even though the relative increase (compared 

to their respective controls) the senolytic treatments caused was similar. At 48 hours young 

animals had 109+/-5 or 140+/-11 adherent cells after abt-263 or dasatinib + quercetin (D+Q) 

pre-treatment while old ones had 42+/-8 and 53+/-8, respectively. The relative numbers of the 

effect of senolysis on EPC adhesion were only slightly less for old mice compared to young 

mice: 174%, 224% effect for abt-263 and D+Q in young animals while 140%, 176% in old 

animals (Figure 15C). As the integration of the EPCs into the vasculature took five days, we 

tested the effect of senolytic treatment on MAgEC 10.5-tomato integration in old BALB/c mice 

at this time point. Even though the groups for this experiment were smaller, we found a 

significant increase in dasatinib + quercetin pretreated animals (Figure 15D). Lastly, we 

checked whether MAgEC 10.5-tomato cells reached other organs besides the brain after 

intracarotid injection, and found deficient cells counts after two days (Figure 15E) and none 

after five days (not shown). 
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Figure 15.  Effect of senolysis on EPC adhesion and integration in vivo 

 A Treatment schedule for senolytics and progenitor injections. Young and old BALB/c 

mice were pre-treated with either abt-263 or dasatinib + quercetin (D+Q). A week later MAgEC 

10.5-tomato cells were injected through the internal carotid artery. Brains were sectioned 24, 

48 hours, or 5 days after injection. B Adherent progenitor cells were counted on vibratome 

sections. The cell counts are presented as box plots. C Comparing the relative effect of senolysis 

on 48-hour progenitor cell adhesion between young and old mice by normalizing to the adherent 

cell numbers of the respective controls (comparing 2nd and 4th panels of B). D MAgEC 10.5-

tomato cells adhesion and integration in old mice 5 days after injections and in response to 

senolytic treatment. Control n=4, abt-263 n=2, D+Q n=3. E In young mice, 48 hours after 

intracarotid injection, there were negligible numbers of adherent MAgECs in the liver, kidney, 

spleen, lung, and muscle tissue (n=2). Significance values are based on ANOVA. * p≤0.05, *** 

p≤0.01 Bar graphs are means +- standard deviation. All data points belong to individual animals 

and were presented in each graph. 
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6. DISCUSSION   

The well-being of the brain is crucial for maintaining good health and promoting 

longevity. Older individuals suffering from age-related neurovascular and neurodegenerative 

diseases often experience dysfunction of the capillary vessel endothelium, leading to impaired 

neurovascular unit function.  

Since 1997, when Asahara and colleagues sparked the study of endothelial progenitor 

cells, it is clear that EPCs have therapeutic potential. EPCs home in on hypoxic signals and 

have tissue regenerative properties. These two attributes opened the way for some obvious and 

less obvious therapeutic strategies. Considering that more than two decades passed, it is 

surprising that very little is known about the adhesion and integration dynamics of EPCs to the 

brain vasculature.  

Thus we started our studies by observing MAgEC 10.5 EPCs in the brain tissue of mice. 

To make the observation possible we made the cells fluorescent by chemical labelling. MAgEC 

10.5 cells injected into the internal carotid artery quickly adhered to the capillaries of the 

ipsilateral hemisphere. Negligible numbers of MAgEC 10.5 cells were found in peripheral 

tissues supporting that EPCs adhered to blood vessels shortly after injection and did not pass 

through the circulation multiple times. As hypoxia increases the adhesion of EPCs to mature 

endothelium, this unilateral distribution could be at least partially explained by a short and slight 

hypoxia caused by the injection in the ipsilateral internal carotid, or the injected cells 

themselves can cause hypoperfusion in their vicinity, as shown before (Cui et al., 2015). Ohta 

and colleagues also observed ipsilateral distribution of EPCs in Sprague-Dawley rats after 

causing hypoxic injury via middle cerebral artery occlusion (MCAO) (Ohta et al., 2006). The 

injected MAgEC 10.5 cells could be observed adherent to the vasculature for multiple days 

although with diminishing numbers over time. In ex vivo brain sections less than 5% of adherent 

MAgEC 10.5 were found at vessel bifurcations. In vivo approximately one in four MAgEC 10.5 

were found adherent at capillary bifurcations. During the first two days after the injections 

MAgEC 10.5 was observed to fill but not completely block the lumen of capillaries. We seldom 

observed blood in brain vessels next to adherent MAgEC 10.5 ex vivo after transcardial 

perfusion or collapsed capillaries during intravital microscopy. Furthermore, intravital 

microscopy showed that fluorescent dyes injected into the bloodstream reached the capillary 
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segments past adherent MAgEC 10.5. In some cases we observed adherent MAgEC 10.5 cells 

flattened against the capillary wall already 28 hours after injection. 

For longer studies of EPC interaction dynamics with the brain vasculature, MAgEC 10,5 

cells were modified to express the red fluorescent protein tdTomato. In healthy BALB/c mouse 

brains, we observed that some of the fluorescent MAgEC 10.5-tomato cells integrated into the 

vasculature within five days. To our knowledge, we are the first to demonstrate that EPC-

derived endothelial cells incorporated into microvessels next to pre-existing endothelial cells 

and displayed continuous TJs between these cells as indicated by claudin-5 immunolabelling. 

We also found that the number of MAgEC 10.5 cells observed in brain tissue decreased over 

time after injection. These MAgEC 10.5-derived, red fluorescent endothelial cells were 

observed in capillary vessels in the brain parenchyma, usually in small groups of 1-3 cells, but 

did not form large vascular trees of multiple MAgEC 10.5-derived cells.  

To assess the dynamics of EPC-brain vasculature interactions we followed MAgEC 

10.5-tomato cells in the brain of FVB/Ant:TgCAG-yfp_sb #27 mice by intravital two-photon 

microscopy. In a cranial window, we could image approximately 4-9 volumes of 

700*700*400μm brain tissue. It was rare for EPC to stay at the same location for multiple days. 

In a five-day period, only around 3 cells out of 10 could be found again at the same location. 

TNFα levels are increased both in aging and in stroke (Bruunsgaard et al., 2008; Xue et al., 

2022) and TNFα treatment increased both bond number and affinity between early outgrowth 

EPCs and rat cardiac microvascular endothelial cells (Prisco et al., 2015). Thus, we tested the 

effect of TNFα pre-treatment in our in vivo system and found that the number of EPCs adherent 

to the cortical microvasculature nearly doubled and most of the pre-treated cells stayed adherent 

to the same location for five days. Chronic exposure to TNFα causes senescence in EPCs (Y. 

Zhang et al., 2009), thus we used a short and low-concentration TNFα treatment to minimize 

chronic effects. 

We theorized, that EPCs interacting with the brain vasculature could affect blood-brain 

barrier function. To test this, we used the two classical fluorescent tracers: Evans blue and Na-

fluorescein as transcellular or paracellular permeability tracers respectively. The fluorescent 

signal of the tracers was monitored intravitally using two-photon microscopy capillaries that 

contained MAgEC-tomato cells, however, we detected no significant changes compared to 

control vessels. 
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As MAgEC 10.5 cells can spend several days adhered to brain vasculature, it follows 

that these cells could be used for the local delivery of therapeutic substances. To explore this 

idea we injected MAgEC 10.5 cells that secrete active antibody fragments. Our collaborating 

partners developed two MAgEC 10.5 daughter cell lines for testing the therapeutic potential of 

expressing fragment antigen binding regions or Fab-s in the central nervous system (Thinard et 

al., 2022). Our results demonstrated the localization of anti-TDP43 Fabs in the perivascular 

space and the brain parenchyma. Immunostaining of astrocyte end-feet, using aquaporin-4 as a 

specific marker, revealed a clear presence of Fabs in the brain parenchyma, past the aquaporin 

signal. These findings suggest that genetically modified EPCs could be used to introduce 

antibodies or other therapeutic proteins into the brain parenchyma. Our collaboration partners 

demonstrated that these anti-TDP43 Fabs can bind to TDP-43 aggregates, solubilizing a 

significant fraction of them in a concentration-dependent manner making our in vivo results a 

basic proof-of-concept for in vivo cell-gene therapy for neurodegenerative disease treatment. 

This supports the potential to expand the treatment strategy by applying it to ALS-diseased 

mice in future studies. For instance, it is assumed that mice with the SOD1 mutation might 

develop the required conditions, such as a hypoxic BBB, along with the production of TDP-43 

in the brain parenchyma, allowing for long-term assessment of post-treatment movement 

recovery in animals (Joyce et al., 2015). During these experiments, we observed red fluorescent 

capillary vessel sections in the brain suggesting that EPCs can differentiate into brain 

endothelial cells and integrate into the brain capillary bed. Successful immunofluorescence 

staining of the tight junction protein claudin-5 supported this. The neurodegeneration therapy 

method presented above enhances existing therapeutic applications of EPCs (Collet et al., 2016; 

Garbuzova-Davis et al., 2008; Heller et al., 2020) by using transfected EPCs that express active 

antibody fragments or therapeutic proteins (Collet et al., 2016). The use of MAgEC 10.5 cells 

expressing anti-TDP-43 Fabs has two key aspects. First, the EPCs themselves help repair the 

damaged BBB observed in ALS and AD models. Second, the transfected EPCs secrete 

therapeutic agents at the BBB, which have the potential to solubilize TDP43 aggregates.  

The literature regarding the roles of EPCs in the brain mainly focuses on tissue-level 

regeneration following ischemic injury and largely disregards localization and subsequent fate 

of injected EPCs in the brain. Contrasting our finding that embryonic EPCs integrate into 

microvessels in healthy mice, two groups reported that under ischemic conditions in rats, EPCs 

differentiated into brain endothelial cells in larger blood vessels. The first mention of EPCs 
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integrating into brain vasculature that we found is from 2002 where Zhang et al. injected bone 

marrow cells from Tie2-LacZ mice in the tail vein of FVB mice that underwent MCAO. They 

could detect newly differentiated Xgal-positive endothelial cells at the infarct border in 20-50 

μm vessels 30 days after ischemia (Z. G. Zhang et al., 2002). Similarly, in Sprague Dawley rats 

that underwent hypoxia/reperfusion in a 3-vessel occlusion model, CD34+ peripheral blood 

cells were found to integrate into the walls of 100 μm diameter vessels in the penumbra after 

28 days (Shyu et al., 2006). Data available that show EPCs at microvessels focus on EPC 

localization in the ischemic area but do not examine the integration of EPCs. In CD-1 mice, 

Fan et al. observed that Dil-labelled EPCs – cultured from human blood – injected through the 

jugular vein resided in the hypoxic zone at microvessels 24 hours after MCAO (Fan et al., 

2010). In male C57BL/6 mice that underwent permanent MCAO, BrdU-labelled EPCs derived 

from bone marrow were observed at microvessel walls 3 days after injection in the ischemic 

area (Xin et al., 2016). As literature data is mainly concentrated on neuron survival and the 

vascularisation of post-ischemic tissue, we studied EPC integration in the 2VO model using our 

model EPC line to show that it acts similar to the cell types used by others - in that it alleviates 

detrimental effects after ischemic injury in the brain. Our results showed significantly decreased 

tissue damage based on TTC staining in mice injected with MAgEC 10.5-tomato cells after 

ischemic injury. Interestingly, the ipsilateral distribution of MAgEC 10.5-tomato cells observed 

in healthy brains shifted to a uniform distribution in both hemispheres after 2VO. At the same 

time, the number of MAgEC 10.5-tomato in brain tissue and more importantly the number of 

integrated EPCs was significantly increased. The higher number of EPC adhesion and 

integration into the microvasculature is in good agreement with the observed increase in tissue 

healing. 

Since senolysis clears senescent cells from tissues, we theorized that this can promote 

the adhesion of EPCs in circulation in place of the removed senescent cells. Thus we injected 

the red fluorescent MAgEC 10.5-tomato cells into mice that were pretreated using senolytics. 

Combining senolysis and EPC therapy, we demonstrated that both abt-263 and the combination 

of dasatinib with quercetin significantly increased the number of MAgEC 10.5-tomato cells 

interacting with the vasculature both in young and old mice. The effect was slower to develop 

in old mice and as the adherent cell counts were already lower, the senotherapy-induced 

increase appeared low. However, the relative effect of senolysis was similar in old and young 

mice. Furthermore, we showed that both senolytic treatments increased the number of 
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integrated MAgEC 10.5-tomato in old mice. While the finding that EPCs adhere to old 

vasculature in lower numbers might seem counterintuitive as a more damaged, old endothelium 

was expected to recruit more EPCs, similar results have been reported in a skin hypoxia model. 

There the authors explained the observation by decreased hypoxic response of the affected 

tissue rather than decreased EPC mobilization or function (E. I. Chang et al., 2007). The idea 

that it is not EPC mobilization that is affected by aging is supported by the increased number 

of EPCs in older humans who have higher cerebral small vessel disease scores (Kapoor et al., 

2021b).  

In conclusion, by studying MAgEC 10.5 early embryonic EPCs in vivo and ex vivo in 

the mouse brain we described EPC-brain vasculature interaction dynamics including the 

integration of MAgEC 10.5 cells into the vascular bed. Genetically modified MAgEC 10.5 cells 

adherent to the brain vasculature were able to produce therapeutic Fabs that appeared inside the 

brain parenchyma suggesting that the use of genetically modified EPCs is a useful platform for 

the production of therapeutic proteins at the place of their action. Comparing EPC interaction 

dynamics in young and old mice, we found that endothelial progenitor cells adhered less to old 

brain vasculature, which was counteracted by combining EPC injections with senolytic therapy. 

The interaction of EPCs was also increased when the EPCs were activated beforehand. A 

promising candidate for this is TNFα, as it increased both the number of adherent cells and the 

time the cells remained adherent at the same location in vivo. Furthermore, we demonstrated 

increased adhesion and integration of EPCs in response to ischemic injury that may form the 

basis of the regenerative potential of EPC-based treatment.  

Further studies are needed to test whether senolysis-amplified EPC adhesion and 

integration leads to improved tissue vascularisation and decreased cognitive deficit in aging. 

Our results also warrant further studies using these combined therapies in the manifold 

pathologies where EPCs or senolysis were found effective such as neurodegenerative diseases 

(Custodia et al., 2022b; Lee et al., 2021) and age-related pathologies where animal models are 

available (Hainsworth et al., 2017).  

 

  



48 

 

7. SUMMARY  

Nowadays, aging poses a growing challenge to the society and economy of developed 

countries. Aging is a series of physiological processes that are generally unavoidable. However, 

the aging population compels society to confront the rising prevalence of ischemic stroke and 

neurodegenerative diseases. 

Cerebral blood flow (CBF) is vital for normal brain function, delivering oxygen and 

glucose to neurons. Local CBF is regulated by the neurovascular unit (NVU) through a process 

known as neurovascular coupling, a specialized mechanism unique to mammals. The NVU 

comprises several cellular components: neurons, perivascular astrocytes, pericytes, microglia, 

and endothelial cells. The aging process leads to structural and functional impairments in the 

NVU. Aging reduces the capillary density within the brain capillary network, compromising its 

ability to sustain adequate CBF. Additionally, with aging, the number of senescent cells 

increases which induces tissue damage through increased inflammation. Senescence is a 

defense mechanism against tumor development since it prevents the replication of cells with 

damaged genomes; however, as senescence cells accumulate, it can become pathologic.  

Since 1997, the pioneering work of Asahara and colleagues has ignited interest in the 

study of endothelial progenitor cells (EPCs). EPCs, along with local endothelial cells in vessel 

walls, have the potential to repair blood vessel damage making EPCs a promising candidate for 

cell-based therapies. However, relatively little is known about the adhesion and integration 

dynamics of EPCs within the brain vasculature. This study focuses on EPC interactions with 

brain vasculature under physiological conditions, during aging, and after ischemic injury. A 

key objective was to explore a novel approach involving the ex vivo transfection of EPCs to 

serve as cellular producers of antibody fragments targeting misfolded proteins associated with 

neurodegenerative diseases. Another key goal was to improve the efficacy of EPC therapy. To 

this end we eliminated senescent cells using senolytics to potentially make room for more EPC 

integration. Another avenue we explored was to increase the cell adhesive properties of EPCs 

by activating them before injection. 

We utilized an immortalized cell line derived from embryonic mouse aorta–gonad–

mesonephros endothelial cells (MAgEC 10.5). To enable in vivo tracking during long-term 

experiments, MAgEC 10.5 cells were transduced to express the red fluorescent protein 

tdTomato, this daughter cell line was named MAgEC 10.5-tomato. Additionally, MAgEC 10.5 
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cells were modified to express anti-TDP-43 Fabs to investigate their potential as a vector for 

local expression of therapeutic molecules in the diseased tissue. We employed intravital two-

photon microscopy to monitor fluorescently labeled MAgEC 10.5 in vivo and 

immunohistochemistry combined with laser scanning microscopy to analyze the behavior of 

these cells ex vivo.  

Fluorescent MAgEC 10.5 EPCs were injected into the common carotid artery of 

BALB/c mice. After injections, the brains were sectioned at various time points. We observed 

that most MAgEC 10.5 completely filled the capillary lumen in brain sections after injection. 

Later, some EPCs were flattened against and stuck to vessel walls. After about five days we 

observed a few MAgEC 10.5 cells integrated into brain capillaries. We were the first to show 

that EPCs adherent to the brain vasculature integrated into microvessels and took up endothelial 

morphology, established tight junctions, and formed vessel lumens together with neighboring 

endothelial cells.  Injected MAgEC 10.5 were almost exclusively detected in the hemisphere 

ipsilateral to the injection, suggesting that EPCs adhered to the vasculature shortly after 

injection and did not pass through the circulation multiple times. Early adhesion of EPCs in 

brain vessels after intracarotid injection was further supported by our finding of meager 

numbers of MAgEC 10.5 cells in peripheral tissues.  

To assess the dynamics of EPC-brain vasculature interactions for longer studies, we 

followed MAgEC 10.5-tomato cells in the brain of FVB/Ant: TgCAG-yfp sb #27 mice that 

express the Venus yellow fluorescent protein in endothelial cells by intravital two-photon 

microscopy. It was rare for MAgEC 10.5-tomato cells to stay at the same location for multiple 

days unless the cells were activated previously by TNFα. TNFα not only increased the number 

of adherent cells but also prolonged their adhesion at the same location. We also showed that 

the arrest of EPCs induced no changes in blood-brain barrier function, based on in vivo 

permeability assays using intravital two-photon microscopy with classical fluorescent tracers. 

Since MAgEC 10.5 cells can remain attached to brain vasculature for several days, they 

may serve as a means for local delivery of therapeutic agents. Our collaborators created 

MAgEC 10.5 derivative cell lines that release therapeutic fragment antigen-binding regions or 

Fabs. They showed that the Fabs secreted by these cells can solubilize the neurotoxic β-amyloid 

or TDP-43 protein aggregates in vitro. To evaluate whether this system can be used to introduce 

the therapeutic Fabs into the central nervous system. Our results showed that MAgEC 10.5 cells 

expressing anti-TDP-43 Fabs retained the transgene expression after adhering to the brain 
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vasculature in vivo. Most of the secreted Fab is localized at the vessel wall, but some could be 

detected in the brain parenchyma as well. These results demonstrate that antibodies secreted at 

the brain vasculature by transgenic EPCs can successfully penetrate into the brain parenchyma. 

The use of MAgEC 10.5 cells expressing anti-TDP-43 Fabs has two key aspects. First, the EPCs 

themselves help repair the damaged vasculature. Second, the cells secreted the therapeutic Fab 

at the site of therapy and introduced it into the brain parenchyma where it could help treat ALS 

by solubilizing TDP-43 aggregates.  

We investigated the integration of MAgEC 10.5-tomato cells using the 2VO model, 

employing the MAgEC 10.5-tomato cell line to show that it acts similar to the cell types used 

by others - in that it alleviates detrimental effects after ischemic injury and to study whether the 

integration of these cells could play a role in this. Our findings revealed significant tissue 

regeneration in mice injected with MAgEC 10.5-tomato cells following ischemic damage. 

Concurrently, the number of MAgEC 10.5-tomato cells in brain tissue and, more importantly, 

the number of integrated MAgEC 10.5-tomato cells, was significantly increased.  

Since senolysis eliminates senescent cells from tissues, we hypothesized that this 

process could enhance the adhesion of circulating EPCs by making space with the removal of 

the senescent cells. To test this hypothesis, we injected red fluorescent MAgEC 10.5-tomato 

cells into mice pretreated with senolytics. We found that the two senolytic treatments we used, 

Abt-263 and the dasatinib-quercetin combination both significantly increased the interaction of 

MAgEC 10.5-tomato cells with the vasculature in both young and old mice. Furthermore, we 

demonstrated that both senolytic treatments enhanced the integration of MAgEC 10.5-tomato 

cells in old mice. 

In conclusion, EPCs rapidly adhere to the vasculature following injection. We 

demonstrated that EPCs integrate into microvessels and contribute to vessel formation, 

underscoring their efficacy in promoting brain tissue healing after injury. Pre-activation of 

EPCs enhanced their interaction with the vasculature. TNFα emerged as a promising candidate 

for this purpose. Genetically modified EPCs can be used as a platform to introduce therapeutic 

Fabs directly into the brain parenchyma. EPCs adhered less to old brain vasculature compared 

to young brains, which was counteracted by combining EPC injections with senolytic therapy. 

Furthermore, we demonstrated not only increased adhesion but also increased integration of 

EPCs in response to ischemic injury that may form the basis of the regenerative potential of 

EPC-based treatment. Thus our study highlights the therapeutic potential of injected EPCs in 
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the brain vasculature which can be further enhanced using senolytics, EPC activation, and 

genetic modification of EPCs.  
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