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Abstract

:

Ischemic stroke is associated with a tremendous economic and societal burden, and only a few therapies are currently available for the treatment of this devastating disease. The main therapeutic approaches used nowadays for the treatment of ischemic brain injury aim to achieve reperfusion, neuroprotection and neurorecovery. Therapeutic angiogenesis also seems to represent a promising tool to improve the prognosis of cerebral ischemia. This review aims to present the modern concepts and the current status of regenerative therapy for ischemic stroke and discuss the main results of major clinical trials addressing the effectiveness of stem cell therapy for achieving neuroregeneration in ischemic stroke. At the same time, as a glimpse into the future, this article describes modern concepts for stroke prevention, such as the implantation of bioprinted scaffolds seeded with stem cells, whose 3D geometry is customized according to carotid shear stress.
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1. Introduction


Ischemic stroke continues to represent a devastating disease, associated with a tremendous economic and societal burden. Despite major progress in the field of stroke prevention in recent years, only a few therapies are available at this moment for the treatment of ischemic brain injury, and their effectiveness is limited in a significant proportion of cases.



The main therapeutic strategies available at present for the treatment of ischemic stroke are reperfusion, neuroprotection and neurorecovery. Unfortunately, only a small percentage of patients with ischemic stroke can benefit from the timely initiation of acute reperfusion therapies. At the same time, the most potent neuroprotective drugs have been shown to be ineffective in reducing the volume of infarcted brain tissue. Therefore, strategies promoting neurorecovery have started to play a more significant role in the complex management of ischemic brain injury [1].



Results of recent preclinical trials have shown that an ischemic injury of the brain tissue promotes neurogenesis and angiogenesis [2]. Therefore, the manipulation of endogenous neural precursors and endothelial cells, in order to enrich the intrinsic potential of neural cell regeneration, could represent a potential therapy able to promote functional recovery after ischemic cerebral injuries [3].



Angiogenesis, as a complex physiologic endogenous process, has proved to be a key neurorestorative mechanism triggered by ischemic injuries, associated with improved functional outcomes after ischemic stroke. Although the current available data supporting the role of angiogenesis in ischemic stroke are mainly derived from experimental animal models, therapeutic angiogenesis and vasculogenesis also seem to represent a promising tool to improve the prognosis of cerebral ischemia in clinical settings [4,5,6].



This review aims to present the current status of regenerative therapy for ischemic stroke and also the main results of major clinical trials addressing the effectiveness of neuroregenerative therapies for ischemic stroke. At the same time, as a glimpse into the future, the article describes modern concepts for stroke prevention, such as the implantation of customized bioprinted scaffolds, designed on the basis of carotid shear stress analysis.




2. Regenerative Tools in Modern Neurology


Stem cells (SCs) are self-renewing and undifferentiated cells capable of differentiating into more than 200 types of cells. The potential therapeutic effect of SCs is related to their role in cell differentiation, inflammation, immunomodulation and the stimulation of endogenous repair processes, such as angiogenesis and neurogenesis [7,8,9]. SC therapy has emerged as an encouraging regenerative tool in modern medicine, with potential applications in ischemic stroke as well as in other neurodegenerative disorders [10,11]. Cell-based therapies derive from the ability of SCs to proliferate and differentiate into new cells able to replace the damaged tissue. In the case of ischemic brain lesions, the hope behind SC therapy is that the replacement of damaged brain tissue by new cells originating from SCs could lead to the regeneration of the brain [8,12].



SC therapies are mainly based on two types of approach—endogenous and exogenous, both with their own advantages and disadvantages [11,13]. Endogenous SC therapy is based on the capacity of these cells to activate without inducing an immune response. In the case of ischemic stroke, this is the preferred type of SC therapy as it contributes to spontaneous neurogenesis in response to brain injury, in parallel with a reduced rate of adverse events. The exogenous approach is, by definition, the transplantation of SCs into the patient. This represents a promising therapy because exogenous SCs can replace the brain cells injured by stroke and can stimulate the secretion of neurotrophic factors [13].



2.1. SCs with Potential Applications in the Treatment of Stroke


Recent studies have investigated multiple cell lines capable of differentiating into potentially mature donor neuronal cells for the treatment of stroke. The most promising SC types from this point of view are neural stem cells (NSCs), endothelial stem cells (ESCs), inducible pluripotent stem cells (iPSCs), bone marrow stem cells (BMSCs), multilineage-differentiating stress-enduring cells (Muse), mesenchymal stem cells (MSCs), dental pulp stem cells (DSCs), adipose-derived stem cells (ADSCs) and c-kit+ cells [10,12,14,15,16].



NSCs result from the embryonic or fetal central nervous system, and their use can lead to different outcomes in acute and chronic stroke. These cells are able to differentiate into neurons, astrocytes and oligodendrocytes [11,17]. The neurorecovery potential of endogenous NSCs represents an attractive therapeutic target of regenerative medicine. Although NSCs are found in specific neurogenic regions, only those derived from the subventricular zone have the ability to migrate to the ischemic area caused by stroke [18]. The main advantage of NSC therapy in stroke is their potential to ameliorate neuroinflammation and to provide blood–brain barrier (BBB) protection, functional neuronal recovery, neurogenesis and angiogenesis.



MSCs are non-hematopoietic multipotent cells situated in the perivascular regions of different tissues, capable of differentiating into adipocytes, chondrocytes, osteoblastic cells, neurons, glia or endothelial cells [18,19]. They act through various mechanisms, such as immunoregulation, angiogenesis or neurogenesis, and represent an outstanding source of microRNA, growth factors and exosomes [7].



BMSCs are non-hematopoietic cells situated in the bone marrow with various functions in the proliferation and differentiation of hematopoietic cells [14,20]. Recent studies proved that BMSCs are able to influence neural behavioral after stroke, playing a significant role in neural cells’ proliferation and healing process due to their “nursing effect” and anti-inflammatory action [11,14,21]. The neuroprotective effect of BMSCs is mediated by the secretion of neuroprotective factors and the reduction of glutamate secretion [14].



Muse cells represent endogenous non-tumorigenic cells able to adapt under stress conditions, integrate into various damaged tissues and differentiate into neural cells, including neurons [14,22].



ESCs are bone marrow-derived immature cells that participate in endothelial repair and hemostasis through the secretion of cytokine and growth factors. Studies on mice have shown a significant reduction in the infarcted area after ESC transplantation, through their multiple beneficial effects at the level of cerebral vessels, leading to increased capillary density and reduced apoptosis [23,24].



DSCs are self-regenerating SCs that can rapidly proliferate, possessing the ability to secrete anti-inflammatory cytokines and neurotrophic factors, thus maintaining neuronal survival and stimulating axon regeneration and neuronal function recovery [12].



A new addition to the known types of stem cell sources with therapeutic potential is adipose tissue. Stem cells isolated from white adipose tissue represent an extremely versatile class of stem cells, holding greater differentiation potential and multipotency compared to other sources of stem cells [25]. Furthermore, in a recent study, exosomes from modified ADSCs were able to promote functional recovery after stroke in a rat model by improving angiogenesis. In this study, the administration of ADSC-derived exosomes increased cell proliferation and decreased neuron cell death compared with the control [26]. At the same time, ADSCs demonstrated the capacity to stimulate the expression of neuroprotective interleukins and brain-derived neurotrophic factors in the acute phase of brain injury, thus ameliorating brain damage after intravenous administration [27].




2.2. Growth Factors for Therapeutic Angiogenesis after Ischemic Stroke


Vasculogenesis involves de novo vessel formation by bone marrow-derived endothelial progenitor cells (EPCs) [28]. In ischemic conditions, EPCs are mobilized from bone marrow to hypoxic tissue in order to stimulate the neovascularization process [29]. Experimental studies have shown that an increased number of EPCs circulating during the first few days after the acute ischemic event is associated with a better outcome [30,31,32,33]. Moreover, intravenous administration of BMSCs in animal ischemic models proved to enhance the angiogenesis process [34]. Therefore, the exogenous supplementation of EPCs in stroke subjects might be a promising potential therapeutic strategy [35].



Besides cell-based therapies, growth factors have also been demonstrated to be involved in angiogenesis-based recovery after ischemic stroke, with vascular endothelial growth factor (VEGF) as the prototypical pro-angiogenic mediator [36]. Optimistic results from monotherapies involving VEGF administration proved that the delivery of VEGF to ischemic tissue could promote neurorecovery either directly via its neuroprotective properties or indirectly by inducing the angiogenesis process [37,38,39]. Moreover, preclinical studies showed a direct link between the administration of VEGF, stimulation of angiogenesis and reduction of brain infarct volume, with further improvement in neurological deficits [40,41,42]. However, the effect of VEGF therapy proved to be critically affected by the dosage, route of administration and time of delivery in relation to stroke onset.



Gene transfer with VEGF increases vascular permeability, a process required for further new endothelial cell migration. However, under specific conditions, beside its beneficial role, VEGF may actually induce hemodynamic steal by overexpression. Further, an untitrated response may lead to an alteration of the BBB with subsequent brain edema, vasodilatation and aberrant systemic hemodynamics [41,43,44,45].



The beneficial effect of VEGF proved to be time-dependent in relation to the ischemic process onset. Early administration in the hyperacute phase may promote edema formation and the hemorrhagic transformation of ischemic lesions, while delayed administration may present positive neurorepair effects. In terms of the administration route, intra-arterial and intravenous administration may alter the BBB, while the direct cortical or intracerebroventricular application of VEGF proved to be associated with a beneficial neuroprotective response. However, recent results showed that the adverse vascular permeability effects of VEGF might be obviated by a concomitant administration of angiopoietins [46,47,48].




2.3. Modulation of the Endogenous Angiogenic Response after Ischemic Stroke


While the transplantation of exogenous NSCs involves the risks of cellular death, failed integration and formation of tumors, endogenous NSCs can be involved in the regeneration process after stroke without any risk. However, previous experimental studies proved the intrinsic potential of endogenous NSCs to be insufficient, therefore external stimuli might be required to exploit their full therapeutic potential [49].



It is well known that an early initiation of physical activity after the acute event is able to enhance the angiogenic response, with further improvement in long-term outcomes, after stroke [50]. In the recovery period, physical training is able to induce a more robust angiogenic capacity through an increased production and recruitment capacity of EPCs [51]. The magnitude of this increase is directly associated with a better functional outcome [33]. Moreover, exercise preconditioning was proven to increase the tolerance to brain ischemia via a series of mechanisms, including the induction of VEGF and the stimulation of angiogenesis [52].



Pharmacologic interventions on the endogenous angiogenic response could also play a significant role in the modulation of angiogenic response after stroke. In animal models of focal cerebral ischemia, statins show neuroprotective and neurorestorative effects, which are independent of the level of cholesterol. These effects result in a limitation of ischemic insult and an improvement in functional outcome. Data available from in vivo and ex vivo research studies show that statins at low doses induce a biphasic, dose-dependent effect, with proangiogenic actions via the upregulation of EPCs and the induction of the expression of angiogenic factors (such as VEGF), while at higher concentrations they induce a strikingly contrasting angiogenic response [53,54,55,56].



Recent studies demonstrated that type 5 phosphodiesterase inhibitors are an important modulator of angiogenic potential [57,58,59]. The administration of sildenafil or tadalafil in animal ischemic models can enhance angiogenesis and improve functional recovery when initiated in the hyperacute phase of the ischemic event [60,61]. At the same time, several experimental findings suggest a cytoprotective effect of glitazones via the upregulation of both the number and function of EPCs [62,63].



Neural cell adhesion molecule (NCAM)-derived peptide FG loop (FGL) has been proven to be involved in the natural modulation of synaptogenesis, neurogenesis and SC proliferation. Via its capacity to cross the BBB, the small synthetic FGL could represent an attractive candidate molecule for enhancing endogenous NSC regeneration properties. In cerebral ischemia conditions, previous animal in vivo studies showed a significantly increased endogenous NSC mobilization with further acceleration of the endogenous regeneration process after systemic FGL treatment. Moreover, anti-inflammatory effects of FGL administration have been postulated, as NCAM mimetic modulates the M1/M2 polarization of microglia with further protective effects. Thus, NCAM-FGL presents the potential to enhance the cerebral self-repair mechanism after the acute ischemic event [49].





3. Therapeutic Effects of SCs after Ischemic Stroke: Neuroprotection or Neuroregeneration?


The use of SCs has exhibited promising results in pre-clinical neurological injury models as well as in neurodegenerative diseases. Several animal models have been developed for ischemic stroke to investigate the underlying repair mechanism and the therapeutic potential of SCs. In healthy conditions, the BBB is impenetrable even for cells of the peripheral immune system. Ischemic conditions activate matrix metalloproteinases (MMPs), which cause the disruption of the BBB, allowing activated immune cells to penetrate into the brain tissue, followed by the release of inflammatory mediators causing edema, an increase in intracranial pressure, hypoxia and subsequent further cell death. These circumstances offer the opportunity for administered SCs to directly penetrate and infiltrate into the injured brain territory in order to exhibit their reparative effect [64].



Numerous studies have demonstrated the efficiency of SC transplantation in different phases of the post-stroke period. SCs administered in the early phases (0–2 days) of the event had better survival rates compared to later (6 weeks) transplantation. These studies concluded that the administration of SCs in the acute and sub-acute phases of ischemic stroke had a neuroprotective role, which was evidenced in a reduced infarct volume and improved functional recovery.



The reparative mechanism is achieved via the multiple ways in which SCs can mediate the regeneration process. The endogenous repair mechanism relies on the expression of neural progenitors in the subventricular and subgranular zone of the brain, where SCs can mediate the upregulation of chemotactic and angiogenic factors that ultimately lead to the formation of new blood vessels in the infarcted zone and favor the migration of neuroblasts to restore the affected neurons. SCs can also provide trophic support for the ischemic parenchyma by normalizing the microenvironment and improving the survival of neurons [65]. This process is achieved by the secretion of stimulating factors, such as brain-derived neurotrophic factor and glial cell-derived neurotrophic factor, which provide support for the damaged regions, prevent further cell death and additionally promote neurogenesis, leading to improved functional recovery [66].




4. Paracrine Effects of SCs and Neuroinflammation


Another mechanism by which SCs stimulate neuroregeneration is via autocrine and paracrine effects [67]. BMSCs have the ability to regulate the inflammatory response by secreting chemokines and growth factors, such as nerve growth factor, colony-stimulating growth factor and VEGF, which were proven to limit cell destruction and were associated with improved functional recovery following ischemic stroke in pre-clinical studies [68]. Chronic neuroinflammation mediated by astrocytes and microglia extends over the sub-acute phase of an ischemic stroke and can lead to cerebral edema, neuronal destructions and a further extent of the injured brain zone. The sub-acute administration of SCs can mediate and suppress oxidative stress and apoptosis while stimulating neural reorganization and neuroregenerative processes, such as angio-, neuro-, or synaptogenesis [65,69,70].



Inflammation plays an important role in the regenerative process of an injured tissue by moderating cell migration, adhesion and promoting angiogenesis [71]. Recent studies highlighted that the implanted SCs not only act as a replacement for the affected tissue but also exhibit an important paracrine effect. Induced pluripotent SCs, embryonic SCs and BMSCs can be genetically edited to express anti-inflammatory, antiapoptotic and neuroprotective proteins with the promotion of angiogenesis and infiltration of NSCs. Recent studies suggest that combinative therapies of SC transplantation and the administration of growth factors (e.g., granulocyte-CSF) can lead to better functional outcomes compared to monotherapy by promoting angiogenesis and neurogenesis, and by reducing neuroinflammation [72].




5. Therapeutic Stem Cells after Ischemic Stroke: Current Status


In patients with stroke, treatment options include a combination of thrombolysis and catheter-based interventional procedures in the acute phase, followed by the administration of neuroprotective pharmacological agents. Neuroprotective medications failed to demonstrate promising results with respect to patient recovery and neurological outcomes. Thrombolysis is restricted by a short timeframe applicability and several patient-related contraindications, while catheter-based interventional procedures require a specific infrastructure with trained specialists in comprehensive stroke centers [73,74,75]. Moreover, combining cell therapies with the current treatment options, as well as their use in subjects who are eligible for neither lytic nor interventional therapies (the “no-option” patients), could represent an alternative solution associated with an overall improvement in neurological outcomes, reduced adverse events and increased health-related quality of life [76].



Since 2005, there has been a significant increase in the publication of clinical trials regarding SC therapies in stroke patients, using a wide array of different cell types [77]. Preliminary results suggest that cell therapies for stroke are feasible, with acceptable safety regardless of the delivery route, cell type or administration time from index event [78].



A search in the National Institutes of Health clinical trial database using the keywords “stem cells” and “ischemic stroke” (www.clinicaltrials.gov) (access on 3 March 2019) identified a number of 12 clinical trials completed. The studies included a total of 761 ischemic stroke subjects who underwent SC therapies via various routes of administration (Table 1). The chosen delivery route included intravenous SC infusion in five trials, exclusive intraarterial administration in the ipsilateral middle cerebral artery in three studies, an intracerebral delivery route in three trials, and a mixed intraarterial–intravenous route in one study. All the 12 trials are phase 1 or 2 studies, which aimed to evaluate the safety and feasibility of SC therapies in these patients, with a follow-up period ranging from 7 days to 24 months.



The completed trials tested the efficacy and safety of cell administration in ischemic stroke, with a large intervention timeframe from the index event ranging from hours to years. However, the intracerebral administration is reserved for patients with chronic stroke, usually at 6 to 60 months from the index event, while the intraarterial and intravenous administrations are more suitable within hours or days of stroke onset. Unfortunately, each cell delivery route is associated with different complications. Intracerebral administration, usually performed by stereotactic neurosurgery at the site of the damaged tissue, is associated with several procedural complications, including intracerebral hemorrhage and tissue damage secondary to the introduction of delivery devices, such as cannulas or needles. Despite this, the translation of SCs in unifocal lesions has been proven safe and feasible, the benefits outweighing the potential risks of brain damage. Nonetheless, the risk–benefit balance is reversed in multifocal lesions or repeated brain injections. Other complications associated with this route of injection include headache, somnolence or subdural hematomas [75,91,92,93,94].



In order to avoid the procedural complications of the stereotactic intracerebral implantation of SCs, alternative administration routes have been proposed, including intraventricular and intrathecal deliveries as well as intranasal catheter infusion, which is still undergoing preclinical animal investigation, with promising results in cerebral malignancies [95,96,97,98].



The intravascular transplantation of SCs, including intravenous and intraarterial routes, is a less invasive procedure that has been tested in clinical trials for ischemic stroke patients. Studies have shown that intravenous and intraarterial SC transplantation is associated with a significant decrease in the neurological deficits of stroke patients and a reduced size of the cerebral infarction and can even initiate brain tissue regeneration by releasing various cytokines and growth factors [99,100,101,102,103]. However, both intravenous and intraarterial routes seem to be associated with an array of complications and risks [75]. These include the formation of cellular emboli with consecutive systemic and pulmonary vascular obstruction, microembolism within the cerebral microvasculature, the capillary trapping of cells with impaired function due to the loss of concentration of cellular product at the lesion site as well as immunological response against the cell graft, which typically occurs in non-autologous transplantation.



Such complications can be avoided by using autologous cells for the prevention of immunological reactions, and by using cells with a smaller size and diameter, such as bone marrow-derived mononuclear cells. These types of cells are less likely to be filtered, in comparison to NSCs or MSCs [104,105,106,107,108,109].



Other complications that are not related to the delivery method of SCs in stroke patients include tumor and teratoma development, uncontrolled tissue proliferation and the ectopic implantation of the cell graft [75,110,111,112]. Seizures are a frequent adverse event following stroke, and their occurrence has also been linked to cell therapies for non-neurological conditions. [113,114]. Interestingly, Rosado de Castro et al. (2013) have shown that intraarterial implantation is associated with a lower seizure rate compared to the intravenous administration of SCs in a population of subacute ischemic stroke patients [78].



The success of cell therapies for stroke also depends on the type of cell used, which may vary. Embryonic SCs have the capacity to evolve in different neuronal and glial cellular elements, thus restoring the synaptic connections in ischemic brain lesions [115,116]. Another cellular lineage used in ischemic stroke is represented by the neural precursor cells that physiologically reside in the hippocampus and are able to form interneuronal connections, but also differentiate into neurons and astrocytes [76,117,118]. MSCs can be harvested from different histological sites, including bone marrow, adipose tissue, placenta and umbilical cord, and are able to differentiate into virtually any type of tissue. Bone marrow-derived mesenchymal autologous stem cells (BMMSCs) were the subject of many clinical and preclinical studies on ischemic stroke as they have been shown to endorse synaptogenesis and brain tissue regeneration and to improve motor and sensory functions, concomitantly having immunomodulatory effects on the inflammatory mediated immune response following cerebral ischemia. Autologous BMMSCs have the advantage of being safe from triggering autoimmune reactions, which may be present in the use of non-autologous cell therapies, and of having been proven safe and feasible in human clinical trials for stroke [119,120,121,122]. Induced pluripotent SCs, derived from programming fibroblasts and mononuclear cells from the peripheral blood, have been successfully used in stroke patients. Their use has been associated with absent immune rejection, reduced brain infarct zone, the recovery of neurological functions, neuroprotection by preserving the normal brain metabolism and diminishing the deleterious inflammatory response triggered by cerebral ischemia [123,124,125].



ADSCs have also demonstrated a significant potential to produce neurological improvement after stroke. In a recent study, allogeneic adipose-derived mesenchymal SCs produced neurological improvement in a rat model of stroke, via stimulating both angiogenesis and neurogenesis [126]. At the same time, another recent study demonstrated the potential of ADSCs to improve rehabilitation and functional recovery in experimental stroke [127].



Six ongoing active studies were identified in the search in the National Institutes of Health clinical trial database (www.clinicaltrials.gov) (accessed on 03 March 2019), out of which two are phase I interventional studies, two are phase II interventional randomized double-blind trials, one is a phase II/III open-label randomized study and one is a randomized double-blind placebo-controlled study on cell translation in ischemic stroke at different timeframes from the onset of the acute cerebrovascular event (Table 2). The evaluated route of delivery for SCs in the six studies is either intracerebral, via stereotactic neurosurgical interventions, or by the intravenous administration of the cell product, with none of the ongoing trials using the intraarterial route. The time from the index event to the study intervention varies from a minimum of 36 h up to 90 months, with an overall estimated stroke population of 816 subjects and a follow-up period ranging from 3 to 12 months.



The primary outcome measures are the improvement of functional and structural neurological functions evaluated by various scales, including the modified Rankin Scale, the Fugl–Meyer motor scale or the National Institutes of Health Stroke Scale (NIHSS) [132,133,134].



Investigation of Neural Stem Cells in Ischemic Stroke (PISCES III) is another ongoing Phase IIB randomized, placebo-controlled clinical trial which uses stereotactic intracerebral injections of NSCs in ischemic stroke patients 1 year after the event, with an assessment of the functional improvement of the patient at 6 months’ follow-up.



The results of these ongoing studies will contribute to elucidating the role of SC therapy in ischemic stroke and to identifying the most appropriate timing and route of administration in order to maximize their neuroprotective and neuroregenerative effects.




6. Carotid Endothelial Shear Stress and Ischemic Stroke


One of the major causes of ischemic stroke is the embolization of an atheromatous material, most frequently originating from an atherosclerotic plaque located in a carotid artery. Atheromatous plaque formation, progression and vulnerabilization is a complex process influenced by various factors, one of them being represented by endothelial shear stress (ESS) [135,136,137,138].



ESS is also influenced by atherosclerotic plaque morphology. Unstable atherosclerotic plaques generally present a typical phenotype, which includes a more voluminous necrotic core, higher lipidic burden, spotty calcifications within the plaque as well as a lower calcium density compared to non-vulnerable plaques. Additionally, one of the possible culprit factors for atheromatous plaque vulnerabilization is the modification of ESS [139].



ESS represents the friction forces acting on the endothelium as a result of blood flow and has been demonstrated to play a crucial role in atherosclerosis [140]. It has been suggested that ESS regulates the production of endothelium-derived vasoactive factors, maintaining vascular tone and protecting the vascular wall from atherosclerosis [141]. A low shear stress at the level of carotid arteries has previously been associated with a risk of plaque progression and also with an increased carotid intimal-media thickness, a surrogate marker of atherosclerosis [142,143,144].



The alteration of the carotid ESS plays a significant role not only in atheromatous plaque formation and progression but also in its vulnerabilization, a process that modifies the composition of the plaque towards a more unstable phenotype, increasing the risk of distal embolization and thus being directly linked with the risk of stroke. In a clinical study on 22 stroke patients and 143 controls, Jeong et al. demonstrated that carotid ESS is significantly lower in patients who experienced ischemic stroke as compared to controls, indicating a possible causal relationship between carotid ESS and ischemic brain injury [145].



Preclinical studies have demonstrated that low ESS and oscillatory ESS can cause thin-cap fibro-atheroma formation, a marker of increased vulnerability in atherosclerotic plaques, and may facilitate pro-inflammatory macrophage programming at this level [146]. A recent study on 100 patients undergoing endarterectomy found that the alteration of carotid ESS is directly associated with embolic signals during carotid exposure in endarterectomy, demonstrating the role of ESS in atheromatous plaque embolism, a main cause of ischemic stroke [147]. Moreover, the relationship between low ESS and ischemic stroke has been clearly evidenced by the study of Jeong et al., who found that carotid ESS is significantly lower in patients with lacunar infarction as compared to controls [145]. At the same time, a recent study published by Pedigri et al. on ApoE−/− mice, demonstrated a direct link between the magnitude and direction of shear stress and the composition of atherosclerotic plaques in the carotid arteries. Authors showed that ESS magnitude contributes to the transformation of plaque morphology into a more vulnerable phenotype, while variations in ESS magnitude and direction may promote plaque formation with more stable features [148]. This study indicates that the modification of ESS via external intervention may lead to a modification of plaque morphology and decrease the risk of plaque embolization and stroke. However, the nature of such an intervention is still uncertain, and this approach remains a real challenge.



A potential intervention for the regulation of carotid ESS, changing it into a more physiologic pattern, could be the implantation of dedicated scaffolds at the level of carotid artery stenosis, scaffolds with a 3D geometry customized on the basis of personalized ESS analysis by computational image processing.




7. Three-Dimensional Bioprinted Scaffolds Seeded with Stem Cells in Carotid Arteries: An Emerging Tool for Stroke Prevention


It is well known that spontaneous cellular regeneration following ischemic stroke is not sufficient for the functional restoration of neural tissue [149]. Engineered scaffolds can provide a unique biocompatible three-dimensional microenvironment that can endorse the growth and in vivo survival of therapeutic cells seeded on the scaffolds. Thus, the transfer of various SCs has been assessed to establish their potency and safety in the treatment of stroke. The SC types most used for bioprinting applications are NSCs, MSCs, HSCs, iPSCs and ESCs [123].



It has been shown that MSCs can replicate the biological three-dimensional network of cells and the extracellular matrix, resulting in MSCs with an “in vivo-like” microenvironment, which can be better preserved [150,151]. Moreover, recent studies have shown that MSCs can be assembled as spheroid-shaped cellular structures by 3D engineering techniques providing efficient differentiation toward neuronal-like phenotypes [152].



It has also been shown that the neuroprotective properties of NSCs may represent fundamental characteristics of their biological constitution [153]. An electrically conductive three-dimensional scaffold was recently designed as an innovative NSC delivery system that improved the recovery of neurological functions after stroke [154]. Current applications of NSCs impregnated on an engineered scaffold and transplanted into the adult rat spinal cord determined promising effects by improving the reduction of necrosis in the brain parenchyma and by preventing inflammation and glial scar formation [155]. The improvement of dynamic culture parameters through bioprinting could aid the efficient construction of 3D SC-seeded scaffolds [156,157].




8. Tissue Engineering and Bioprinting for Ischemic Stroke


Advances in regenerative medicine are increasingly offering new frontiers to repair damaged tissue by using biomaterials. Thus, engineered tissues are designed to encompass specialized regeneration characteristics for different tissues or organs.



Specific regenerative tissues can be generated by using bioprinting, a modern technology which consists of mixing a number of cells and biomaterials distributed with a high precision in order to obtain compositional characteristics of host tissues [158]. Various techniques can be used for bioprinting, such as: Laser-based printing using a laser to vaporize a site in the scaffold layer where bioink drops, droplet-based printing by delivering small droplets of bioink sequentially to form tissues, extrusion-based printing by extruding bioink layer-by-layer and stereolithography-based printing using a light projector to selectively deliver bioinks plane-by-plane [159].



The bioprinting process starts with designing scaffold geometry on the basis of clinical images, which are converted to a stereolithography (STL) file. The selected cell types and biomaterials form the bioink, which is bioprinted onto the scaffold by depositing the bioink under the control of a computer. The engineered tissues are verified by microscopy, and the bioprinted scaffolds are then moved to an incubator for culturing [160,161]. The most frequently used cells to fabricate this kind of highly specialized tissue are BMSCs, MSCs and SCs from amniotic fluid or placenta [162].



The efficacy of tissue engineering used in ischemic stroke depends on a few generic conditions, such as: Using three-dimensional scaffolds to achieve biocompatible integration in stroke tissue, using an appropriate quantity of cells to initiate the regeneration process and the employment of adequate growth factors that control cell differentiation [163].



Advanced Biomaterials in the Treatment of Stroke


Biomaterials are compounds used in tissue engineering designed to encapsulate drugs or molecules. In stroke treatment, the main advantage of using biomaterials is the possibility to enhance graft cell survival, proliferation, migration and differentiation, favoring integration within the host neuronal tissue, with minimal immune response [163,164,165]. Biomaterials can be either natural or synthetic, offering different properties, which can influence biomaterial effectiveness and host tissue response [166].



Among natural polymers, hyaluronic acid, alginate and collagen are the most frequently used compounds that have already been tested and used in medical applications, including in the treatment of stroke [166,167]. Hyaluronic acid is used as an injectable hydrogel, applied in order to gain a controlled transfer of erythropoietin (EPO) in the stroke treatment, which endorses neurogenesis and tissue repair [168]. Alginate is another compound derived from brown algae. It has been especially used as an encapsulating biomaterial of VEGF, which induces structural and functional protection from ischemic stroke damage [169]. Collagen is an elemental component of the extracellular matrix, which provides appropriate structural and immunogenic properties. It has been used as a hyaluronan–heparin–collagen hydrogel mixture and as collagen type I.



Synthetic biomaterials are engineered compounds with analogous structural characteristics to surrounding cells, allowing for better extracellular networking and biochemical stability. Poly L-lactic acid-co-glycolic acid is a synthetic biomaterial used especially for three-dimensional scaffolds in tissue engineering and as a vehicle for delivering a number of therapeutic factors, such as T3 thyroid hormone, EGF and EPO. The combination of these factors has been shown to determine improved neurogenesis and promote the development of a local vascular network [170,171]



A series of recent clinical studies evaluated the clinical safety of engineered tissues seeded with SCs [172,173]. One clinical study investigated the effect of such an approach based on autologous MSCs administered several months after stroke using MRI control, which detected a decrease of 20% in lesion volume with no adverse events [119]. In another clinical study, HSC therapy for acute stroke led to improved clinical outcomes as expressed by a significant reduction in the National Institute of Health Stroke Scale score at 6 months after the stroke event [100]. Preliminary data indicate that biomaterials sustaining tissue engineering and facilitating SC grafting in the damaged brain could represent a promising technique for stroke treatment. The clinical safety and biocompatibility of engineered tissues are still the main issues to be solved in order to introduce this approach in clinical settings.





9. Bioprinted Scaffolds Customized on the Basis of Carotid Shear Stress Analysis: A Modern Approach for Stroke Prevention


Atherosclerotic plaque formation occurs more frequently in areas with low or oscillatory ESS, such as bifurcations or inner arterial curvatures, anatomical conditions which favor non-laminar flow [140,174]. This observation led to the hypothesis that the correction of anatomical conditions that favor oscillatory ESS, leading to the restoration of a more physiological ESS pattern, could be associated with a more stable phenotype of atherosclerotic plaques in the entire carotid tree, thus reducing the risk of atheromatous plaque embolization into the brain arteries and therefore reducing the consequent risk of stroke.



This correction could be achieved by the implantation of customized scaffolds at the site of severely stenotic carotid arteries, scaffolds with a 3D geometry preliminarily tested via a computerized simulation of carotid flow. Computational fluid dynamics based on complex image post-processing have become largely available in recent years, allowing flow simulation at different levels in the arterial tree [175]. This is a modern technology largely used nowadays to virtually test implantable devices via determining the pattern of arterial flow in response to the implantation of various biomaterials. Therefore, this technique allows the selection of the most appropriate implantable biomaterial type, configuration or size, namely the one which is associated with the most physiological pattern of ESS in virtual experiments.



Taking into consideration the benefits demonstrated by SC therapy in ischemic stroke and its potential for neuroprotection and neuroregeneration, a modern therapeutic approach could combine the production of customized 3D scaffolds for the correction of carotid stenoses with the possibility to bioprint SCs onto these scaffolds. The concept of this modern approach is illustrated in Figure 1.



This revolutionary therapy would integrate in the same platform the beneficial effects resulting from the correction of carotid ESS with the therapeutic potential of SCs, providing plaque stabilization at the level of carotid arteries with simultaneous neuroprotection and neuroregeneration at the level of the ischemic brain. This requires the integration of multiple cutting-edge technologies, such as computational ESS analysis, scaffold customization, advanced 3D bioprinting and modern tissue engineering techniques.



At present, this remains a challenging hypothesis that should be tested not only in virtual experiments but also in clinical settings, representing a modern approach for stroke prevention that requires further validation.




10. Conclusions


In conclusion, regenerative therapy represents a key component in the complex management of ischemic stroke, and the main results of major clinical trials indicate beneficial effects of SCs in ischemic brain injury, facilitating angiogenesis, neuroregeneration and neuroprotection. New therapies are still under investigation in this clinical setting, including ones that modulate ESS for stroke prevention or the use of bioprinted scaffolds for brain regeneration. As a glimpse into the future, a challenging approach based on the development of bioprinted scaffolds seeded with SCs customized on the basis of carotid shear stress analysis remains to be further validated.
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Figure 1. Stem cell therapy in ischemic stroke: (a) Vulnerable carotid artery plaque with altered endothelial shear stress (ESS) resulting in ischemic stroke; (b) 3D scaffold providing plaque stabilization, the correction of carotid stenosis and ESS with simultaneous neuroprotection and neuroregeneration at the level of the ischemic brain. 
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Table 1. Completed clinical trials on stem cell research in ischemic stroke patients in the clinicaltrials.gov database.
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	Year
	Title
	Study Design
	Objectives
	Number of Enrolled Patients
	Condition
	Stem Cell Type
	Route of Administration/Delivery
	Time after Stroke
	Follow-up Period
	Primary Outcome Measures
	Clinical Trial Identification Number





	2015–2017
	Intraarterial Stem Cells in Subacute Ischemic Stroke [79]
	Phase 1; interventional; prospective randomized end observer blinded study; test group (stem cell therapy) vs. control group (standard of care)
	Evaluation of the safety of intervention
	229 (18–80 years old)
	Acute MCA ischemic stroke
	Autologous BMMNC stem cells
	Intraarterial: Ipsilateral MCA
	0–15 days
	6 months
	- Change in NIHSS

- Symptomatic intracranial hemorrhage

- New ischemic lesion

- Death
	NCT03080571



	2009–2011
	Stem Cell Therapy for Acute Ischemic Stroke Patients [80]
	Phase 2; interventional; prospective randomized end observer blinded study; test group (stem cell therapy) vs. control group (standard of care)
	Evaluation of the efficacy of intervention
	120 (18–70 years old)
	MCA/ACA ischemic stroke
	Autologous BMSCs
	Intravenous
	7–29 days
	6 months
	Functional ability to perform activities of daily living on MBI score
	NCT02425670



	2014–2017
	A Phase II Efficacy Study of Intracerebral CTX0E03 DP in Patients with Stable Paresis of the Arm Following an Ischemic Stroke [81]
	Phase 2; interventional; prospective randomized efficacy study; non-comparative study
	Evaluation of the efficacy of intervention
	23 (≥40 years old)
	MCA ischemic stroke; arm paresis
	Allogenic human neural stem cell (CTX DP)
	Intracerebral
	>28 days
	12 months
	A minimum of 2 points of improvement in the ARAT test number 2
	NCT02117635



	2014–2017
	Reparative Therapy in Acute Ischemic Stroke with Allogenic Mesenchymal Stem Cells from Adipose Tissue, Safety Assessment, a Randomized, Double-Blind Placebo-Controlled Single-Center Pilot Clinical Trial (AMASCIS-01) [82]
	Phase 2; interventional; prospective randomized double-blind, efficacy study; test group (stem cell therapy) vs. control group (placebo)
	Evaluation of the efficacy of intervention
	19 (60–80 years old)
	Ischemic stroke
	Allogenic MSC from adipose tissue
	Intravenous
	12 h
	24 months
	- Serious adverse events

- Neurological and systemic complications

- Development of tumors.
	NCT01678534



	2008–2011
	Intravenous Autologous Bone Marrow-Derived Stem Cells Therapy for Patients with Acute Ischemic Stroke [83]
	Phase 2; interventional; prospective randomized double-blind, safety, feasibility and efficacy study; test group (stem cell therapy) vs. control group (placebo)
	Evaluation of the safety, feasibility and efficacy of intervention
	120 (18–70 years old)
	Acute ischemic stroke
	Autologous BMSCs
	Intravenous
	7–30 days
	6 months
	Difference between the two groups in MBI score
	NCT01501773



	2011–2015
	Study to Examine the Effects of MultiStem in Ischemic Stroke (MASTERS) [84]
	Phase 2; interventional; prospective randomized double-blind, safety and effectiveness study; test group (stem cell therapy) vs. control group (placebo)
	Evaluation of the safety and potential effectiveness of intervention
	134 (18–83 years old)
	Ischemic stroke
	Adult stem cell investigational product, MultiStem (BMSCs, allogenic)
	Intravenous
	1–2 days
	7 days

90 days

365 days
	- Frequency of dose-limiting adverse events

- Stroke recovery
	NCT01436487



	2011–2015
	A Phase 1/2A Study of the Safety and Efficacy of Modified Stromal Cells (SB623) in Patients with Stable Ischemic Stroke [85]
	Phase 1, phase 2; interventional; safety and efficacy study; single group assignment
	Evaluation of the safety and potential effectiveness of intervention
	18 (18–75 years old)
	Chronic, stable ischemic stroke patients
	Modified stem cells, SB623
	Stereotactic surgical implantation
	6–60 months
	2 years
	Safety (WHO criteria); Improvement in stroke symptoms
	NCT01287936



	2009–2010
	Efficacy Study of CD34 Stem Cell in Chronic Stroke Patients [86]
	Phase 2; interventional; prospective randomized double-blind, safety and effectiveness study; test group (stem cell therapy) vs. control group (conventional treatment)
	Evaluation of the safety and efficacy of intervention
	30 (35–70 years old)
	MCA ischemic stroke
	Autologous peripheral blood stem cell (CD34+)
	Intracerebral
	6–60 months
	1,2,4,12 weeks, 6,12 months
	NIH-stroke scale (NIHSS)
	NCT00950521



	2010–2017
	Intravenous Stem Cells After Ischemic Stroke

[87]
	Phase 2; Interventional; prospective randomized double-blind, safety and effectiveness study; test group (stem cell therapy) vs. control group (conventional treatment)
	Evaluation of the safety and efficacy of intervention
	31 (18–70 years old)
	Ischemic stroke
	Autologous MSCs
	Intravenous
	14 days
	2 weeks, 1,2,4,6 months; 1,2 years
	Feasibility and tolerance of the intravenous injection of autologous mesenchymal stem cells in patients with carotid ischemic stroke
	NCT00875654



	2008–2011
	Autologous Bone Marrow Stem Cells in Middle Cerebral Artery Acute Stroke Treatment [88]
	Phase 1, phase 2 trial. Interventional; prospective.
	Evaluation of the safety and efficacy of intervention
	20 (18–80 years)
	MCA * ischemic stroke
	Autologous CD34+ BMSCs
	Intraarterial—in the MCA *
	5–9 days
	1,3,6 months
	Absence of new neurological deficits and adverse effects during the timeframe
	NCT00761982



	2007–2012
	A Phase I/II Safety and Tolerability Study Following the Autologous Infusion of Immuno-selected CD34+ Subset Bone Marrow Stem Cells into Patients with Acute Total Anterior Circulation Ischemic Stroke [89]
	Phase 1, phase 2 trial. Interventional; prospective; non-randomized; single group study; safety and tolerability study.
	Evaluation of the safety and tolerability of intervention
	5 (30–80 years old)
	Total or partial anterior circulation syndrome; acute ischemic stroke
	Autologous CD34+ BMSCs
	Intraarterial—in the ipsi