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Background: Recently, the in vitro blood–brain barrier (BBB) models derived from human pluripotent stem cells have been given extensive attention in therapeutics due to the implications they have with the health of the central nervous system. It is essential to create an accurate BBB model in vitro in order to better understand the properties of the BBB, and how it can respond to inflammatory stimulation and be passed by targeted or non-targeted cell therapeutics, more specifically extracellular vesicles.
Methods: Brain-specific pericytes (iPCs) were differentiated from iPSK3 cells using dual SMAD signaling inhibitors and Wnt activation plus fibroblast growth factor 2 (FGF-2). The derived cells were characterized by immunostaining, flow cytometry, and RT-PCR. In parallel, blood vessels organoids were derived using Wnt activation, BMP4, FGF2, VEGF, and SB431542. The organoids were replated and treated with retinoic acid to enhance the blood–brain barrier (BBB) features in the differentiated brain endothelial cells (iECs). Co-culture was performed for iPCs and iECs in the transwell system and 3D microfluidics channels.
Results: The derived iPCs expressed common markers PDGFRb and NG2, and brain-specific genes FOXF2, ABCC9, KCNJ8, and ZIC1. The derived iECs expressed common endothelial cell markers CD31, VE-cadherin, and BBB-associated genes BRCP, GLUT-1, PGP, ABCC1, OCLN, and SLC2A1. The co-culture of the two cell types responded to the stimulation of amyloid β42 oligomers by the upregulation of the expression of TNFa, IL6, NFKB, Casp3, SOD2, and TP53. The co-culture also showed the property of trans-endothelial electrical resistance. The proof of concept vascularization strategy was demonstrated in a 3D microfluidics-based device.
Conclusion: The derived iPCs and iECs have brain-specific properties, and the co-culture of iPCs and iECs provides an in vitro BBB model that show inflammatory response. This study has significance in establishing micro-physiological systems for neurological disease modeling and drug screening.
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INTRODUCTION
Human brain organoids derived from human pluripotent stem cells provide attractive tools to study human brain tissue, which exhibits a distinct gene expression profile compared to that of mice (Qian et al., 2016; Song et al., 2020; Martinelli et al., 2022). Vascularization of human brain organoids not only provides the nutrients and oxygen to increase the organoid size but also recapitulates the complex cell–cell interactions that can promote neuronal differentiation and network formation (Cakir et al., 2019; Shi et al., 2020; Garreta et al., 2021; Matsui et al., 2021). Human brain endothelial cells (BECs), pericytes, and astrocytes form the blood–brain barrier (BBB) that expresses human-specific transporters, displays the heterogeneity among different brain regions as well as between human and other species and is altered during the pathological disease progression such as neurodegeneration, brain tumorigenesis, and Zika virus infection (Wilhelm et al., 2016; Blanchard et al., 2020; Lee et al., 2020; Chen W et al., 2021; Schaffenrath et al., 2021).
The functionality and the components of in vitro BBB models have been investigated in recent years. However, only a smattering of the mechanisms of the immune response and dysfunction has been known. It is necessary to establish an in vitro BBB model with complete structures and functionalities. In particular, brain pericytes are the cells that have multiple functions and reside along BEC in the BBB microvasculature (Brown et al., 2019; Heymans et al., 2020). Recently, it was discovered that pericytes have been implied in cerebral blood flow regulation and BBB maintenance (Brown et al., 2019). Mainly, the constant cross talk and interaction with pericytes and glial cells allow BECs to function properly and react accordingly to changes under physiological conditions (Daneman et al., 2010). The mice with no brain pericytes exhibited BEC hyperplasia, increased vascular permeability, and increased vessel diameter, thus leading to death at birth (Daneman et al., 2010). To date, the major challenge of establishing in vitro BBB models is to recapitulate the high transendothelial electrical resistance (TEER) value observed in vivo (Lauschke et al., 2017). The BBB properties are not intrinsic to endothelial cells, but rather to the complex interaction of BECs with brain pericytes, astrocytes, and neurons (Campisi et al., 2018; Gastfriend et al., 2018; Linville et al., 2019; Stebbins et al., 2019; Blanchard et al., 2020).
In vitro BBB models derived from human-induced pluripotent stem cells (hiPSCs) have shown promising results as micro-physiological systems to study BBB function and neurovascular unit (Campisi et al., 2018; Brown et al., 2019; Canfield et al., 2019; Nguyen et al., 2019; Browne et al., 2021). The most common BBB models would include a co-culture of two, three, or four cell types, which usually use primary brain pericytes due to the limitation in efficiently differentiating brain pericytes from hiPSCs (Lauschke et al., 2017). Recently, the differentiation of pericytes with brain tissue identity from hiPSCs became possible (Jeske et al., 2020). In addition, the traditional co-culture method is to use a transwell system where the two compartments represent blood (apical) and brain (basolateral), respectively. BEC can be seeded onto the apical side of the transwell membrane while pericytes and astrocytes are seeded onto the basolateral side. Other methods include aggregates in hydrogels or in microfluidic channels (Gastfriend et al., 2018). The three-dimensional (3D) tissue-engineered models of BBB in different biomaterials and scaffolds are summarized in our recent review (Chen X et al., 2021) and reported by others (Faley et al., 2019; Grifno et al., 2019). The advantage of the transwell model is that it allows for the high TEER values of up to 5,000 ohms × cm2 and the increased expression of tight junction proteins. The major downside is that it does not permit for an ideal amount of cell-to-cell contact and lacks the influence due to the physiological blood flow.
Our previous study assembled cortical spheroids with the isogenic vascular spheroids in the presence of human mesenchymal stem cells (hMSCs, i.e., pericyte-like) (Song et al., 2019a; Song et al., 2019b). However, the individual cell types (i.e., endothelial cells and hMSCs) used in the culture system are not optimal for BBB formation and function. Going one step further, this study focuses on the differentiation and characterizations of brain pericyte-like cells and brain endothelial cells that form the BBB from hiPSCs. It is hypothesized that the co-culture of hiPSC-derived brain pericyte-like cells and the isogenic endothelial cells promotes the inflammatory response compared to single cell type co-culture. Amyloid beta (Aβ) 42 oligomers were used in this study due to our continuous interests in studying Alzheimer’s disease pathology using hiPSC-based culture models (Yan et al., 2016; Bejoy et al., 2018a; Yan et al., 2018; Song et al., 2019c; Griffin et al., 2020). Both cells responded to the stimulation of Aβ42 oligomers. Co-culture of the two cell types differentiated from hiPSCs in a 2D transwell system were investigated. The co-culture in the transwell system showed the property of trans-endothelial electrical resistance. The endothelial cell culture was also demonstrated in 3D microfluidics channels, which can be used to study inflammatory response in the future more physiologically relevant co-culture models. This study has significance in establishing micro-physiological systems for neurological disease modeling and drug screening.
MATERIALS AND METHODS
Culture of Human iPSK3 Cells and Human Adipose Tissue-Derived Stem Cells
Human iPSK3 cells were derived from human foreskin fibroblasts transfected with plasmid DNA encoding reprogramming factors OCT4, NANOG, SOX2, and LIN28 (kindly provided by Dr. Stephen Duncan, Medical College of Wisconsin) (Si-Tayeb et al., 2010a; Si-Tayeb et al., 2010b). Human iPSK3 cells were maintained in mTeSR serum-free medium (StemCell Technologies, Inc., Vancouver, BC, Canada) on growth factor reduced Geltrex- or Matrigel-coated surface (Life Technologies) (Yan et al., 2015a). The cells were passaged by Accutase every 7 days and seeded at 1 × 106 cells per well of a 6-well plate in the presence of 10 μM Y27632 (Sigma) for the first 24 h (Yan et al., 2015a; Song et al., 2016; Bejoy et al., 2018b).
Frozen human adipose tissue-derived stem cells (hASCs) at passage 1 were acquired from the Tulane Center for Stem Cell Research and Regenerative Medicine. The hASCs were isolated from the subcutaneous abdominal adipose tissue from three de-identified healthy donors that were younger than 45 years old with a body mass index lower than 25 (Bijonowski et al., 2020a; Bijonowski et al., 2020b). The isolated cells were characterized for their MSC properties through colony-forming unit (CFU) assays and tri-lineage differentiation potential (osteogenic, adipogenic, and chondrogenic differentiation) in vitro. The hASCs (1 × 106 cells/ml/vial) were frozen in media containing α-MEM, 2 mM L-glutamine, 30% fetal bovine serum (FBS), and 10% dimethyl sulfoxide and were thawed and cultured following the method described in our previous publications (Song et al., 2019a; Liu et al., 2019; Jeske et al., 2021). Briefly, hASCs were seeded at a density of 1,500 cells/cm2 in 150 mm diameter Petri dish (Corning Incorporated, Corning, NY, United States) in a standard 5% CO2 incubator. The cells were cultured in complete culture medium (CCM), containing αMEM (Life Technologies, Carlsbad, CA, United States) with 10% FBS (Atlanta Biologicals, Lawrenceville, GA, United States), sodium bicarbonate (1X, ThermoFisher Scientific), and 1% penicillin/streptomycin (ThermoFisher Scientific) undergoing media changes every 2–3 days. The cells were grown to 80% confluence and then harvested by incubation with 0.25% trypsin/ethylenediaminetetraacetic acid (EDTA) (Invitrogen, Grand Island, NY, United States) for no greater than 7 min. The harvested cells were sub-cultured up to passage 10 for characterizations.
Brain Pericyte Differentiation From Human-Induced Pluripotent Stem Cells
The brain-specific pericyte differentiation from iPSK3 cells was performed using a modified protocol (Faal et al., 2019; Jeske et al., 2020). Human iPSK3 cells were seeded into Matrigel (1:30, Corning)-coated attachment 24-well plates (Corning Incorporated, Corning, NY, United States) at 3 × 105 cells/well in 1 ml of Dulbecco’s modified Eagle medium/nutrient mixture F-12 (DMEM/F-12) plus 2% B27 serum-free supplement (Life Technologies). Y27632 (10 μM) was added during the seeding and removed after 24 h. During day 1–15, the cells were treated with dual SMAD signaling inhibitors 10 μM SB431542 (SB, Sigma), 100 nM LDN193189 (LDN, Sigma), and 1 µM Wnt activator CHIR99021 (CHIR, Sigma) and 10 ng/ml fibroblast growth factor 2 (FGF2) (PeproTech) in DMEM/F12 plus 2% B27 (Stebbins et al., 2019). The cells were passaged when confluent (usually every 5–6 days) and replated onto Matrigel (1:30 diluted)-coated plates at 2.5 × 105 cells per well. After day 15, the cells were fed with DMEM/F12 plus 10% FBS and were used for characterization after day 22. The derived cells were referred as iPCs.
Brain Microvascular Endothelial Cell Differentiation From Human-Induced Pluripotent Stem Cells
Human iPSK3 cells were seeded into low attachment 24-well plates (Corning Incorporated) at 3 × 105 cells/well in 1 ml of DMEM/F-12 plus 2% B27 serum-free supplement. Y27632 (10 μM) was added during the seeding and removed after 24 h. At day 3, the cells were treated with 12 µM CHIR99021. The spent media were removed on day 5, 7, and 9 and replaced with media containing 30 ng/ml bone morphogenetic protein 4 (BMP4) (PeproTech), 30 ng/ml FGF2, and 30 ng/ml vascular endothelial growth factor A (VEGFA) (PeproTech) (Wimmer et al., 2019). At day 11, the media were supplemented with 10 µM SB431542 plus FGF2 and VEGFA to promote endothelial cell differentiation and suppress pericyte differentiation, and from then onward the media were changed to DMEM/F12 with 15% FBS containing VEGFA and FGF2. The media were replaced every 2–3 days. Vascular networks may be observed around day 18 and can be replated onto Matrigel (1:30)-coated plates. For comparison, retinoic acid (RA, 10 μM, Sigma) was added during day 11–18 to enhance the blood–brain barrier markers (Lippmann et al., 2014). The derived cells were characterized after day 25 and referred as iECs.
Treatment of Pericytes and Endothelial Cells With Amyloid Beta 42 Oligomers
To prepare oligomers of the Aβ42 peptide, biotinylated Aβ42 (Bachem) was fully dissolved at 0.5 mg/ml in hexafluor-2-propanole (HFIP, Sigma) (Yan et al., 2016; Bejoy et al., 2018a; Griffin et al., 2020). HFIP Aβ (1-42) solution (10 μl) was dispensed into a siliconized Snap-Cap microtube, placed in a desiccator to completely evaporate HFIP and thereafter stored at −80°C. Oligomer solutions were prepared freshly for each experiment. The stock was dissolved in 10 μl of DMSO (to 105 μM) and incubated for 3 h at room temperature. Oligomers of Aβ42 (at 1 μM) were added to the day 22–25 iPC or day 25–28 iEC cultures. After 3 days, the cells were harvested for mRNA isolation.
Immunocytochemistry
For biomarker detection, the cells were fixed using 4% paraformaldehyde (PFA) and permeabilized using 0.2% Trixton-X 100. The samples were blocked with 5% FBS in PBS and stained with the primary antibodies (Supplementary Table S1), followed by Alexa Fluor 488 goat antimouse IgG1 or Alexa Fluor 594 goat antirabbit IgG (Life technologies). Both primary and secondary antibody dilutions were made based on the manufacturer’s recommendations and were prepared in staining buffer (2% FBS in PBS). The samples stained with secondary antibody dilution only were used as the negative controls. The cell nuclei were stained with Hoechst 33342 (blue), and the images were taken under a fluorescence microscope (Olympus IX70).
Phagocytosis Assay
The day 25 derived iECs and iPCs in a 24-well plate were incubated with medium containing 0.5 × 108 fluorescent (0.86 μm, flash red, 660/690 nm) micron-sized particles of iron oxide (MPIO)/mL (Bangs Laboratories, Fishers, IN, United States, Part number ME03F/9772), corresponding to the concentration at 5 μg Fe/mL (Yan et al., 2015b; Sart et al., 2015). The attached cells that were not labeled with MPIO served as control. After 24-h incubation, the cultures labeled with MPIO were extensively washed (10 times) with phosphate buffer saline. The cultures were then harvested for flow cytometry to quantify the cells with MPIO.
Flow Cytometry
For marker quantification, trypsinized cells were fixed (4% PFA) and permeabilized with 100% cold methanol, blocked with 5% FBS in PBS, and then stained with the corresponding marker antibody overnight. The secondary Alexa Fluor 488 or 594 antibody was later used, incubated for 1 hour, then removed and rinsed with PBS twice, and then taken for flow cytometry measurement. The cells were acquired with BD FACSCanto II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, United States) and analyzed against the negative isotype controls using FlowJo software.
Reverse Transcription Polymerase Chain Reaction Analysis
Total mRNA was isolated from different cell samples using the RNeasy Mini Kit (Qiagen, Valencia, CA, United States), according to the manufacturer’s protocol. The samples were further treated using DNA-free RNA kit (Zymo, Irvine, CA, United States) (Song et al., 2016). Reverse transcription was carried out according to the manufacturer’s instructions using 2 μg of total mRNA, anchored oligo-dT primers (Operon, Huntsville, AL, United States), and SuperScript III (Invitrogen, Carlsbad, CA, United States). The software Oligo Explorer 1.2 Primers (Genelink, Hawthorne, NY, United States) was used to design the primers specific for target genes (Supplementary Table S2). For normalization of expression levels, β-actin was used as an endogenous control. Using SYBR1 Green PCR Master Mix (Applied Biosystems), real-time reverse transcription polymerase chain reaction (RT-PCR) was performed on an ABI7500 instrument (Applied Biosystems, Foster City, CA, United States), The amplification reactions were performed as follows: 2 min at 50°C, 10 min at 95°C, and 40 cycles of 95°C for 15 s, 5°C for 30 s, and 68°C for 30 s. The Ct values of the target genes were first normalized to the Ct values of the endogenous control β-actin. The corrected Ct values were then compared for the treatment conditions to the experimental control. Fold changes in gene expression was calculated using the comparative Ct method: [image: image] to obtain the relative expression levels.
Co-Culture of Endothelial Cells and Pericytes in a Transwell System
iECs were seeded onto the transwell inserts as described previously (Stone et al., 2019). Prior to seeding, Corning polyester transwell inserts (pore size 3 μm, for 12-well plates) were coated with Matrigel (1:30) for 1 hour at 37°C on the apical side of the membrane. iECs were incubated with Accutase for 5 min at 37°C. The dissociated cells were diluted with DMEM/F12 for counting and centrifuged for 5 min at 500 g. The supernatant/Matrigel was removed, and the cells were seeded on transwell inserts at a density of 2.0 × 106 cells/insert with 20 ng/ml FGF-2 and 20 ng/ml VEGFA in DMEM/F12 plus 15% FBS (iEC maturation media). Following seeding, media were changed every other day with 0.5 ml in the apical side and 1.5 ml in the basolateral side (no FGF2 or VEGFA). The cells became confluent after day 7 and can be used for further characterizations.
The co-culture of iECs and iPCs in a transwell insert was then performed. Initially, transwell inserts were inverted and placed in autoclaved cases to be set under UV light for 30 min. After 30 min, the basolateral membrane was coated with Matrigel (1:30) and carefully placed in the incubator for 1 h at 37°C. The harvested iPCs were gently placed onto inserts at 1.0 × 106 cells/insert so that they almost covered the membrane. The wells were filled with 1.5 ml of iPC media. The seeded inserts were placed back in the plates and incubated for 45 min. The cells were allowed to grow for 24 h before iEC seeding on the apical membrane. After both cells were seeded and attached to membrane, media were changed every other day with 1.5 ml of iPC media in the basolateral compartment and 0.5 ml of iEC media in the apical side. After 7 days, the cells can be used for characterizations.
Transendothelial Electrical Resistance Measurement
For barrier permeability quantification, TEER measurements of the cell cultures in a transwell plate set up were taken using STX2 electrodes attached to an EVOM volt/ohm meter (World Precision Instruments). The STX2 electrodes were placed in the transwell plate to make contact between the media on the upper compartment and the lower compartment. The resistance (Ω) values were measured five times in each transwell, including a cell-free control to account for the transwell membrane resistance. Later, the Ω values were adjusted with the surface growth area (cm2) of the transwells in the plate to obtain the TEER (Ω. cm2) values of the barrier formed by the iECs or the co-culture.
Device Preparation and Cell Culture in Microfluidic Channels
The microfluidic chip (OrganoPlate Graft, MIMETAS, Netherlands) was used to construct vascularized tissue. Briefly, the extracellular matrix (ECM) was prepared; 10 × phosphate-buffered saline (PBS) was added to concentrated rat tail collagen I solution (Corning, Collagen I Rat Tail, 10.21 mg/ml) diluted to 4 mg/ml with DMEM (without supplement), and the pH was adjusted to 7.0–7.4 with 20 mg/ml NaOH. Prepared collagen solution was injected into a gel inlet and polymerized in an incubator for 15 min. HUVEC were purchased from Lonza, thawed from liquid nitrogen, and cultured in T75 flasks (Nunc™ EasYFlask, Sigma F7552), with endothelial cell growth medium-2 (EGM™-2) and BulletKit™ (Lonza, CC-3162). We used at P3 until P9. Medium was replaced three times a week. All cell culture was performed in a humidified incubator at 37°C and 5% CO2. Suspended endothelial cells in EGM-2 medium were seeded into both perfusion inlet channels and placed them in an incubator to allow cells to attach. Additional medium (50 μl) was loaded into the inlet well and the plate was placed on an interval rocker (MIMETAS, Netherlands), allowing bi-directional flow for perfusion. Medium was refreshed every 2 days. Tissue chip was maintained in EGM-2 medium (changing every 2 days) in a rocker (OrganoFlow, MIMETAS) until it formed tubular structure. As a next step, angiogenic cocktail with VEGF (37.5 μg/ml), bFGF (10 μg/ml), MCP-1 (37.5 μg/ml), HGF (37.5 μg/ml), S1P (250 μM), and PMA (37.5 μg/ml) suspended in EGM-2 was added to the gel chamber only to generate concentration gradient. Medium was changed every 2 or 3 days.
Fixation, Staining, and Imaging of Microfluidics Samples
The cell culture medium was aspirated and 50 µl of 4% paraformaldehyde (PFA) in phosphate-buffered saline (J61899, Alfa Aesar, MA, United States) was added to all the perfusion inlet and outlet wells. The device was placed on a rocker (OrganoFlow, MIMETAS) and incubated for 10 min at room temperature. After fixation, the PFA was aspirated from the wells, and the microfluidic chips were washed twice with 50 µl 1X PBS in all the perfusion inlets and outlets, followed by a permeabilization step of 0.3% Triton-X100 (VWR 28817295) and a second wash step with PBS. Nuclei were stained using 1:2000 Hoechst 33258 (H3569, Life Technologies, United States). Tissue construct was incubated with primary antibodies for overnight, αCD31 and αZO-1. Secondary antibodies with blocking solution are further incubated, AF568 (Invitrogen, A-11004) and AF488 (Invitrogen, A-11008). Image data were acquired and processed using a two-photon confocal microscope (ZEISS Multiphoton LSM 710) and ZEN software. Imaging depth was set at 16 bits, binning at one, and imaging resolution at 2048 × 2048. Autofocus was set at a 120 µm offset from channel bottom.
Statistical Analysis
The representative experiments were presented and the results were expressed as mean ± standard deviation. For the comparison of two groups (Figure 4 and partially Figure 5), the Student’s t-test was performed to determine if they have significant difference. For the comparison of more than two groups (Figure 2 and partially Figure 5), the statistical analysis methods for multiple group comparisons were requited. One-way ANOVA followed by the post hoc Tukey’s test (to control type I error) was performed to check if the difference between every two groups is statistically significant. A p-value < 0.05 was considered statistically significant.
RESULTS
Characterizations of the Derived Brain-Specific Pericytes
Brain-specific differentiation was induced by dual SMAD signaling inhibitors SB and LDN and Wnt activator CHIR and FGF-2 (Figure 1A). This neuroectoderm induction should give rise to pericytes in the forebrain (Jeske et al., 2020). The derived pericytes (iPCs) were grown to confluency, showing mostly round-shaped cells with little cytoplasm (Figure 1B). The day 25 cells also secreted extracellular matrix proteins HA and CSPG. Verification of pericyte lineage was shown by positive signals of immunocytochemistry for the most commonly known pericyte markers NG2, PDGFRβ, and CD146 (Figure 1C), the surface proteins that have known to be essential for pericyte development of the vasculature (Jeske et al., 2020). The flow cytometry results indicate the highly positive signal for PDGFRβ (96.8%) and a fairly positive signal for NG2 (37.1%) (Figure 1D). The mesoderm progenitor marker KDR was minimal at this stage (day 25). For KDR expression, positive expression at day 6 of mesoderm differentiation of hiPSCs has been shown in our previous publication (Song et al., 2019c). KDR is only expressed in mesoderm progenitors and should be transiently expressed during mesoderm differentiation. Therefore, the negative KDR expression here should be the true observation. Comparison of the derived pericytes with primary hASCs was also performed (Figure 1E). PDGFRβ (72.8% vs. 96.8%) and NG2 (12.4% vs. 29.2%) show the less expression in hASCs than iPCs.
[image: Figure 1]FIGURE 1 | Characterization of brain-specific pericytes derived from iPSK3 cells (iPCs). (A) Schematic of protocol for differentiation of brain pericytes from iPSK3 cells; SB: SB431542; LDN: LDN193189; and CHIR: CHIR99021. (B) Cell morphology and fluorescent images for extracellular matrix proteins hyaluronic acid (HA) and chondroitin sulfate proteoglycan (CSPG) on day 25 pericytes. White scale bar: 200 μm, yellow scale bar: 50 µm. (C) Expression of pericytes receptor markers NG2, PDGFRβ, and CD146. Cell nuclei were counterstained with Hoescht. Scale bar: 50 µm. (D) Flow cytometry histograms for pericyte marker NG2, PDGFRβ, and mesoderm progenitor marker KDR. (E) Flow cytometry histograms for day 25 differentiated pericytes compared with human adipose-derived stem cells (ASCs). Red line: negative control; blue line: marker of interest.
In addition to the common pericyte markers, the brain identity of the iPCs was determined by RT-PCR for mRNA expression (Figure 2). The purpose is to observe if pericytes show the signs of BBB marker FOXF2 and genes that differentiate brain pericytes from other mural cells including ABCC9, KCNJ8, and ZIC1. The results show that the iPCs derived in the presence of CHIR had higher expression of ABCC9 (0.76 ± 0.22 vs. 0.33 ± 0.13) than the iPCs derived without CHIR, but the expression of FOXF2 did not have statistically significant difference. When compared to hASCs (P5), iPCs derived in the presence of CHIR had similar expression of FOXF2 and ABCC9. For KCNJ8, hASCs had the highest expression, and the presence of CHIR did not promote KCNJ8 expression. However, iPCs derived with or without CHIR both show much higher expression of ZIC1 than hASCs (0.52–0.91 vs. 0.12). The GAPDH expression shows large variations among different samples. Therefore, β-actin was used as the housekeeping gene. Taken together, differential expression of brain identity markers was observed in the iPCs, and the CHIR addition was used in the following study.
[image: Figure 2]FIGURE 2 | mRNA levels for brain-specific markers in the derived pericytes (iPCs). mRNA expression was determined by RT-PCR. Brain pericytes derived with Wnt activator CHIR99021 (CHIR) were compared to those derived in the absence of CHIR and human adipose-derived stem cells (ASCs). Gene markers tested include ABCC9, FOXF2, KCNJ8, ZIC1, and GAPDH. Expression was normalized to the non-CHIR pericytes. N = 6. The RT-PCR results were expressed as the mean ± standard deviation. Statistical analysis was performed by one-way ANOVA. * indicates p < 0.05 for the compared groups.
Characterizations of the Derived BBB-Related Endothelial Cells
To ensure that the derived BBB-related endothelial cells have the properties of endothelial cells, the mesoderm induction was used instead of neuro-ectodermal induction (Figure 3A) (Wimmer et al., 2019; Lu et al., 2021a). The differentiation was performed in both 3D and 2D cultures. The 3D blood vessel organoids have a morphology that is spherical in shape (Figure 3B). The blood vessel organoids were replated onto the Matrigel-coated surface. The cells can migrate out from the aggregate and grow into a monolayer. To confirm the endothelial cell identity, the flow cytometry quantification further shows that 70.7% CD31+ cells and 75% VE-cadherin+ cells were obtained (Figure 3C). Immunocytochemistry detected the expression of CD31, VE-cadherin, as well as the tight junction protein ZO-1 (Figure 3D). Tight junctions (TJ) including ZO-1, occludin, and claudin-5 allow the BECs to be held tightly together and limit paracellular flux (Daneman and Prat, 2015). The cells were also stained with CD45 (a hematopoietic cell marker) to assure that the iECs do not express a non-endothelial cell marker. ZO-1 flow cytometry shows high positive expression and CD45 flow cytometry shows little expression (Supplementary Figure S1). Phagocytosis ability of the iECs was shown by MPIO internalization as quantified by flow cytometry (∼90%) (Figure 3E).
[image: Figure 3]FIGURE 3 | Characterization of endothelial cells derived from iPSK3 cells (iECs). (A) Schematic of protocol for differentiation of endothelial cells from iPSK3 cells. Brain-specific endothelial cells receive retinoic acid (RA) addition on day 11, 13, and 15. CHIR: CHIR99021. (B) Phase contrast images for the derived endothelial organoids at day 14, 19, and 26 as well as the replated cells. Scale bar: 200 µm. (C) Flow cytometry histograms for endothelial cell markers PECAM (CD31) and VE-cadherin. Black line: negative control; Red line: marker of interest. (D) Fluorescent images for endothelial cell markers PECAM (CD31), VE-cadherin, and ZO-1. CD45 is a hematopoietic cell marker. Cell nuclei were counterstained with Hoescht. Scale bar: 25 µm. (E) Phagocytosis ability of the replated iECs (day 25). The replated cells were exposed to MPIO at the concentration of 5 μg Fe/mL for 24 h. The cells were then harvested and fixed. The MPIO+ cells (Alexa 647) was quantified by flow cytometry.
To enhance the BBB property, RA was added during day 11–18 of differentiation to see if RA addition further pushes endothelial cells to a brain specific lineage. The BBB-related gene expression was determined by RT-PCR for mRNA expression of replicate derivations (Figure 4). The BRCP (an efflux transporter) expression was promoted by RA in the derivation 2 (0.73 ± 0.05 vs. 0.16 ± 0.06), but not for derivation 1. GLUT-1 (a glucose transporter) expression did not show statistical difference for both derivations. For PGP, that is, P-glycoprotein 1 that is also known as multidrug resistance protein 1, RA addition significantly enhanced the expression in both derivations (0.98 ± 0.07 vs. 0.29 ± 0.10, 0.28 ± 0.03 vs. 0.09 ± 0.01). Efflux transporters including P-glycoprotein work by allowing substrates up a concentration gradient to move from the luminal side to the blood side (Daneman and Prat, 2015). This limits diffusion of small lipophilic molecules into the luminal space. For ABCC1 that encodes multidrug resistance-associated protein 1, RA addition promoted the expression is derivation 1 (0.94 ± 0.05 vs. 0.49 ± 0.04), but no significant difference was observed for derivation 2. OCLN encodes occludin that is an enzyme oxidizing NADH. Together with claudins and zonula occludens-1 (ZO-1), occludin regulates the formation and function of tight junctions (Luissint et al., 2012). RA addition significantly enhanced the expression of OCLN in both derivations (0.80 ± 0.19 vs. 0.31 ± 0.18, 0.22 ± 0.07 vs. 0.05 ± 0.01). SLC2A1 encodes a major glucose transporter in the BBB. SLC2A1 or GLUT-1 is highly expressed in BEC compared to other endothelial cells and allows for a high amount of glucose to be taken up by the cells of the CNS (Daneman and Prat, 2015). RA addition also significantly enhanced the expression of SLC2A1 in both derivations (0.92 ± 0.12 vs. 0.42 ± 0.13, 0.42 ± 0.16 vs. 0.09 ± 0.03). ZO-1 expression for the iECs derived using RA or without RA was compared (Supplementary Figure S2). More than 65.7% of cells were ZO-1+ for both +/−RA groups, and the cells also expressed abundant VE-cadherin. Taken together, RA addition promoted the BBB characteristics of the iECs and was used in the following study.
[image: Figure 4]FIGURE 4 | mRNA levels for blood–brain barrier (BBB) markers comparing endothelial cells (iECs) derived with and without retinoic acid (RA). mRNA expression was determined by RT-PCR for endothelial cells derived with RA compared to those without RA treatment in duplicate differentiations. mRNA expression was normalized to the non-RA–treated endothelial cells. Common BBB markers were chosen for comparison, including BRCP, GLUT-1, PGP, and ABCC1 encoding multidrug resistance-associated protein 1 (MRP1), OCLN, and SLC2A1 (different primer pair from GLUT-1). N = 3. The RT-PCR results were expressed as the mean ± standard deviation. ** indicates p < 0.05 for the compared groups.
Co-Culture in the Transwell System and Evaluation of Inflammatory Response Induced by Aβ42 Oligomers
The co-culture of iECs and iPCs in a transwell system was demonstrated (Figure 5A) and TEER values were determined along with iEC (with or without RA treatment) culture (4-week long) only (Supplementary Table S3). iECs culture showed the significantly higher TEER values (∼289–304, Ω × cm2) than blank control. However, the RA treatment cultures did show the enhancement in TEER values. The co-culture of iECs and iPCs in transwells for 1 week showed the TEER values of ∼293–311, Ω×cm2. High TEER values (740–4,100 Ω×cm2) can be achieved by differentiating hiPSCs into brain microvascular endothelial cells (iBMECs), using the co-differentiation of neuro-ectodermal and endothelial lineages, with or without co-culture of primary astrocytes (Supplementary Table S4) (Medina and Tang, 2022). Both iECs and iPCs exposed to Aβ42 oligomers showed the reduced phagocytosis ability of MPIO as determined by flow cytometry (Figure 5B).
[image: Figure 5]FIGURE 5 | mRNA levels of inflammatory response genes for Aβ42 treated co-culture. (A) Illustration of the transwell of iEC and iPC co-culture. (B) Phagocytosis ability of the replated iPCs (day 25) and iECs determined by flow cytometry. The replated cells with or without Aβ42 oligomer treatment (48 h) were exposed to MPIO at 5 μg Fe/mL for 24 h. The MPIO+ cells (Alexa 647) was quantified by flow cytometry. To study the inflammatory response, the derived endothelial cells (iECs) were treated with Aβ42 oligomers and compared to those without Aβ42 treatment along with the transwell co-culture of iECs and iPCs with or without Aβ42 oligomers. (C) Relative mRNA expression of TNFa, NFKB, IL6, Casp3, SOD2, and TP53. The mRNA expression was normalized to the Aβ42 negative group of iECs. N = 3. The RT-PCR results were expressed as the mean ± standard deviation. The t-test was used to compare the co-culture−/+Aβ42 for run i and ii separately. * indicates p-value < 0.05 from the t-test. One-way ANOVA followed by the post hoc Tukey’s test was used to compare the three groups: iEC control-Aβ42, iEC + Aβ42 (i), and iEC + Aβ42 (ii). # indicates p-value < 0.05 from the Tukey’s test.
To evaluate the ability of inflammatory response of the co-culture in comparison to the derived iECs, the cells were subjected to Aβ42 oligomer treatment for 48 h. The expression of neural inflammation markers TNFα, NFKB, and IL-6, enzyme involved in the apoptosis process CASP3, enzyme involved in reactive oxygen species formation SOD2, and DNA TP53 was determined (Figure 5C). For the iECs exposed to Aβ42 oligomers, higher expression of the six genes was observed compared to no treatment control in general, that is, 2.0–2.5 fold for TNFa, 1.8–2.6 fold for NFKB, 2.2 fold for IL-6, 1.4 fold for CASP3, 1.2–1.3 fold for SOD2, and 1.2–1.7 fold for TP53. For transwell co-culture of iECs and iPCs, the no-treatment controls have a similar or higher baseline levels compared to the iECs (except SOD2). Exposure to Aβ42 oligomers upregulated all the six genes compared to no treatment control too. Specifically, TNFa expression was 3.6–3.9 fold vs. 1.4–1.8 fold. NFKB was 3.6–4.5 fold vs. 2.3–2.5 fold, IL-6 was 2.0–2.4 fold vs. 1.4–1.5 fold, CASP3 was 1.6–1.9 fold vs. 1.0–1.2 fold, SOD2 was 1.5–1.8 fold vs. 0.6–0.8 fold, and TP53 was 1.5–1.8 fold vs. 1.0–1.2 fold. Taken together, the iEC-iPC co-culture in a transwell shows inflammatory response to the Aβ42 oligomer stimulation.
Vascularization of Brain Tissue Models Using Microfluidics-Based Microchannels
For the potential development of a more in vivo-like BBB microenvironment, which cannot be provided by the transwell culture, the microfluidics-based microchannel model was explored. Figure 6A shows the schematic representation of different phases of vascularized tissue culture using the OrganoPlate Graft. The collagen hydrogel was selectively injected through the gel inlet. Then, endothelial cells were positioned in the two perfusion channels, forming vessels under gravity-driven flow. A vascular network was established by placing an angiogenic cocktail on top of the collagen hydrogel, which forms a gradient toward the perfusion channels, thereby attracting angiogenic sprouts. As shown in Figure 6B, the alignment of endothelial cells to perfusion direction of the vessel in the perfusion channel and endothelial cells in new vascularized tissue in the collagen hydrogel channel also formed tight junction (CD31: red and ZO-1: green). These results demonstrate our proof-of-concept strategy of vascularization of human brain-like tissues.
[image: Figure 6]FIGURE 6 | Vascularization of brain-like tissue model using microfluidics-based microchannels. Potential vascularization strategy of human brain-like tissue: (A) schematic representation of different phases of vascularized tissue culture using the OrganoPlate Graft. (B) Staining (CD31: red and ZO-1: green) and DIC images of vascularized tissue.
DISCUSSION
Brain pericyte differentiation from hiPSCs have been a challenge due to the undefined identity of brain pericytes compared to other mural cells such as smooth muscle cells (Faal et al., 2019). Previous research suggests that pericytes have many similarities with human MSCs, although this has had some debate (da Silva Meirelles et al., 2016). For example, PDGFRβ and NG2 may also be expressed in human MSCs. At the protein level, there were no available cell lines in our laboratory that are known for negative expression of PDGFRβ and NG2. Therefore, negative controls in the staining were used for comparison. In addition, the immunocytochemistry results were verified by flow cytometry, which are usually more sensitive than the fluorescence microscope. In particular, additional pericyte markers for brain identity were evaluated at the molecular level by RT-PCR. Gene expression data from mice brain vasculature shows that PDGFRb, ABCC9, and CSPG4 are expressed in all mural cell types from brain vasculature (Vanlandewijck et al., 2018). Studies have suggested that FOXF2, ZIC1, and KCNJ8 are expressed in pericytes that have brain tissue identity (Reyahi et al., 2015). Our study compared the levels of these genes in hiPSC-derived brain pericytes with hASCs. The results indicate that the derived brain pericytes have similar expression of ABCC9 and FOXF2, but lower expression of KCNJ8 compared to hASCs. Higher expression of ZIC1 for the derived cells indicates a possible brain pericyte phenotype. Since the neuroectoderm gives rise to pericytes in the forebrain and the mesoderm progenitors gives rise to pericytes in the hindbrain/spinal cord (Etchevers et al., 2001; Korn et al., 2002; Kurz, 2009), our protocol should generate the perityces with forebrain identity. The transcriptome analysis of forebrain organoids reported in our previous study also showed the presence of various brain pericyte markers (Song et al., 2019c).
Our study did not use the protocols that have been usually reported for the generation of brain microvascular endothelial cells for in vitro BBB models in most recent studies, which applied the co-differentiation of neuro-ectodermal and endothelial lineages or sequential activation of Wnt/beta-catenin and retinoic acid activation (Lippmann et al., 2012; Appelt-Menzel et al., 2017; Qian et al., 2017; Lu et al., 2021b). These cells were reported not to exhibit canonical endothelial response to inflammatory stimulus (Nishihara et al., 2020). It was recently revealed that these cells have a gene signature typical of neuro-ectodermal epithelial cells and require the ETS transcription factors to acquire vascular fate (Lu et al., 2021a). Our study modified the blood vessel organoid derivation and then used retinoic acid to enhance the BBB properties of the derived endothelial cells (Lippmann et al., 2014; Wimmer et al., 2019; Nguyen et al., 2021). This blood vessel organoid derivation is not specific for brain tissue, which may contribute to the lower TEER value observed in this study. This was verified in our iBMEC differentiation from hiPSCs with or without co-cultured primary astrocytes (with ∼740–4,100 Ω×cm2 TEER value). In addition to the common endothelial cell markers, the derived cells in our study exhibit BBB markers such as BRCP, GLUT-1, PGP, and OCLN, indicting the expression of tight junction proteins, small molecule transporters, and multidrug resistance proteins.
TEER values for the transwell-cultured monolayers of the hiPSC-derived BECs have been reported to vary, depending on the hiPSC source, the differentiation method, cell density, and the type of coating used for matrix (Lauschke et al., 2017). There are few options for coating transwell membranes including Matrigel, but more commonly collagen, laminin, and fibronectin are applied (Linville et al., 2019). TEER values in our study were low, which may be due to incomplete monolayer formation and the coating on the membrane. The use of collagen I and fibronectin needs to be examined. A co-culture that implements the BBB-inducing effects of the derived pericytes with the derived endothelial cells by direct and non-direct contact methods are shown to improve the TEER values. Cell–cell interaction signaling between BECs to pericytes should promote the BBB function of the BECs and increase TEER values (Stebbins et al., 2019). Evidence supports the idea that PDGF-B and PDGFRb signaling is highly important for pericyte health and the deletion of PDGFRb in mice leads to vascular leakage in the brain and death (Hill et al., 2014). Other important signaling pathways include TGF-β, Ang-1 and Ang-2, and Notch.
3-D microfluidics based BBB models have been reported in a few studies (Supplementary Figures S3–S5) (Linville et al., 2019; Vatine et al., 2019; Ahn et al., 2020; Chung et al., 2020; Chen X et al., 2021). These models can create a 3D tubular geometry (e.g., using collagen hydrogel) and introduce fluid flow in the tubular structure (e.g., using microfluidics), better mimicking the brain microvasculature. 3D mapping of nanoparticle distributions in the vascular and perivascular regions was demonstrated (Ahn et al., 2020), showing the distinct cellular uptakes and BBB penetrations through receptor-mediated transcytosis. Existing studies mainly investigated the permeability of the biomolecules, and few reports showed the inflammatory response of the 3D BBB models. Our 3D BBB model still needs a lot of improvements. For example, the third (isogenic astrocytes) and forth (isogenic neurons) cell types in the co-culture can be introduced. The seeding process and the effects of shear stress can be further illustrated.
To date, the hiPSC-derived in vitro BBB models were mostly used to study the permeability of the barrier, and very limited studies have been performed to examine the immune and inflammatory responses (Nishihara et al., 2020; Torok et al., 2021). Inflammatory responses of the BBB are highly important with evidence showing that many CNS diseases and injury are accompanied with BBB disfunction. More specifically in Alzheimer’s disease, Aβ42 oligomers have been shown to be a major cause of BEC damage and leakage that propagates the disease (Wan et al., 2015). Addition of Aβ42 oligomers in vitro would likely cause the same issues and BBB leakage. Inflammatory responses of endothelial cells and pericytes due to Aβ42 oligomers include the release of inflammatory cytokines IL-1β, IL-6, and TNF-α, which cause BEC leakage. It is necessary to evaluate the inflammatory response of the BBB models in vitro and an effective model should expand the contribution to disease modeling that can be applied to in vivo therapy. In our study, the iPC and iEC co-culture exposed to the Aβ42 oligomers upregulated the expression of TNF-α, IL-6, NK-KB, Casp3, SOD2, and TP53, showing the active inflammatory response, and the upregulation was more significant for the co-culture than the iEC alone, indicating that the co-culture was more responsive.
Brain regional heterogeneity of blood–brain barrier has been reported (Wilhelm et al., 2016). For example, BBB in the cerebral cortex and cerebellum showed the differences in inflammatory response caused by a pathogenic clearance of virus (Phares et al., 2006). The upregulation of TNF-α, IFN-γ, and macrophage inflammatory proteins (MIP)-1β and the loss of BBB integrity were more pronounced for BBB in the cerebellum than in the cerebral cortex (Phares et al., 2006). Our study mainly used the derived pericytes of forebrain identity. The derivation of pericytes of specific brain regions and establishing the brain region-specific BBB models still needs to be demonstrated. Our study used the healthy hiPSC-derived cells for establishing BBB models. Patient-derived hiPSCs from individuals with neurological diseases can predict disease-specific pathology due to lack of transporters and disruption of barrier integrity. By combining Organ-on-a-Chip technology and hiPSC-derived cells, the created neurovascular unit can recapitulate complex BBB functions, provide a platform for modeling inheritable neurological disorders, advance drug screening, and personalized medicines (Vatine et al., 2019).
CONCLUSION
This study characterized brain-specific pericytes and endothelial cells derived from hiPSCs. The co-culture of the derived pericytes and endothelial cells in a transwell system mimic the BBB structure at some aspects. Addition of Aβ42 oligomers has a significant effect on the inflammatory response of the co-culture and phagocytotic action of the derived pericytes and endothelial cells. The proof of concept strategy of vascularization of human brain-like tissues was also demonstrated in a microfluidics-based device. This study has significance in establishing micro-physiological systems for neurological disease modeling and drug screening.
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