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Abstract 
Stem cell-based therapy is one of the most promising therapeutics in the field of regenerative medicine. The stem cells involved in therapies include embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs) and adult stem cells such as human mesenchymal stem cells (hMSCs). These stem cell-based therapies have been applied to brain damage such as stroke and neurodegenerative diseases such as Alzheimer’s disease. However, there are still many challenges that need to be addressed. For example, transplantation of stem cells could result in the development of tumors and trigger immune rejection, etc. Thus, a cell-free therapy that is effective but could avoid the disadvantages of stem cell therapy would be attractive. Extracellular vesicles (EVs) are lipid bilayer membrane vesicles secreted by many cell types and packed with regulatory biological cargo, i.e., nucleic acids, proteins, and lipids. There has been a significant increase in research on human stem cell-derived EVs as cell-free regenerative therapies, targeted therapies, drug carriers, diagnosis biomarkers, and cancer vaccines. This study focuses on EV biogenesis of three-dimensional (3D) human stem cell aggregates or brain organoids, analyzing EV protein, microRNA (miRNA), and lipid cargo through multi-omics, and evaluating EV therapeutic functions.
EVs can be isolated from the conditioned media of cell cultures, and these EVs are referred to supernatant EVs (SuEVs) in this study. In contrast, some EVs are bounded in the extracellular matrix (ECM) and these EVs are defined as matrix-bound nanovesicles (MBVs). The first portion of this study used 3D hMSCs for EV harvesting. Since hMSC-derived SuEVs have been well explored, this portion focused on the MBV characterization. miRNA analysis of MBVs showed that 3D microenvironment enhances the expression of miRNAs such as miR-19a and miR-21. In vitro functional analysis showed that MBVs can facilitate human iPSC-derived forebrain organoid recovery after starvation and promote high passage fibroblast proliferation. In macrophage polarization, 2D MBVs tend to suppress the pro-inflammatory cytokine IL-12β, while 3D MBVs tend to enhance the anti-inflammatory cytokine IL-10. 
EVs secreted by human brain cells have great potential as cell-free therapies in various diseases including stroke. However, because of the significant amounts of EVs needed in preclinical and clinical trials, it is still challenging for EV application. Vertical-Wheel Bioreactors (VWBRs) have designed features that allow for scaling up the generation of human forebrain spheroid EVs under low shear stress. In the second portion of this study, human iPSCs were differentiated toward forebrain spheroids in VWBR, which grew as aggregates/spheroids or on microcarriers. The static aggregate/spheroid culture served as a control. Human forebrain spheroid differentiated on microcarriers showed higher growth rate than 3D aggregates. EVs from the three culture conditions showed no differences in size, but the yield from high to low were microcarrier culture, dynamic aggregates, and static aggregates respectively, which may be related to the metabolic pathways for bioreactor cultures as revealed by transcriptome analysis. The cargo was enriched with proteins (proteomics) and miRNAs (miRNA-seq) promoting axon guidance, reducing apoptosis, scavenging reactive oxygen species, and regulating immune responses. Human forebrain spheroid EVs demonstrated the ability of improve recovery in an in vitro stroke model.
  Extended culture time was performed  for spheroids to mature into  organoids (>30 days). In the third portion of this study, forebrain cortical organoids (iFCo) and hindbrain cerebellar organoids (iHCo) were derived from human iPSCs, and their EVs (including SuEVs and MBVs) were isolated and characterized. SuEVs contained more enriched miRNA cargo than MBVs, and miRNA relative abundance in the forebrain and hindbrain EVs changed during the maturation from spheroids to organoids. The iFCo and iHCo SuEVs were highly overlapped in their protein cargo based on proteomics analysis. The comparison between SuEVs and MBVs revealed more membrane proteins including integrin in MBVs, which could be one of the reasons that MBVs were retained in the ECM. Lipidomics data showed that MBVs had less amount of lipid content, but were enriched in glycerophospholipids and sphingolipids, leading to lipid membrane rigidity and recruitment of integral membrane proteins including integrins. In vitro stroke model revealed stronger recovery effects of MBVs than SuEVs at the same dose.
Currently, the ectoderm originated brain organoids lack the mesoderm originated microglia cells, which are the resident immune cells of the brain. In the fourth portion of this study, iFCo and isogenic microglia-like cells (MGCs) were generated from human iPSCs separately. MGCs expressed microglia markers and responded to Aβ42 and dexamethasone stimulation by regulating immune genes and carbon metabolic pathway genes. iFCo and MGCs were co-cultured for 7 days, and showed the promotion for both forebrain and microglia marker expression. Longer co-culture time could be performed for more mature microglia-containing brain organoids, which can be used as Alzheimer’s disease model, and to evaluate EV treatment.
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