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Chapter 1: Introduction

1.1. The Blood-Brain Barrier Overview

The blood-brain barrier (BBB) is a highly restrictive and regulated vascular network, strictly controlling
the molecules that enter the brain via the bloodstream, while also serving an important role in removing toxic
compounds from the brain. Brain microvascular endothelial cells (BMECs) form the BBB by lining capillaries
and separating the bloodstream from the brain'. The physiological barrier provided by these cells is
coordinated by a combination of unique properties possessed by the BMECs. These specialized endothelial
cells prevent paracellular diffusion of ions and hydrophilic molecules via high-fidelity intercellular tight junctions,
suppress nonspecific pinocytosis/transcytosis activity2'3, employ a variety of solute carriers to shuttle
biomolecules to and from the brain*, and express a variety of efflux transport proteins that prevent small,
lipophilic compounds from passively diffusing through the BMEC lipid biIayer5. Thus, the BBB provides control
over the extracellular milieu in neural tissue, a feature that permits proper neuronal function, which requires
precise ionic concentration in the surrounding environment®. The BMEC-forming BBB interacts with other cell
types in the central nervous system (CNS), including neurons, astrocytes, pericytes, and microglia, to form the
neurovascular unit (NVU). The NVU protects the CNS from injury via the entry of toxins, pathogens, and the
body’s own immune response’, and its disruption is a crucial event in many cerebrovascular and
neurodegenerative disorders, including Alzheimer's disease and Parkinson’s disease. As such, a better
understanding of the mechanisms regulating the BBB during health and disease is expected to provide

potentially groundbreaking insights for treatment of a variety of neurological disorders®.

1.2. Modeling of the Blood-Brain Barrier in vitro

Early attempts to model the BBB utilized non-CNS endothelial cells such as human umbilical vein
endothelial cells (HUVECs)’. HUVECs, derived from the endothelium of umbilical cord veins shortly after
childbirth rather than a cerebral origin, express some of the junction and transport proteins found in BMECs,
but do not form the tight barrier characteristic of the BBB'’. An important step forward was the successful

isolation of brain capillaries from both human and animal sources, which was subsequently followed by



preliminary brain endothelial cell cultures''. However, there are significant limitations to these sources. First,
human BMECs are extremely limited and difficult to obtain'?>. While cells isolated from rodent sources help to
overcome the limited availability of human cells, many rats and/or mice are needed to obtain enough cells for
experimental purposes'®. Although pigs and cows can provide significantly more cells than rodents, access to
these animals is more difficult, and the biochemical and molecular characteristics are not as well
characterized™.

Given the limitations of primary cells (e.g. high cost and special skills required for isolation), several
immortalized cell lines were developed from isolated animal cells that could be used for many passages and
still maintain some of their BBB characteristics. Two widely used cell lines are the rat brain endothelial cell line
RBE4 and the mouse brain endothelial cell line b.End3-5". These cell lines were widely used to study
transporter properties, as they retained functional expression of p-glycoprotein. They were also used to study
signaling pathways and for BBB permeability studies’®. However, despite being the best available option for
many years, they are still of non-human origin and thus differ significantly from human BMECs. The advent of
immortalized human brain endothelial cells led to more accurate studies of the BBB. Specifically, the
hCMEC/D3 cell line retains expression of some tight junction proteins and active efflux transporters, making a
widely used model to study drug transport across the BBB'"®. However, hCMEC/D3 cells lack appreciable are
paracellular barrier function, and therefore are not suitable for permeability studies. As such, a BBB model that
could more accurately recapitulate in vivo properties represented a significant need in the field.

In 2012, human pluripotent stem cells (hPSCs) were successfully differentiated to BMECs, as
determined by increased transendothelial electrical resistance (TEER) (~850 Q x cm?), representative
permeability to a cohort of small molecules, and active efflux transporter function'®. TEER is a measure of
passive barrier function that arises from the tight junction protein interactions between adjacent BMECs. The
addition of retinoic acid (RA) during the differentiation process further enhanced passive barrier function (TEER
~3,000 Q x cm?)®. The use of hPSC-derived BMECs has greatly enhanced studies of the BBB, as they are a
theoretically limitless source while maintaining many of the properties observed in vivo®. These BMECs have
are effective for modeling BBB-specific disease mechanisms® and have been used for mechanistic

interrogations?', including precise metabolic studies of the BBB.



1.3. Cellular Metabolism

From a fundamental biology perspective, all organisms must convert nutrients into energy, and cells
utilize one of two pathways to meet their energetic demands: glycolysis or oxidative phosphorylation®.
Glycolysis occurs in the cytoplasm and breaks glucose down to pyruvate, which can then be enzymatically
converted to lactate via lactate dehydrogenase. This process produces adenosine triphosphate (ATP), the
cell’s primary energy source®> 2, Typically, a cell will only convert pyruvate to lactate in anaerobic conditions in
order to regenerate cofactors that are necessary for upstream reactions in glycolysis. Alternatively, cells can
utilize oxidative phosphorylation by carrying out a series of redox reactions that involves the oxidation of
glucose (following glycolytic breakdown to pyruvate), amino acids, and other macromolecules. Oxidative
phosphorylation occurs in the cell’s mitochondria and is much more efficient at generating ATP than glycolysis;
however, it requires abundant oxygen®-2. Intriguingly, peripheral endothelial cells (ECs) are generally highly
glycolytic in their use of glucose, despite their close proximity to oxygen rich blood'!. This phenomenon, known
as the Warburg Effect, was originally observed in cancer cells that were hyperglycolytic even while residing in
aerobic environments?**2. Peripheral ECs have low mitochondrial volume fractions and their mitochondria are
generally viewed as “signaling hubs” rather than “metabolic powerhouses.”*** However, BMECs have
significantly higher mitochondrial fractions (>5-fold relative to muscle capillaries)®®, and whereas peripheral
vasculature is much more plastic, turnover rates in mature healthy BMECs are on the order of years, which
indicates a more quiescent and non-proliferative state that may rely on different metabolic pathways. Finally,
many of the functions that give the BBB its restrictive properties (e.g. transporter activity) are ATP-dependent,
suggesting an increased role for oxidative phosphorylation. Collectively, these findings indicate, that relative to

peripheral ECs, BMECs may utilize unique metabolic functions that underlie their specialized properties.



Chapter 2: A Fully Defined Differentiation Scheme for Producing BMECs from Human Induced

Pluripotent Stem Cells (iPSCs)

2.1. Introduction

The initial differentiation of hPSCs to BMECs, as well as the RA enhanced differentiation scheme,
opened the door for robust and accurate studies of the human BBB. However, there were still limitations in the
differentiation process. TEER has been estimated in vivo up to 8,000 Q x cm? based on radioactive ion
permeabilities®, and although this value may not be the absolute upper limit in humans, hPSC-derived BMECs
in monoculture typically exhibit about half of this TEER threshold®*?°. Moreover, BMEC differentiation relies on
the use of serum-containing medium, which limits consistency and reliability of the final purified cell population.

3940 'more work is needed to achieve

Despite advancements in standardization of the differentiation process
optimum results. As such, we identified an improvement to the BBB differentiation process while transitioning
to serum-free methods. In addition to enhancing overall efficiency, moving to fully defined conditions in the
BMEC differentiation scheme will enhance and facilitate metabolic studies. Serum is undefined, so the nutrient
composition available to the cells cannot be controlled. This limits metabolic studies because it is difficult to
account for the confounded influence of serum in nutrient consumption and metabolite production. By replacing
the serum component of the differentiation medium with fully defined factors, we can consistently achieve
TEER maxima of 2,000-8,000 Q x cm? in BMEC monocultures across multiple iPSC lines, with expected
marker expression and transporter activity. Moreover, the exclusion of serum significantly enhanced the
responsiveness of BMECs to co-culture with astrocytes, with maximum TEER values reproducibly exceeding
9,000-10,500 Q x cm? These advances in differentiation technique are expected to have a positive impact

toward using iPSC-derived BMECs to model age- and disease-related declines in BBB function in addition to

mechanistic studies of the metabolic regulation of the BBB.



2.2. Experimental Design

2.2a. iPSC differentiation to BMECs

iPSCs are maintained in E8 medium*', prepared in-house as previously described®®, on growth factor
reduced Matrigel. When iPSCs were 60-80% confluent, the cells were washed once in DPBS and incubated in
Accutase for 3-5 minutes at 37°C. The resultant single cell suspension was collected via centrifugation,
resuspended in fresh E8 medium containing 10 uM of the ROCK inhibitor Y-27632. Cells were counted using
Trypan blue cell viability assay and seeded at a density of ~15,000 cells/cm?. 24 hours after seeding, medium
was changed to E6 medium* to induce differentiation. Medium was changed daily for 4 days. Next, cells were
given human endothelial serum free medium (hESFM) supplemented with 20 ng/mL bFGF, 10 uyM RA, and
either platelet-poor plasma-derived serum (PDS) or a serum-free supplement (B27, N2, or insulin, transferrin,
and selenium [ITS]). Medium was not changed for 48 hours. After 48 hours, cells were washed once with
DPBS and incubated with Accutase for 20 minutes to 45 minutes, until a single cell suspension was formed.
Cells were collected via centrifugation and plated onto substrates coated in a mixture of 400 pg/mL collagen IV
and 100 pug/mL fibronectin. Substrates were either tissue culture polystyrene plates or Transwell filters with 1.1
cm? polyethylene terephthalate membranes with 0.4 ym pores. This process of replating, also referred to as
subculturing, is a purification step to remove any neural precursor cells generated during the differentiation and
to obtain a pure BMEC population. Cells were replated using a ratio of 1 well of a 6-well plate to 3 wells of a
12-well plate, 3 Transwell filters, or 6 wells of a 24-well plate. Media was then changed 24 hours later to the
basal endothelial cell media with desired supplement, but lacking bFGF and RA. TEER was measured 24

hours after subculturing, and approximately every 24 hours for the duration of the experiment.

2.2b. TEER measurement

All TEER plots presented are the results of N=1 biological sample. Each time point is a result of a
technical N=9 as BMECs were purified onto triplicate filters for all conditions tested, and each filter was
measured in 3 locations per time point. All data are represented as mean t standard deviation for these

collective measurements. All results were confirmed in a minimum of two biological replicates. Following the



medium change on day 0 of subculture to remove bFGF and RA, no further medium changes were performed
for the duration of the experiments. TEER was measured using STX2 chopstick electrodes and an EVOM2

voltohmeter.

2.2c. Immunocytochemistry

Cells were washed twice with DPBS and incubated in either 4% paraformaldehyde (PFA) for 20
minutes or 100% ice-cold methanol for 10 minutes. Cells were then washed three times in DPBS for a
minimum of 5 minutes per wash. Cells fixed in 4% PFA were pre-blocked for a minimum of 1 hour at room
temperature in DPBS with 5% donkey serum and 0.3% Triton X-100, referred to as PBS-DT. Cells fixed in
methanol were pre-blocked for a minimum of 1 hour at room temperature in DPBS with 5% donkey serum,
referred to as PBSD. Cells were then incubated with the respective primary antibodies at the desired dilution in
either PBS-DT or PBSD overnight at 4°C. Cells were rinsed once with DPBS, then washed 5 times for a
minimum of 5 minutes per wash using DPBS. Secondary antibodies were diluted 1:200 in PBS-DT or PBSD
and incubated for 1-2 hours at room temperature. Following this incubation, nuclei were labeled using 4’,6-
Diamidino-2-phenyl-lindoldihydrochloride (DAPI) or Hoechst 33342 trihydrochloride trihydrate diluted in DPBS
for 10 minute. DAPI or Hoechst was then removed, cells rinsed once in DPBS, and then washed 5 times with

DPBS for a minimum of 5 minutes per wash. Cells were visualized on a Leica DMi8 microscope.

2.2d. Sodium fluorescein permeability assay

BMECs subcultured onto Transwell filters were given fresh medium (hESFM with one of the respective
supplements) 1 hour prior to the start of the assay. Medium was then aspirated from the apical chamber only
and replaced with 10 yM sodium fluorescein diluted in fresh medium. 200 yL of medium was immediately
removed from the basolateral chamber of each filter, transferred to a 96-well plate, and replaced with 200 uL
fresh medium. This process was repeated every 30 minutes (x 5) for a total of 2 hours. This was also
conducted concurrently on Transwell filters coated with collagen/fibronectin solution but lacking cells.
Fluorescence of the collected samples was measured using a BioTek Synergy H1 multi-mode plate reader.

The effective permeability (P.) was calculated as previously described®’. This was performed for a biological
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N=3, and for each replicate, the flux of sodium fluorescein across cell monolayers was measured using 3
Transwell filters as well as one control filter coated with collagen and fibronectin but lacking cells. Transport
across a Transwell filter lacking cells was also used measured to correct permeability values for mass transfer

resistance due to the filter.

2.2e. Efflux transporter activity assay—Substrate accumulation

iPSCs were subcultured onto 24-well plates and treated with endothelial medium lacking bFGF and RA
for 24 hours prior to the assay. For inhibitor conditions, BMECs were incubated with 10 yM cyclosporine A
(CsA) or 10 yM MK571 for 1 hour at 37°C. After this incubation, cells were incubated with 10 yM rhodamine
123 (R123) or 10 uM 2’,7’-dichlorodyhydrofluorescein diacetate (H,DCFDA) with or without their respective
inhibitors for 1 hour at 37°C. Following this second incubation, 3 wells per condition were washed twice with
DPBS and lysed using DPBS containing 5% Triton X-100. The remaining well of cells per each condition was
fixed using 100% ice-cold methanol. The fluorescence of the lysed wells was measured using a BioTek
Synergy H1 multi-mode plate reader and the fixed cells were incubated with DAPI for 10 minutes. Each well of
the fixed cells was imaged in 6 locations and nuclei were counted using Fiji*}, and fluorescence values were
normalized on a per-cell basis. All conditions were performed using triplicate wells to calculate mean %

standard deviation. Reported trends were confirmed across two additional biological replicates.

2.2f. Efflux transporter activity assay—Directional Transport

BMECs on Transwell filters were incubated with 10 uM CsA or MK571 diluted only in the apical
chamber for 1 hour at 37°C. Next, BMECs were incubated with 10 yM R123 or H,DCFDA with or without CsA
or MK571, respectively, for 1 hour at 37°C. At the end of the incubation, 200 pL of medium was removed from
the basolateral chamber of each filter and fluorescence was measured using a plate reader. Fluorescence
values were normalized to medium collected from the basolateral chamber of BMECs not treated with inhibitor.
The assay was performed using triplicate filters, and reported values were calculated as mean + standard

deviation. Reported trends were confirmed across two additional biological replicates.



2.2q. Statistical analyses

All data are expressed as mean % standard deviation. Student’s unpaired t-test was used to determine
statistical significance for all efflux transport accumulation and directional transport assays. Statistical
significance was verified across all biological replicates, where a minimum of three independent experiments

was performed.

2.3. Results

2.3a. Serum-free medium yields iPSC-derived BMECs with enhanced TEER

The influence of serum and serum-derived proteins on hPSC differentiation has been well-
documented®’, and the development of fully defined differentiation protocols is thus recognized as an important
step for standardizing hPSC research applications. Importantly, a fully defined protocol will open the door to
metabolic studies of the BBB and provide novel routes of mechanistic interrogation. Accordingly, we sought to
replace the serum in our BBB differentiation process with more defined components. Our current differentiation
scheme uses PDS as a supplement in the basal medium on day 4, and again when BMECs are purified on day
6 (Figure 1A). The influence that PDS has on the differentiation is strikingly observed when comparing passive
barrier properties of BMECs derived from two different lots of PDS (Figure 1B). Indeed, 44% of BMEC
differentiations fail to reach TEER exceeding 1,000 Q x cm? using a single lot of PDS, while differentiations
conducted using a second lot of PDS consistently reached TEER maxima in excess of 2,000 Q x cm?. When
we replaced PDS with B27, a common serum alternative in neural cultures, tested at either the manufacturers
recommendation (50X dilution) or 200X dilution, B27 supplementations produced maximum TEER above 8,000
Q x cm? (8,734 + 349 Q x cm? in 200X B27) (Figure 1C). CC3-derived BMECs and CD10-derived BMECS,

female and male control lines*™*®

, respectively, consistently achieved maximum TEER values in excess of
3,000 Q x cm? across more than 10 independent CC3 differentiations and in excess of 2,000 Q x cm? across 4

independent CD10 differentiations (Figure 1D-E).
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Figure 1: Replacing serum with B27 during BMEC differentiation increases consistency. A) Timeline of
differentiation with altered media composition (PDS vs B27). B) PDS batch-to-batch variability demonstrated by the
significant differences in TEER between two separate batches. C) Replacing PDS with B27 increases TEER at multiple
dilutions D) and E) CC3 (female) and CD10 (male) iPSC-derived BMECs both exhibit higher TEER across N = 3 biological

replicates.

2.3b. Additional characterization of iPSC-derived BMEC phenotype under serum-free conditions

In addition to TEER measurements, we assayed other properties of iPSC-derived BMECs under
serum-free conditions. Before purification (day 6), BMECs expressed occludin, claudin-5, VE-cadherin, GLUT-
1, and PECAM-1, indicating both acquisition of BBB phenotype and endothelial cell identity as typically seen in
PDS (Figure 2A), and BMECs maintained expression of these markers 48 hours after purification (Figure 2B).
Furthermore, paracellular permeability was assessed using sodium fluorescein, and all replicates had effective
permeability’s less than 2.5 x 107 cm/s, similar to BMECs differentiated in PDS* (Figure 2C). Collectively,

these results indicate that replacement of serum with B27 during differentiation produces BMECs with robust
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passive barrier properties, while eliminating the reliance on an undefined material with substantial lot-to-lot
variability. Next, we evaluated efflux activity of P-glycoprotein (PGP) and multidrug resistance protein (MRP)
transporters. PGP activity was assessed by measuring fluorescence accumulation after BMECs were
incubated with either R123, a PGP substrate, or R123 containing CsA, a PGP inhibitor. BMECs incubated with
the inhibitor showed a significant increase in fluorescence accumulation, indicating active PGP function
(Figure 2D). Similarly, purified BMECs were incubated with H,DCFDA with or without MK571, an inhibitor of
the MRP family, and showed increased fluorescence accumulation compared to control cells, indicating MRP
activity (Figure 2D). We then assessed directionality of PGP and MRP by measuring the transport of the
fluorescent substrate across the monolayer of purified BMECs cultured on Transwell filters. Increased apical-
to-basolateral substrate transport (mimicking blood-to-brain) was observed on BMECs treated with CsA and
MK571 (Figure 2E), indicating the expected PGP and MRP polarization. Last, we co-cultured BMECs with
astrocytes, an important component of the NVU and re-evaluated TEER. The BMECs co-cultured with
astrocytes reach higher TEER by day 11 of subculture compared to BMECs in monoculture, exceeding 9,000
Q x cm? in biological replicates (Figure 2F). These results indicate that BMECs are responding to astrocytic

cues, a key characteristic of the BBB and NVU when functioning properly.
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Figure 2. Full characterization of barrier properties when differentiated with B27. A) Immunostaining confirms
BMECs are positive for occludin, claudin-5, VE-cadherin, GLUT-1, and PECAM-1 on day 6 of differentiation. B)
Immunostaining confirms BMECs are positive for occluding, claudin-5, VE-cadherin, and GLUT-1 48 hours after
purification. C) Effective permeability to sodium fluorescein when BMECs are differentiated with B27. D) Intracellular
fluorescence accumulation measured when cells are incubated with PGP and MRP substrates and inhibitors. E) Apical to

basolateral flux of R123 and H,DCFDA in the presence and absence of CsA and MK571, respectively. F) TEER plot of

CC3 derived BMECs co-cultured with CC3 derived astrocytes.
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2.3c. Fully defined medium with minimal components can produce high-fidelity BMECs

We sought to identify specific components of B27 that were essential to a successful BMEC
differentiation in order to further simplify the differentiation scheme. To this end, iPSCs were differentiated
using N2, a chemically defined, serum-free replacement with known component concentrations*, in place of
B27. BMECs differentiated in N2 consistently achieved TEER values greater than 2,500 Q x cm? across seven
biological replicates, indicating the presence of an intact endothelial monolayer and suggesting a successful
differentiation (Figure 3A). We further noted that insulin, transferrin, and selenium were among the conserved
components between N2 and B27, and are also core components of E6 medium. Thus, we postulated that
basal endothelial medium supplemented with insulin, transferrin, and selenium (referred to as ITS) might be
suitable for BMEC derivation. Indeed, the resultant BMEC monolayers achieved TEER values greater than
2,500 Q x cm? across seven biological replicates (Figure 3A). Additionally, the long-term stability on CC3-
derived BMECs was tracked and found to be similar to that of BMECs differentiated in B27 and N2 (Figure
3B). The use of ITS was validated in CD10-derived BMECs, as long term TEER was similar to CC3-derived
BMECs (Figure 3C). Importantly, BMECs differentiated via the ITS scheme uniformly express VE-cadherin,
occludin, claudin-5, and GLUT-1 (Figure 3D). Moreover, cells differentiated in ITS displayed restrictive
permeability to sodium fluorescein (Figure 3E) and active PGP and MRP function (Figure 3F), indicating
acquisition of BMEC phenotype. Thus, the undefined, serum-based differentiation procedure used to
previously produce BMECs from iPSCs can ultimately be reduced to three fully defined media additives without

compromising passive barrier integrity.
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Figure 3: B27 can be simplified further to a fully defined supplement consisting of as few as 3 components. A)
Maximum TEER values from 7 biological replicates when CC3-iPSCs were differentiated to BMECs using N2 or a cocktail
of insulin, selenium, and transferrin (ITS). B-C) TEER plots show long term stability of CC3 and CD10-derived BMECs
using N2 (CC3 only) and ITS compared to 200X B27. D) Immunostaining confirms BMECs are positive for occludin,
claudin-5, VE-cadherin, and GLUT-1 hours after purification in CC3 BMECs. E) Effective permeability of sodium
fluorescein for CC3-derived BMECs using ITS. F) Intracellular fluorescence accumulation was measured in CC3-derived

BMECs using ITS incubated with PGP and MRP substrates and inhibitors.
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2.4. Discussion

The variability of differentiation outcomes resulting from batch-to-batch changes in serum composition
and quality represents a significant hurtle in the use of iPSCs for research and prospective regenerative
medicine applications. This work sought to address this issue in the context of BMEC differentiation through
the replacement of serum with more defined supplements. Ultimately, this advancement mitigates procedural
variability, thereby providing researchers with more reliable and robust iPSC-derived BMECs to interrogate
neurovascular function. Importantly, the use of a fully defined differentiation schematic permits precise and
accurate metabolic studies that are not attainable when using serum. Although a recent publication
demonstrated a fully defined differentiation procedure in which iPSCs were differentiated to BMECs as a
homogenous population through a mesoderm intermediate, all previous BMEC differentiation procedures have
relied on a co-differentiation approach in which the resultant BMECs must be purified from the mixed
neural/endothelial cultures. Despite the differences in approaches, we suspected that the use of fully defined
components may ftranslate to the co-differentiation system used by most researchers. Indeed, BMECs
differentiated using B27 yielded a maximum TEER that exceeded 8,000 Q x cm? in monoculture, and
consistently produced BMECs that with elevated TEER across multiple cell lines compared to BMECs
differentiated with PDS. We note that every differentiation did not produce BMECs with TEER up to the in vivo
levels, nor did the CD10 male-control line. We speculate that these differences may be due to subtle
differences in culture technique between users and metabolic and passage differences between iPSC lines.

Finally, despite the advantages of B27 as a serum-free supplement, we were concerned that its
composition is proprietary and not completely defined, as it contains albumin. BBB function can be influenced
by different components that regulate diverse signaling pathways*’; therefore, if the goal of the experiment is to
dynamically investigate the influence of any one particular component on BBB function in real-time, it is
desirable to precisely control composition of the medium. As such, we evaluated a chemically defined
supplement (N2), as well as a defined mixture of insulin, transferrin, and selenium. Remarkably, regardless of
the composition, the resultant BMECs achieved passive barrier properties well above those considered to be a
function barrier (TEER above 500-1000 Q x cm?)*® These BMECs also displayed active PGP and MRP

function. Overall, the use of fully defined medium represents a robust, reproducible, and cost-effective
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approach to investigating BBB physiology in vitro, thereby facilitating broader adoption of iPSC-derived BMEC
models across the greater research community. Importantly, this work sets the stage for future metabolic

studies aimed at identifying underlying mechanisms regulating tissue barrier function.
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Chapter 3: Basal Media Influences Barrier Formation and Maintenance

3.1. Introduction

The basal medium in all published iPSC-derived BMEC studies is human endothelial serum-free
medium (hESFM), and until our recent work, has utilized serum during the differentiation process. While
replacing serum with fully defined components represents a significant step to reproducibly differentiate iPSCs
to high-fidelity BMECs, limitations still exist. Particularly, the composition of hESFM is proprietary, making it
difficult to ascertain the role that individual components may have on barrier formation and maintenance.
Furthermore, to precisely interrogate potential drug targets, metabolic pathways, and other underlying
molecular mechanisms regulating tissue barrier function, a medium with known compositions that is also
suitable to customization is highly desired. To this end, we explored the responsiveness of human BMECs to
biomolecule availability using basal media with known compositions. As such, Neurobasal medium (NB
medium), originally developed to maintain neural cultures, and Dulbecco’s Modified Eagle Medium/F-12
(DMEM/F12, referred to hereafter as DMEM), which is used for a variety of cell applications, are both readily
available with published compositions. The use of NB medium during differentiation and purification yielded
robust barrier formation equal to hRESFM, with a TEER of 5,000-7,000 Q x cm? Surprisingly, the use of DMEM
yielded BMECs with a significantly lower barrier function (TEER ~1,000 Q x cm?). Importantly, DMEM and NB
medium are highly similar in composition, differing mainly by slight differences in amino acid composition and
vitamin composition. Therefore, the experiments carried out in this work are critical to the identification of
components required for BMECs to form and maintain a tight barrier. Finally, these results will enhance our
understanding of how metabolism may contribute to loss of barrier function in the context of neurodegenerative

disease.

16



3.2. Experimental Design

3.3a. iPSC differentiation to BMECs and assays characterizing baseline BMEC function

The iPSC-to-BMEC differentiation schematic, TEER measurements, immunocytochemistry, sodium
fluorescein assays, and efflux transporter assays were carried out as described in section 2.2 with the notable
difference that hESFM was replaced with DMEM or NB medium during differentiation (Figure 4A). Additionally,
functional assays were performed at different time points than outlined above, and each scenario is outlined
below and later in section 3.3.

On day 4 of differentiation, iPSCs were switched to DMEM or NB medium supplemented with B27, 20
ng/mL bFGF, and 10 yM RA. BMECs were subcultured on day 6 in the same media they were differentiated in
(i.e. if BMECs were differentiated in NB medium, they were then subcultured in NB, and vice versa with
DMEM). Media was changed 24 hours after subculture to the respective basal medium used during
differentiation, lacking bFGF and RA. TEER was measured every 24 hours for the duration of the experiment.

To determine if the differential TEER results were due to intrinsic developmental differences during
differentiation, medium was changed a second time at various time points. In this case, BMECs differentiated
in NB medium were subcultured and matured in NB medium, then subsequently changed to DMEM or
replaced with NB medium to control for any effect that fresh medium may have on the barrier function. Medium
was changed for the second time at either 48 hours or 7 days post-subculture, and TEER was measured until
the cells lost barrier fidelity (i.e. TEER dropped below ~1,000 Q x cm?).

We then went on to characterize barrier active and passive barrier properties via sodium fluorescein
permeability assays and efflux transporter assays. Sodium fluorescein assays were performed as previously
described with the following modification. Instead of performing the assay 24 hours after removing bFGF and
RA, the assay was performed 48 hours after removal of these factors to correspond to the second change in

media outlined above.
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3.3. Results

3.3a. Basal media effects TEER in mature iPSC-derived BMECs

The basal medium in all published iPSC-derived BMEC work has been hESFM, a proprietary mixture.
Despite significant advances from our group to remove serum from the differentiation process and to develop a
fully defined differentiation scheme, limitations remain when studying specific underlying mechanisms involved
in barrier regulation. Because the components of hLESFM are unknown, it is impossible to discern what exactly
affects change on the barrier. As such, we sought to use medium with published components that would be
suitable for customization and manipulation. The use of NB medium in place of hESFM during differentiation
and purification resulted in robust barrier formation equal to hRESFM, with TEER ~5,000-7,000 Q x cm? (Figure
4B). Intriguingly, the use of DMEM yielded BMECs with significantly lower barrier function, with TEER ~1,000-
2,000 Q x cm? (Figure 4B). Furthermore, a 50/50 mixture of the two compositions yielded slightly better TEER,
but not a substantial recovery (Figure 4B). Importantly, these effects were not due to improper endothelial cell
differentiation, as they uniformly expressed VE-cadherin and maintained smooth occludin® tight junctions

(Figure 4C).
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Figure 4. Influence of basal media on BBB properties. A) Timeline of differentiation with altered media composition. B)
TEER plots for iPSC-derived BMECs in monoculture with different basal media. Biological N = 3 was used to confirm
observed trends. C) Immunostaining was used to confirm that iPSCs differentiated in DMEM still form VE-
cadherin+/occludin+ endothelial cells despite reduced barrier properties. D-E) iPSC-derived BMECs were either
differentiated in NB and switched to DMEM (D), or differentiated in DMEM and switched to NB medium (E). Media change

was performed on day 1 after subculture (Red asterisk). Trends were confirmed across N=3 biological replicates.

Next, we wanted to confirm that these results were not due to possible mechanistic differences induced

during differentiation, and that these effects were reversible. Indeed, differentiating and purifying BMECs in
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DMEM, and then switching to NB medium 24 hours after removing bFGF and RA (i.e. 48 hours after
subculture) resulted in a significant increase in TEER by ~2,000-4,000 Q x cm? after 24 hours (Figure 4E).
Vice versa, if we differentiated in NB medium and then switched to DMEM, the typical TEER increase was
halted to produce a TEER differential of >2,000 Q x cm? (Figure 4D). To confirm that this effect was not limited
to changing media at a single, early time point, we instead changed from NB medium to DMEM, and vice
versa, on 7 days after subculture. Accordingly, switching from DMEM to NB medium resulted in the same
increase observed at the early time point, and the opposite scenario produced the same halt in TEER
observed previously (Figure 5). Thus, the basal medium used in BMEC differentiation plays a significant effect
on passive barrier properties, and the BMECs are responsive to change in available nutrients at later time

points after purification.

NB-->NB

& - NB-->DMEM

i
x*}}i

—— DMEM-->DMEM
— & -DMEM --> NB ,L%
&

0 i T T T T T
0 2 4 6 8 10 12 14

Length of subculture (d)

Figure 5. BMECs are responsive to media changes at later, mature time points. iPSC-derived BMECs were either
differentiated in NB and switched to DMEM (top panel) or differentiated in DMEM and switched to NB (bottom panel).

Media was changed on day 7 after purification and trends were confirmed across N=3 biological replicates.
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3.3b. Basal medium does not affect passive permeability to sodium fluorescein and efflux activity

Despite the remarkable TEER differences observed between BMECs differentiated in DMEM compared
to NB medium, previous reports suggest that above a certain TEER threshold, there will not be any functional
differences. As such, we investigated whether permeability to the tracer molecule sodium fluorescein differed
between BMECs differentiated in NB medium and DMEM. While our data indicates that iPSC-derived BMECs
cultured in DMEM are less permeable than when cultured in NB medium, both have effective permeability’s in
the same range as BMECs in hESFM with B27 or ITS, indicating a low paracellular permeability (Figure 6A).
Since one of the main differences between DMEM and NB medium is amino acid concentration, we posited
that amino acid metabolism could be responsible for the TEER differential (further details in chapter 4).
Therefore, we investigated whether removal of amino acids from NB medium would alter P.. The results
suggest that there is not difference in permeability when amino acids are removed from NB medium and agree
with the previous observation that permeability is not effected above a TEER threshold*®. Further, basal media
composition did not influence the p-glycoprotein activity (Figure 6B), suggesting that only passive barrier

characteristics are influenced.
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Figure 6. Fully characterizing barrier properties. A) Effective permeability of sodium fluorescein for CC3-derived
BMECs when differentiated in NB medium, DMEM, or NB medium then switched to amino acid free NB 48 hours after
purification. B) Intracellular fluorescence accumulation was measured in CC3-derived BMECs cultured in DMEM or NB
medium and incubated with PGP substrates and inhibitors. Data represents technical N=3 from a single biological sample

and subjected to a student’s t-test for statistical significance. (*** p<0.001)
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3.3c. Searching for the components causing the TEER differential between DMEM and NB medium

As discussed in section 3.3a, the basal medium in which BMECs were differentiated in has a significant
impact on the maximum TEER achieved. When BMECs were differentiated in DMEM, TEER generally reached
a maximum of ~1,000-2,000 Q x cm?; however, when differentiated in NB medium, TEER reached a maximum
that exceeded 8,000 Q x cm? Interestingly, these media are composed of most of the same compounds,
varying only slightly in the concentrations of some amino acids and vitamins. Furthermore, our own preliminary
evidence from high throughput metabolomics suggests that amino acid metabolism is significantly altered
when passive barrier function increases in response to RA treatment (Figure 7A). Thus, we initially
hypothesized that the BMECs were utilizing amino acids to meet their bioenergetics demands, and that DMEM
was lacking key amino acids that prevented BMECs from reaching TEER maximum observed in BMECs
differentiated in NB. To investigate this hypothesis, we differentiated and purified BMECs in either DMEM or
NB medium, then changed to medium supplemented with, or lacking compound(s) of interest.

Previous work has implicated the importance of branched-chain amino acid (BCAA) metabolism in
neurodegenerative disease®**®. The BCAAs (leucine, isoleucine, and valine) are collectively ~8-fold lower in
DMEM than NB medium. Taken together, we first probed whether the removal of BCAAs from NB medium
reduced TEER to levels found from BMECs in DMEM. However, there was no loss in barrier function as
measured by TEER when BMECs were switched from NB medium to NB medium that lacked BCAAs (Figure
7B). We then took this a step further and removed all of the amino acids from NB medium after differentiation
and purification. Remarkably, these BMECs maintain a high TEER, similar to the maximum values seen in
BMECs in NB, and maintained a stable barrier for the same duration that was observed in BMECs in the
control NB medium (Figure 7B). This suggests that the difference in amino acids is not likely to be the cause

of the TEER plasticity.
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Figure 7. iPSC-derived BMECs yield a high-fidelity barrier when cultured in amino acid free NB medium. A)
Untargeted metabolomics in iPSC-derived BMECs show differential metabolite profile when BMECs are subjected to RA
treatment to increase passive barrier function. B) Statistically altered pathways due to RA treatment suggest altered
amino acid metabolism. C) iPSC-derived BMECs differentiated in DMEM (top) or NB medium (bottom) then switched to

amino acid-free or branched-chain amino acid-free NB medium respond similarly to BMECs in NB medium.

With our interest in metabolism, we further investigated the importance of glucose in the media if amino
acids were present. We differentiated and purified BMECs in DMEM or NB medium, then switched to media
containing either 0 mM (GF NB), 25 mM (the normal amount in NB medium), or 125 mM glucose (HG NB).
BMECs in each media condition maintained high passive barrier function as measured by a high TEER
(Figure 8), with BMECs in 125 mM glucose slightly increasing TEER compared to the other three conditions.

We postulate that while BMECs are in media with lower glucose concentrations, they primarily utilize amino
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acids; however, this balance shifts and BMECs may utilize both glucose and amino acids when in high glucose
media. Taking a closer look at the compositions of DMEM and NB medium, we recognized that many of the
vitamins, specifically those that are part of the vitamin B family, are elevated in NB medium compared to
DMEM. Additionally, many of these vitamins are important cofactors in ox-phos reactions. As such, we
hypothesized that by adding vitamins to DMEM so they were at the same concentration as in NB medium
(Table 2) we could close the TEER differential between DMEM and NB medium. However, supplementing
DMEM with the vitamins failed to produce the TEER increase that BMECs typically have when cultured in NB
medium (Figure 9). Further attempts to elucidate the mechanisms involved that contribute to the TEER

differences between BMECs in DMEM and NB are discussed in chapter 4.
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Figure 8. BMECs are cultured in NB medium without glucose (GF NB) or 125 mM glucose (HG NB). TEER plot for
iPSC-derived BMECs differentiated and purified in NB medium, then switched to NB medium 125 mM glucose, or glucose

free NB medium on day 1 after subculture.
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Figure 9. BMECs are cultured in DMEM and supplemented with vitamins. BMECs differentiated and purified in

DMEM are switched to NB medium or DMEM supplemented with vitamins at the concentrations present in NB

Table 1: Composition of DMEM and NB medium.

ALL VALUES IN mg/L
o
COMPONENT DMEM/F12 NB CHA/;lGE
Glycine 18.75 30 60%
L-alanine 4.45 2 -55%
L-arginine hydrochloride 147.5 84 -43%
L-asparagine 7.5 0.83 -89%
L-aspartic acid 6.65 0 -100%
L-cysteine hydrochloride 17.56 31.5 79%
L-cystine 2HCL 31.29 0 -100%
L-glutamic acid 7.35 0 -100%
L-glutamine 365 0 -100%
L-histidine hydrochloride 31.48 42 33%
L-isoleucine 54 .47 105 93%
L-leucine 59.06 105 78%
L-lysine hydrochloride 91.25 146 60%
L-methionine 17.24 30 74%
L-phenylalanine 35.48 66 86%
L-proline 17.25 7.76 -55%
L-serine 26.25 42 60%
L-threonine 53.45 95 78%
L-tryptophan 9.02 16 77%
L-tyrosine 55.79 72 29%
L-valine 52.85 94 78%

25



biotin 0.0035 0
choline chloride 8.98 4
D-calcium panthothenate 2.24 4
folic acid 2.65 4
niacinamide 2.02 4
pyridoxine hydrochloride 2.013 4
riboflavin 0.219 0.4
thiamine hydrochloride 0.17 4
vitamin B12 0.68 0.0068
i-Inositol 12.6 7.2
calcium chloride 116.6 200
cupric sulfate 0.0013 0
ferric nitrate 0.05 0.1
ferric sulfate 0.417 0
magnesium chloride 28.64 77.3
magnesium sulfate 48.84 0
potassium chloride 311.8 400
sodium bicarbonate 2438 2200
sodium chloride 6995.5 3000
sodium phosphate dibasic 71.02 0
sodium phosphate monobasic 62.5 125
zinc sulfate 0.432 0.194
D-glucose 3151 4500
hypoxanthine 2.39 0
Linoleic acid 0.042 0
Lipoic acid 0.105 0
phenol red 8.1 8.1
putrescine 0.081 0
sodium pyruvate 55 25
thymidine 0.365 0

Table 2: Vitamins added to DMEM medium.

ALL VALUES IN mg/L

COMPONENT DMEM/F12 NB
D-calcium panthothenate 2.24 4
folic acid 2.65 4
niacinamide 2.02 4
pyridoxine hydrochloride 2.013 4
riboflavin 0.219 | 04
thiamine hydrochloride 0.17 4
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3.4. Discussion

The goal of this work was to identify critical compounds in NB medium that were responsible for
BMECs increased TEER when cultured in NB medium compared to when BMECs are cultured in DMEM.
Considering that DMEM has >50 components, and NB has >35 components (Table 1), this represented a
tremendous undertaking. Previous work suggested that amino acid metabolism is altered between BMECs with
increased passive barrier function relative to BMECs without a high-fidelity barrier, we hypothesized that amino
acid metabolism differed between BMECs in DMEM and NB medium. However, when we adjusted the amino
acid content of NB medium to reflect that of DMEM, BMECs did not respond accordingly. Furthermore,
removal of BCAAs from NB medium—reflecting the decrease in BCAA concentration in DMEM—did not affect
the TEER. Intriguingly, complete removal of amino acids from NB medium did not cause BMEC TEER to drop
to levels observed when BMECs are in DMEM. In fact, TEER did not drop at all when amino acids were
removed from the medium.

We then shifted our focus to the vitamins in the media. Table 2 details the vitamins that were both
added to, and removed from the media. We specifically focused on a group of six vitamins that are present in
both DMEM and NB media, but are elevated in NB. These six vitamins are also all part of the vitamin B family
and are important cofactors in numerous oxidative metabolic reactions. As such, we suspected that the
combined elevated levels in NB medium could enhance some unknown pathways in BMECs that contributes to
the increased TEER. However, we failed to see any difference when we increased the concentration of these
vitamins in DMEM to their concentrations found in NB medium. It is possible that there is a specific
combination of amino acids, vitamins, and/or inorganic compounds responsible for the elevated TEER
observed when BMECs are in NB medium. While we have began to explore a variety of custom media
formulations investigating different combinations, the time required to make and examine each media
formulation has limited our throughput and, as such, these experiments are still a work in progress.
Nevertheless, this work demonstrates BMEC’s remarkable ability to adapt to the presence and absence of
different nutrients while maintaining their high barrier function. This function is crucial in vivo; the BBB must
remain intact under different stresses to protect the CNS and ultimately help protect against

neurodegeneration.
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Chapter 4: Defining Metabolic Pathways in BMECs

4 1. Introduction

Metabolic pathways have been studied in cells for over 100 years, yet new insights are constantly
emerging into how specific cell types use different fuel sources to carry out their specialized roles in the body.
For instance, although endothelial cell metabolism has been studied for several decades?, a new report was
published in 2018 detailing how fatty acid oxidation can dictate endothelial-to-mesenchymal transitions through
maintenance of acetyl-CoA levels in peripheral vascular beds®. However, very little emphasis has been placed
on BBB metabolism. Given the recent advancements in iPSC-derived BMEC models, including our own newly
published model®’ (detailed in chapter 2), we are more adept than ever before to study the influence of specific
cues on BBB function since the system can be fully specified and analyses of the extracellular milieu will not be
confounded by serum. Furthermore, our preliminary data has implicated cellular metabolism as a cause in
differential barrier properties identified in BMECs under a variety of conditions. As such, we sought to expand
on the differences that arise from changes in basal media composition by identifying specific pathways utilized
under each condition. The work detailed in chapter 3 suggests that BMECs are metabolically flexible, with the
ability to utilize different nutrient sources to meet their bioenergetics demands. Using cutting-edge techniques,
including metabolic profiling with the label-free Seahorse XFe metabolism assay and super-resolution imaging,
we have begun to characterize metabolic status in BMECs and demonstrate the metabolic function may have
profound influences on the barrier function. We sought to identify which metabolic pathways are primarily used
under basal conditions, and characterize how this changes under potentially environmental stressors such as
glucose or amino acid deprivation. This work could reveal novel aspects of BBB regulation that could have

important implications for neurovascular disease progression and treatment.
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4.2. Experimental Design

4.2a. Differentiation of generic iPSC-derived ECs

iPSCs are maintained in E8 medium*', prepared in-house as previously described®®, on growth factor
reduced Matrigel. When iPSCs were 60-80% confluent, the cells were washed once in DPBS and incubated in
Accutase for 3-5 minutes at 37°C. The resultant single cell suspension was collected via centrifugation,
resuspended in fresh E8 medium containing 10 uM of the ROCK inhibitor Y-27632. Cells were counted using
Trypan blue cell viability assay and seeded at a density of ~50,000 cells/cm?. The following day, media was
changed to E6 medium supplemented with 4 yM of CHIR99021, a potent Wnt pathways activator, to induce
differentiation. After two days of treatment with CHIR99021, media was changed to E6 lacking CHIR99021.
Media was changed daily for the next 3 days. Next, cells were subjected to a magnetic activated cell sort
(MACS) to purify CD34+ endothelial progenitor cells. Briefly, cells were washed once with DPBS and
incubated in Accutase for 5-10 minutes at 37°C. The resultant single cell suspension was passed through a 40
UM mesh cell strainer to remove remaining clumps of cells. The strained cells were collected via centrifugation
and resuspended in MACS buffer (5 mg/mL bovine serum albumin in DPBS with 5 mM EDTA), F. blocker, and
CD34 microbeads and incubated for 30 minutes at 4°C. After 30 minutes, cells were washed once with MACS
buffer, centrifuged to recollect, and resuspended in MACS buffer. The resultant cell solution was added to a
MS MACS column on a magnet to separate the CD34+ cells. Once the buffer had passed through the column,
MACS buffer without cells was passed through three times to wash the column and remove any nonspecific
cells that bound. Next, the column was removed from the magnet and cells were collected from the column in
MACS buffer. The cells suspension was collected via centrifugation, resuspended in E6 media containing 10
UM ROCK inhibitor, and seeded at a density of ~25,000 cells/cm? on collagen coated plates. The following day

E6 was replaced with hESFM supplemented with 1% PDS. Media was changed every 2-3 days.
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4.2b. Culture of hCMEC/D3s and bovine BMECs

hCMEC/D3 cells were maintained in EndoGro-MV complete culture medium (EndoGRO basal medium
containing L-glutamine, 5% fetal bovine serum, EndoGRO-LS supplement, rhEGF, ascorbic acid, and bFGF)
on collagen 1 coated plates. Medium is changed every other day until cells ~80% confluent.

Bovine BMECs were maintained in bovine BMEC growth media on fibronectin coated tissue culture
plates and passaged when 60-80% confluent. For YSI assays, bovine BMECs were split in to three wells of a
12-well tissue culture plate and grown to confluence. When bovine BMECs reached confluence, media was
changed to bovine BMEC basal medium and media collection began. Cells were used from passage number

2-10.

4.2c. Glucose consumption assays utilizing the YSI glucose/lactate analyzer

In previous experiments described in chapter 3, we discovered that BMECs could not only survive, but
maintain a TEER >8,000 Q x cm? in NB medium lacking either glucose or all amino acids. We hypothesized
that BMECs preferentially utilize amino acids, but shift towards glucose metabolism when deprived of amino
acids. We used the YSI glucose/lactate analyzer to measure how much glucose cells consumed from the
medium under each condition, and to measure how much lactate these cells produced. iPSC-derived BMECs
were differentiated as previously described and followed the altered timeline described in chapter 3. Briefly,
BMECs from one well of a 6-well plate were purified on to three wells of a 12-well tissue culture plates coated
with collagen and fibronectin solution substrate, and BMECs were cultured in the basal medium supplemented
with bFGF and RA for 24 hours. bFGF and RA were then removed from the basal medium for another 24
hours. The next day, medium was changed a second time to DMEM, NB medium, or the desired altered
medium (e.g. NB medium lacking amino acids). At this point, 100 yL of media were collected per well (with 3
wells per condition), and this represents T = 0 hours.. 100 yL of media was collected from each well at 6, 12,
24, and 48 hours following the initial collection. Each sample was collected and stored at -80°C until all
samples were collected. iPSC-derived generic ECs were cultured as described above. When they reached
~70% confluence, media was changed to fresh hESFM with 1% PDS and media collection began. Similarly,

hCMEC/D3s were cultured as described above, and split from one well of a 6 well plate to three wells of a 12-
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well plate. Once the cells reached ~80% confluence, the media was changed to fresh EndoGRO-MV medium
and media collection began. Furthermore, for every condition, media was also collected from a well that was
cell-free. This accounts for any glucose and lactate concentration changes due to evaporation over the course
of 48 hours.

After all samples were collected, cells were fixed in 4% PFA as described previously, incubated with
DAPI for 10 minutes, and imaged. 4 fields per well, for a total of 12 fields per condition, were captured and
cells were counted using Imaged. Once all samples were collected, they were thawed and ran on the YSI.
Each sample was measured twice for a total of 6 measurements per condition per time point (3 technical
replicates per condition, times 2 measurements per sample). The average of the 6 measurements was
calculated and normalized to the cell count to obtain the glucose and lactate concentrations. These
concentrations were then normalized to the cell-free conditions to account for changes due to evaporation.
Finally, we calculated the average and maximum rates of glucose production/lactate production for each

condition on a per cell basis.

4.2d. Seahorse XFe96 label-free, live-cell metabolism assays

iPSC-derived BMECs were differentiated as previously described, and subcultured onto 96-well tissue
culture plates that are uniquely designed for the Seahorse XFe96 instrument. iPSC-derived BMECs were
subcultured at a density of ~50,000 cells per well to ensure a confluent monolayer formed. Media was changed
using the same timeline described in section 4.2a, and the assay was carried out 24 hours after the final media
change (i.e. 72 hours after BMEC purification). On the day of the assay, the basal media of interest is removed
and replaced with assay medium—DMEM/F12 supplemented with glucose, L-glutamine, and pyruvate and
incubated at 37°C in a CO; free incubator for 1 hour to remove CO, from the cells, as this interferes with pH
and H+ measurements. We conducted the cell-mito stress test to assess how BMECs responded when
mitochondrial metabolism was inhibited by injection of compounds at various time points. This assay measures
extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), which corresponds to whether the
cell is utilizing glycolysis (ECAR) or oxidative metabolism (OCR). Baseline metabolism was measured 3 times,

and metabolic status was measured three times following each injection. First, oligomycin is injected to inhibit

31



ATP-synthase in order to determine non-mitochondrial oxygen consumption. Next, the mitochondrial uncoupler
trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) is injected to determine the maximum OCR.
Finally, a mixture of rotenone and antimycin A is injected, inhibiting mitochondrial complexes | and llI,
effectively shutting down mitochondrial respiration. After each injection, the media is mixed briefly prior to
measuring each sample. After the assay, cells were fixed in 4% PFA, stained with DAPI and imaged for a cell
count. All data were normalized to the number of cells, and recorded as mean ECAR, OCR, or ATP * standard

deviation.

4.2c. Structured illumination microscopy

iPSC-derived BMECs were subcultured on to collagen and fibronectin coated Matek tissue culture
plates in the basal media of interest (DMEM or NB) supplemented with bFGF and RA. 24 hours after ‘barrier
induction’ via the removal of bFGF and RA, media was removed and replaced fresh media containing 1 nM
Mitotracker Red for 30 minutes. Cells were then washed three times in PBS and fixed in 4% PFA. The cells
were stained following the same parameters described in section 2.2¢ and imaged on a Nikon SIM super
resolution microscope. Images were reconstructed on Nikon Elements software, and all analyses were

conducted on ImageJ and Nikon elements.

4.3. Results

4.3a. Glucose consumption rates vary with basal media conditions

We used the YSI glucose/lactate analyzer to investigate how much glucose iPSC-derived BMECs
consumed and how much lactate these cells produced when cultured in NB medium at two different glucose
concentrations. Furthermore, we compared this with the rates in primary bovine BMECs, hCMEC/D3 cells, and
iPSC-derived generic ECs. The iPSC-derived BMECs consumed about the same amount of glucose (~1.25
nM/cell) when cultured in either the NB control medium or the 5 mM euglycemic NB medium. Likewise, the
iPSC-derived generic ECs and hCMEC/D3 consumed similar amount of glucose on a per cell basis. (~2-2.5

nM glucose/cell) (Figure 10). It is interesting to note that the hCMEC/D3 immortalized cell line and the iPSC-
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derived generic ECs were very similar in terms of glucose consumed and lactate produced. ECs throughout
the peripheral vasculature are typically glycolytic, as are immortalized cell lines. Finally, the bovine BMECs
results differed most from the other cell types but we determined that these bovine BMECs formed a very low
fidelity barrier (TEER <500 Q x cm?), suggesting that they are not BBB-like and may have properties more

similar to peripheral ECs when cultured in vitro.
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Figure 10. Change in glucose and lactate levels in different types of endothelial cells after 48 hours. Media was
collected and ran on a YSI glucose/lactate analyzer to determine different endothelial cell types utilized glucose from N=3
technical replicates from a single biological sample. EG NB: euglycemic NB (5 mM glucose). Concentrations represent the

difference in glucose and lactate in the media between T=0 and T=48.

We then further examined if altering the glucose concentration or removing amino acids from NB
medium affected glucose consumption and lactate production. First, BMECs in NB medium with 1 mM glucose
consumed the entire 1mM of the glucose within ~12 hours, consistent with the amount of glucose consumed
during the same duration when BMECs are cultured in NB medium (Figure 11B). As expected, lactate
production plateaued in this low glucose condition after about 24 hours (Figure 11C). Surprisingly, BMECs
cultured in amino acid free NB medium consumed glucose at a significantly lower average and maximum rate
than BMECs in 25 mM (control) NB medium (Figure 11). However, neither the rates in lactate production nor

the total lactate produced differed between these two samples (Figure 11A). We also cultured the BMECs in
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NB medium containing 125 mM glucose. While this glucose concentration was out of range for the YSI to
measure, we were still able to obtain lactate measurements. We found that culturing BMECs in high glucose

NB medium did not alter the total lactate levels or the lactate production rates (Figure 11A,C).
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Figure 11. Changes in glucose and lactate levels after 48 hours in various media compositions. BMECs were
cultured in NB media with a variety of glucose and amino acids to assess how nutrient abundance influenced metabolic
pathway preference. A) The difference in glucose and lactate concentrations in the media between T=0 and T=48. B)
Hourly glucose usage when iPSC-derived BMECs are cultured in each media. C) Hourly lactate production when iPSC-

derived BMECs are cultured in each media.

We next investigated how the hexokinase Il (HKII) inhibitor 3-bromopyruvate (3-BP) affected glucose
consumption and lactate production when BMECs were cultured in NB medium. Interestingly, TEER dropped
slightly compared to the untreated control 24 hours after 3-BP was added (Figure 12A). This differential only
occurred for 24 hours, as the TEER of 3-BP treated cells rebounded to the same level as untreated cells after

another 24 hours and remained at the same level for the duration of the experiment. This effect also occurred
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in BMECs cultured in DMEM (data not shown). Thus, although this is not unique to the basal media BMECs
are cultured in, further investigation could provide insight into basal BMEC metabolic properties. Accordingly,
we collected media from BMECs cultured in NB medium with or without 3-BP for the same duration as the
previous YSI assays. However, despite the TEER differential observed between 0 and 24 hours, there was no
difference in glucose consumption or lactate production between 3-BP treated and control BMECs across any

period of time measured (Figure 12B-C).
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Figure 12. YSI glucose/lactate analyzer was used to measure glucose and lactate usage in presence of glycolysis
inhibitor. A) TEER plot of BMECs cultured in NB. Media was changed on Day 1 to include the inhibitor 3-BP or vehicle

control. B) Changes in glucose and lactate levels after 48 hours of culture. C) Hourly plot of glucose and lactate usage.

4.3b. Seahorse assay suggests BMEC basal metabolism may differ when in DMEM compared to NB medium
We hypothesized that a driving force producing the TEER differential observed when BMECs are
cultured in DMEM and NB medium was a difference in amino acid metabolism that led to altered metabolic
status in when BMECs were cultured in DMEM. To test whether the BMECs utilized different pathways
(glycolysis vs ox-phos), and to investigate how BMECs responded to mitochondria stress, we used the
Seahorse XFe96 to assess live-cell metabolic status. Further, we posited that BMECs cultured in DMEM would
produce less ATP compared to BMECs cultured in NB medium and would be more sensitive to the addition of
inhibitors. However, this hypothesis was rejected, as BMECs in DMEM actually had an OCR greater than
BMECs in NB, regardless of whether they were initially differentiated in DMEM or NB medium (Figures 13 and
14). In fact, when BMECs were differentiated, purified, and then stayed in DMEM, they had approximately
twice the basal OCR than when switched to NB medium after purification (Figure 14). Moreover, BMECs in
DMEM produced slightly more ATP compared to BMECs in NB (Figures 13 and 14). Additionally, BMECs
responded to the injection of the inhibitors in a similar manner, suggesting that mitochondria are not more

susceptible to dysfunction in either condition.
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Figure 13. iPSC-derived BMECs were differentiated and purified in NB medium, then switched to either DMEM, a
50/50 mix of NB and DMEM, or NB medium after purification. Mitochondrial respiration is measured over a period of

time in the presence of mitochondrial inhibitors and uncouplers. This permits the calculation of basal and maximum

respiration, and ATP production.
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Figure 13. iPSC-derived BMECs were differentiated and purified in DMEM medium, then switched to either DMEM,
NB medium, or high glucose (125 mM) NB medium after purification. Mitochondrial respiration is measured over a
period of time in the presence of mitochondrial inhibitors and uncouplers. This permits the calculation of basal and

maximum respiration, and ATP production.

4.3c. Super resolution imaging identified elaborate mitochondrial networks in iPSC-derived BMECs
Mitochondria structures are strongly associated with metabolic status in iPSCs®*®®. To examine if the
mitochondria structures differed when iPSC-derived BMECs were differentiated in DMEM and NB medium, we
used structured illumination microscopy (SIM). We observed that the mitochondria form elaborate, elongated
networks in BMECs in both conditions (Figure 14). Finally, we treated BMECs with 3-BP for 24 hours at the
same point that we previously observed the slight drop in TEER to see if there were any corresponding

changes in mitochondria structure. However, as with the YSI data, there did not appear to be any differences in
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mitochondria structure between 3-BP treated and control cells. Finally, amino acid free NB did not appear to

alter mitochondrial structure.
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Figure 15. SIM images of iPSC-derived BMECs in different media conditions. iPSC-derived BMECs are cultured in
DMEM, NB medium, NB medium with 3-BP, or amino acid free NB medium and incubated with the dye Mitotracker Red to

stain mitochondria.

4.4, Discussion

Our preliminary and previous data strongly implicated altered metabolism as a key component driving
TEER differences when BMECs are cultured in DMEM versus NB medium. As such, we sought to identify
metabolic pathways and characteristics that differ between these conditions. Furthermore, there has not been
much published work defining the general metabolic properties of BMECs. Therefore, this work aimed to
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unravel unique features in BMECs that may point to differences in metabolism underlying BMECs specialized
functions such as their barrier property. We used cutting edge metabolic profiling technique, super resolution
imaging, and biochemical approaches to characterize BMEC metabolism.

Using the YSI glucose/lactate analyzer, we demonstrated that iPSC-derived BMECs consume very low
amounts of glucose compared to iPSC-derived generic ECs and immortalized human BMECs. Furthermore,
iPSC-derived BMECs produce low levels of lactate compared to iPSC-derived generic ECs and immortalized
human BMECs. ECs throughout the peripheral system are generally considered to be highly egconticzS.
Furthermore, the process of immortalizing a cell line typically changes its properties such that they become
highly glycolytic in their use of glucose as well. Thus, our data suggests that BMECs need less glucose than
peripheral ECs to meet their bioenergetics demands, and much of the glucose in BMECs is oxidized
completely in the mitochondria rather than utilized in glycolysis to produce lactate.

We then investigated whether lowering the concentration of glucose even further, significantly
increasing the glucose concentration, or removing all amino acids from NB medium affected the amounts and
rates of glucose and lactate consumed and produced. We hypothesized that hyperglycemic medium would
force the BMECs towards glycolysis, and we would measure this by an increase in the total lactate produced
and the rate at which it was produced. We further hypothesized that removal of amino acids as a source of fuel
would cause BMECs to preferentially utilize glucose, likely via glycolysis. One significant caveat of this assay is
that we cannot directly determine whether glucose is being utilized via glycolysis or being shunted to the
mitochondria for oxidative metabolism. However, by comparing the amounts of glucose consumed and lactate
produced across the different conditions, as well as our data from the Seahorse assay, we can make logical
assumptions about how the BMECs are using glucose. Additionally, we inadvertently used a glucose
concentration in the medium that was out of the measurable range of the YSI. While we are still able to gain
valuable insight from the lactate levels, we cannot make any conclusions about the amount of glucose utilized
and plan to rerun this with glucose levels that are elevated compared to control NB medium, but still within the
YSI's range. As shown in figure 10, BMECs in the control (25 mM) NB had elevated rates of glucose
consumption compared to the amino acid free NB and low glucose NB (1 mM). However, the BMECs in low

glucose NB consumed all of the glucose within ~12 hours, and stopped producing lactate ~24 hours into the
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experiment, indicating that BMECs will atleast partially utilize glycolysis to meet their bioenergetics demands.
Intriguingly, removal of amino acids from NB medium seemingly caused BMECs to reduce the amount used
and rate that they used glucose, while producing the same amount of lactate as both BMECs cultured in NB
with 25 mM and 125 mM glucose. Additionally, increasing the glucose concentration to 125 mM did not cause
lactate levels to increase. However, this data has not been replicated and should be considered very
preliminary. Further replicates need to be completed to confirm that these trends are statistically significant.

We suggest a few plausible explanations for these phenomena. First, we believe that the BMECs may
enter a ‘survival’ state when they sense that all amino acids are absent, preferentially shutting off all
mitochondrial metabolism. Doing so forces the BMECs to utilize a non-preferred route of metabolism in
glycolysis, and consequently using less glucose because none of the glucose is being oxidized in the
mitochondria. With regards to the observation the BMECs produce the same amount of lactate when cultured
in hyperglycemic NB medium, we suggest two possibilities (with the previously described caveat). First,
BMECs preferentially oxidize the glucose and consequently there is no change in the amount that is shunted
through glycolysis. Alternatively, BMECs need such low amount of glucose to meet their bioenergetics
demands that increasing the concentration extracellularly has no effect on the amount taken up and utilized by
the BMECs, and as such, they utilize equal amounts of glucose in control (25 mM glucose) medium and
hyperglycemia (125 mM) NB.

We investigated whether the addition of the HKII inhibitor 3-BP*® affected the rate of or amount of
glucose consumed and lactate produced. HKIl is a key enzyme in glycolysis that immediately converts glucose
to glucose-6-phosphate (G6P)*° when glucose is transported into the cell. Importantly, glycolysis cannot
proceed if glucose is not first converted to G6P. While we previously have shown that the addition of 3-BP
causes TEER to drop slightly for 24 hours, there was no effect on glucose consumption of lactate production
compared to control cells. In addition to its role in glycolysis, HKIl is closely associated with the mitochondria
and known to also regulate the mitochondrial voltage dependent anion channel 1 (VDAC1)®. Thus, while
inhibiting HKIlI does not appear to have any effect on glycolysis based on the fact that there is no change in
lactate production, we can speculate that its effect on TEER arises from altering the interaction with

mitochondria and VDAC1, though many more experiments are required to support this.
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In addition to studying how BMECs utilize glucose, we assessed live cell metabolic status using the
Seahorse XFe96 assay. We cultured BMECs in NB medium or DMEM and measured the response to
compounds that inhibit different steps of mitochondrial metabolism. Although BMECs cultured in DMEM have
significantly lower TEER than BMECs in NB medium, the Seahorse data suggests that BMECs in DMEM have
a higher baseline OCR and rate of ATP production than BMECs in NB medium. Additionally, as described in
section 4.2b, this assay begins by measuring baseline metabolic status, and eventually injects FCCP to force
the cells to reach their maximum respiration. Interestingly, the data suggests that BMECs are functioning at
their maximum respiratory capability while under the baseline conditions when cultured in both DMEM and NB
medium. Taken together with the YSI data, there are a few possible explanations. Since the YSI data suggests
that BMECs use very low amounts of glucose and produce low levels of lactate, one possibility is that BMECs
are strongly utilizing ox-phos to meet their bioenergetics demands. Since the baseline OCR is approximately
equal to maximum levels, it is feasible that BMECs oxidize a majority of the glucose, amino acids, and other
nutrients to meet their demands under basal conditions, and as such, inducing maximum respiration results in
no difference.

Finally, we sought to visualize mitochondria structure in BMECs under different media conditions.
Mitochondria dynamics can have significant effects on cellular metabolism. In fact, iPSCs have highly
fragmented mitochondria, and are hyperglycolyticﬁz. Accordingly, we imaged iPSC-derived BMECs in DMEM,
NB medium, NB medium with 3-BP, and NB medium without amino acids using structured illumination
microscopy, to determine if there were changes in mitochondrial phenotype that may indicate metabolic
differences. However, the BMECs seem to retain their long, elaborate networks under each of these
conditions. Collectively, our data points to BMECs utilizing ox-phos to meet their bioenergetics demands, yet
they are metabolically flexible to survive in amino acid free, glucose free, and other metabolically stressful

environments.
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Chapter 5: Conclusions, Discussion, and Future Directions

The BBB is a highly specialized vascular system that strictly regulates the flow of substances into and
out of the CNS. An intact BBB and properly functioning BBB is essential for maintaining neuronal health and
preventing neurological disorders. It has become increasingly accepted that BBB dysfunction plays a role in
nearly every neurodegenerative disease, including AD and PD. As such, gaining a complete understanding of
the BBB and its components, specifically the BMECs, represents the possible identification of novel drug
targets to treat neurodegenerative diseases, and could also lead to improved efficacy for drugs crossing the
BBB to treat neurological symptoms. This work aimed to address both of these issues. First, we sought to
develop a fully defined, simplified differentiation protocol for producing BMECs from human iPSCs. This is a
significant improvement to previous BBB models in that it removed the influence of serum from the media,
increasing differentiation consistency and providing a new platform for potential mechanistic studies, as well as
an upgraded model to for drug screens, both targeting the BBB itself and to screen drugs/compounds that can
cross the BBB.

We recognized BMEC metabolic regulation as an understudied component that may underlie some of
the key features unique to BMECs such as their high-fidelity tight junctions and ATP-driven efflux transporters.
Additionally, our fully defined differentiation schematic provided us with a valuable tool to investigate BBB
metabolism and we adapted the model to utilize NB medium or DMEM in place of hESFM in order to have
complete control of each compound in the system. Using DMEM and NB medium gave us the ability to
manipulate the culture system in a unique way that was not possible in hESFM. Specifically, we could
completely customize the media with the knowledge that any change we made to the media could be
accounted for if there were differences in results. However, at the beginning of the work we noticed that
differentiating and culturing in DMEM produced BMECs with significantly lower TEER than BMECs in NB
medium. Moreover, this effect proved to be reversible, and BMECs were responsive to media changes at any
point after they were subcultured. This large TEER differential was slightly surprising because DMEM and NB
media are relatively similar. However, one major difference was in amino acid concentrations. Our own

previous data suggested that amino acid metabolism was a key component to increased barrier function.
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As such, we hypothesized that BMECs differed from peripheral ECs, utilizing amino acids and ox-phos
rather than glycolysis to meet their bioenergetics demands. Remarkably, we showed that iPSC-derived BMECs
could not only survive, but also maintain a high barrier function in the absence of all amino acids or glucose.
However, we did not investigate the effect of removing both glucose and all of the amino acids. Our YSI data
suggests that iPSC-derived BMECs shift to a different metabolic state in the absence of amino acids, but
further work is needed to characterize how BMECs utilize glucose under amino acid deprivation. Likewise,
iPSC-derived BMECs in hyperglycemic NB medium do not upregulate the rate of glycolysis, as indicated by no
change in the amount of lactate produced compared to both normoglycemic (25 mM) media and euglycemic (5
mM) media. Despite the limitations of the hyperglycemic YSI experiments (discussed in section 4.3a and 4.4),
our data suggests one of two possibilities. First, the data suggests that even in hyperglycemic media, iPSC-
derived BMECs do not increase their uptake and utilization of glucose relative to control NB medium.
Alternatively, iPSC-derived BMECs do in fact uptake more glucose, but instead of upregulating the rate of
glycolysis, the glucose-derived pyruvate is shuttled to the mitochondria to be oxidized.

The cell mito-stress test is an assay using the Seahorse XFe96 technology to investigate how cells
respond metabolically to mitochondrial stressors. This assay complements the YSI experiments because it
provides us with the cell’'s ATP production from mitochondrial respiration and also informs us as to how the
BMECs respond when put under oxidative metabolic stress, while the YSI is mostly characterizes a cell's
preference towards glycolysis. Our Seahorse data shows that BMECs cultured in DMEM have a higher
baseline and maximum OCR and ATP production rates compared to BMECs cultured in NB medium.
Additionally, the data demonstrated that in both media, BMECs are functioning at maximum respiratory
capacity while they are under basal, baseline conditions. Collectively, the YSI experiments and Seahorse data
tend to suggest that BMECs are primarily utilizing ox-phos, with the metabolic flexibility to shunt some glucose
towards glycolysis. Future work should utilize highly oxidative and more highly glycolytic cells to compare the
BMECs to. Additionally, further experiments using radiolabeled glucose would inform the ratio of glucose
shuttled towards glycolysis relative to glucose that eventually undergoes oxidative metabolism. Finally,
metabolomics experiments could identify specific pathways utilized in BMECs under different media conditions

and compared to peripheral ECs. This data would provide valuable details as to how BMECs respond to
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altered environmental conditions. More importantly, we could potentially identify metabolic pathways unique to
BMECs compared to peripheral ECs that could represent novel therapeutic targets and play critical role in our

understanding of neurodegenerative diseases.
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