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Abstract

Background: The in vivo restrictive properties of the blood brain barrier (BBB) largely arise
from astrocyte and pericyte synergistic cell signaling interactions that underlie the brain
microvessel endothelial cells (BMEC). In vivo relevant direct contact between astrocytes,
pericytes, and BMECS, to our knowledge, has not been established in conventional Transwell®
based in vitro screening models of the BBB. We hypothesize that a design of experiments (DOE)
optimized direct contact layered triculture model will offer more in vivo relevance for screening

in comparison to indirect models.

Methods: Plating conditions including the seeding density of all three cell types, matrix protein,
and culture time were assessed in DOEp. DOEp was followed by DOEm1 and DOEwm: to assess
the influence of medium additives on barrier properties. The permeability of 4 kD dextran, a
paracellular marker, was the measured response to arrive at the optimal plating conditions. The
optimized model was further assessed for p-glycoprotein function using a substrate and inhibitor

along with a set of BBB paracellular and transcellular markers at varying permeation rates.

Results: DOEp revealed that length of culture post endothelial cell plating correlated highest
with paracellular tightness. In addition, seeding density of the endothelial cell layer influenced
paracellular tightness at earlier times of culture, and its impact decreased as culture is extended.
Medium additives had varying effects on barrier properties as seen from DOEMm; and DOEwm». At
optimal conditions, the model revealed P-gp function along with the ability to differentiate

between BBB positive and negative permeants.

Conclusions: We have demonstrated that the implementation of DOE based optimization for

biologically based systems is an expedited method to establish multi-component in vitro cell
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models. The direct contact BBB triculture model reveals that the physiologically relevant
layering of the three cell types is a practical method of culture to establish a screening model
compared to indirect plating methods that incorporate physical barriers between cell types.
Additionally, the ability of the model to differentiate between BBB positive and negative
permeants suggests that this model may be an enhanced screening tool for potential neuroactive

compounds.

Keywords: Blood brain barrier, permeability, design of experiments, optimization, astrocytes,

pericytes, brain microvessel endothelium, triculture, direct cell-cell contact

Background

There is a continuing need for screening models that will facilitate the development of
therapeutic agents aimed at mitigating brain disorders, particularly as there is a rapidly increasing
prevalence of neurodegenerative and neurodevelopmental diseases.(1) The costs associated with
developing neurotherapeutics is significant in large part due to the high rates of attrition in later
stages of development.(2) The implementation of a low cost, predictive, and physiologically
relevant in vitro screening model to more rigorously facilitate hit to lead candidate selection
providing greater in vivo correlative rank ordering of potential compounds or drug delivery
systems for further development is imperative.

Many have theorized that the high rates of attrition are predominantly due to the inability
of drug candidates to cross the blood brain barrier (BBB).(1-3) The BBB has traditionally been
viewed as the brain microvessel endothelial cells (BMECs) that line the capillaries of the brain to
maintain a homeostatic environment. The BBB separates the brain parenchyma from the

systemic circulation and prevents permeation of potential xenobiotics into the brain interstitial
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fluids.(4,5) The BBB endothelium is unique in comparison to the periphery due to the high
expression of efflux proteins, drug transporters, metabolizing enzymes, and the presence of
restrictive tight junctions.(6,7) Tight junctions in the brain are formed between adjacent BMECs
by a complex of transmembrane intracellular cleft spanning proteins such as the occludins and
claudins 3 and 5, which anchor to cytosolic scaffolding proteins supported by the actin
cytoskeleton.(8—10) The presence of restrictive tight junctions limits the permeation of small
hydrophilic compounds, forcing compounds to move transcellularly in order to cross the BBB.

The high expression levels of non-substrate specific ATP-binding cassette (ABC)
transporters such as P-glycoprotein (P-gp) and Breast Cancer Resistance Protein (BCRP) results
in a high degree of efflux for molecules that attempt to cross the BBB through the transcellular
pathway.(11) The presence of efflux transporters may limit the permeation of potential
neurotoxicants, while also presenting a challenge for drug delivery as a number of intended
neurotherapeutics tend to be lipophilic, favoring multidrug-resistant isoform efflux.(12) Due to
their unique presence in the BBB, restrictive tight junctions and functional efflux proteins are
key validation characteristics when establishing an in vitro BBB screening model.

The in vivo BBB phenotype is also largely modulated by the presence of supporting
cellular and non-cellular components including astrocytes, pericytes, neurons, and the basal
lamina. Together, these components make up the neurovascular unit (NVU), which are each
essential for the function of the BBB in vivo. Astrocytes are a glial cell type that fully surround
the endothelium and are linked to each other via gap junctions.(13) Single astrocytes have been
shown to interact with up to four different neurons and five blood vessels, making them the
cellular link between the endothelium and brain parenchyma.(14—16) Astrocytes participate in

ion and water regulation due to the localization of aquaporin 4 and ion channels in the astrocytic
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end-feet and have been linked to the secretion of basal lamina proteins.(10,17) Additionally,
astrocytes influence BMEC growth, modulation through extracellular signaling, play an
important metabolic role, and assist in the functional maintenance through the secretion of
soluble factors which have been shown to be essential for NVU homeostasis.(18-21) Towards
the latter point, several in vitro and in vivo studies have demonstrated that changes in BBB
integrity may result from a deficiency of certain astrocytic soluble factors.(18-21)

Pericytes are found enveloped in the basal lamina of the NVU between the astrocytes and
endothelium. However, pericyte distribution is not continuous and in general cover
approximately one third of the BMEC basal layer, with higher densities observed
regiospecifically within the brain.(22) Pericytes are believed to play a similar role as astrocytes
in NVU modulation through the secretion of soluble factors, but are unique in their role in NVU
formation and maintenance, specifically during development.(23,24) Pericyte-endothelial
crosstalk occurs through a number of signal cascades including platelet-derived growth factor B
(PDGF-B) and transforming growth factor-f (TGF-B), as well as others.(25) Interactions
between the pericytes and endothelium occurs within the basal lamina due to the relative location
of embedded pericytes in the shared basement membrane, potentially suggesting that the
composition of the extracellular matrix plays a role in BBB development and maintenance. The
basal lamina is a non-cellular component of the NVU and is responsible for maintaining integrity
of the BBB by anchoring the cellular components. There are a significant number of basement
membrane proteins that include fibronectin, collagen IV, laminins, and vitronectin that form the
matrix which is approximately 20 nm thick in vivo.(6,26,27) Given the multiple components that

make up the NVU, cellular and non-cellular, we propose that the BBB should be viewed as the
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directly interacting BMECs, pericytes and astrocytes of the NVU as a whole rather than simply
the contributions of the BMECs.

Since its establishment in 2005, the hTERT oncogene and SV40 immortalized human
cerebral microvessel endothelial cell line (h\CMEC/D3) developed from primary endothelial cells
of an epilepsy patient has been the most widely used immortalized endothelial cell line for BBB
in vitro models.(28,29) Although it is widely used, studies (as well as our observations,
unpublished results) have revealed that hCMEC/D3 cells can have relatively “leaky” tight
junctions and demonstrate a functional reduction in efflux transporter expression with
passaging.(30-33) An alternative immortalized human brain endothelium is the HBEC-5i cell
line that was singly transfected with SV40 and originates from a patient pool of cerebral cortex
fragments, lacking pathological abnormalities.(34,35) The HBEC-5i has been used
predominantly in the study of cerebral malaria; however, these studies have established the
potential for this cell line to be used for BBB in vitro permeability screening.(35-38) These cells
have been observed to express a high number of electron-dense tight junctions as seen under
electron scanning microscopy, as well as provide high transendothelial electrical resistance
(TEER) and low permeability comparable to other immortalized BMECs.(35) Recently, the
HBEC-5i cell line has been used for in vitro modeling of the BBB showing functional expression
of ABC transporters and stable barrier properties over multiple days of culture, suggesting they
are a viable alternative to the hCMEC/D3 cell line and other immortalized BMEC
sources.(39,40)

Given the interaction of multiple cell types that maintain the BBB phenotype in the NVU,
many in vitro models include astrocytes and pericytes in conjunction with BMECs.(30,41-45)

Typically, these models involve seeding the endothelium on the apical surface of the filter and
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the supporting astrocytes and pericytes in the basolateral chamber or on the reverse side of the
filter.(46-50) In this study we have further developed and optimized our previously established
direct contact, layered coculture model to form a triculture system with the inclusion of pericytes
to further increase the physiological relevance of the in vitro model.(51) The direct contact,
layered triculture model is cultured by seeding astrocytes, followed by pericytes, then the
endothelium all on the apical side of a filter support to reflect the in vivo configuration and cell-
cell contacts of the BBB in the in vivo NVU (Fig. 1). In our previous studies, we have utilized a
One Factor at a Time approach to optimize culturing variables in a laborious and time-
consuming manner. Given the multiple factors that influence the performance of this model, we
have now utilized a design of experiments (DOE) approach to determine optimal culturing
conditions by assessing the influence of multiple variables on barrier properties in a single
experiment. This study has demonstrated that a DOE based approach, typically utilized in non-
biological process optimization, can be used to optimize other multi-factor cell-based in vitro
systems by assessing variable influence on model performance. Additionally, the results of this
study demonstrate the importance of direct cell contact in in vitro models and suggests that
increasing physiological relevance of in vitro models to mimic the in vivo NVU BBB can further

enhance screening tools for neurotherapeutic development.
Methods

Materials

Transwell® filters of 12 mm 0.4 um pore size, T-75 culture flasks, Matrigel®, mouse
laminin, and type I rat tail collagen were purchased from Corning (Corning, NY, USA). Hank’s
balanced salt solution (HBSS) and Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12

(DMEM/F-12) were obtained from Gibco (Carlsbad, CA, USA). Fetal bovine serum (FBS),
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hydrocortisone, lithium chloride, retinoic acid, rhodamine 123 (R123), elacridar, digoxin,
carbamazepine, colchicine, clozapine, caffeine, and prazosin hydrochloride were purchased from
MilliporeSigma (St. Louis, MO, USA). HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]-
ethanesulfonic acid) and calcium chloride dihydrate were obtained from J.T. Baker (Phillipsburg,
NJ, USA). Dexamethasone was obtained from MP Biomedicals (Santa Ana, CA, USA).
Endothelial cell growth supplement (ECGS) was purchased from Alfa Aesar (Haverhill, MA,
USA). Fluorescein isothiocyanate (FITC) labeled 4 kD dextran was purchased from Chondrex
(Redmond, WA, USA). Poly-L-lysine (PLL) was purchased from Trevigen (Gaithersburg, MD,
USA). Radiolabeled compounds [14C]-mannitol, -sucrose, -inulin, -PEG-4000, and [3H]-L-
histidine were purchased from Moravek Biochemicals Inc. (Brea, CA, USA). Human astrocytes,
human brain vascular pericytes, astrocyte medium, pericyte medium, and astrocyte and pericyte
growth factors were all obtained from ScienCell Research Laboratories (Carlsbad CA, USA).
HBEC-5i cells were purchased from ATCC (Manassas, VA, USA).
Cell Culture

Human Brain Endothelial Cells (HBEC-51) were maintained in T-75 culture flasks pre-
coated with Type I rat tail collagen with medium changes every 3 days and culturing at 80-90%
confluency. The cells were utilized in the studies between passages 22 and 30. HBEC-5i culture
medium was made up of Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-
12) supplemented with 10% FBS, 15 mM HEPES, and 40 ug/mL endothelial cell growth
supplement (ECGS). Human astrocytes and human brain vascular pericytes are maintained in T-
75 culture flasks pre-coated with poly-L-lysine with medium changes every 3 days and
subculturing at 80-90% confluency. For the studies presented herein, the astrocytes and pericytes

were utilized between passage 4 and 10. Astrocyte culture medium was made up of Astrocyte
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Medium supplemented with 5% FBS, astrocyte growth supplement, and penicillin/streptomycin.
Pericyte culture medium was made up of Pericyte Medium supplemented with 5% FBS, pericyte
growth supplement, and penicillin/streptomycin.

Experimental Design for Optimization

Optimization of plating conditions (cell seeding densities, extracellular matrix protein,
and length of culture) and medium additives were performed in sequential design of experiment
(DOE) analyses. For plating studies JMP® 13.2 from SAS statistical software was used to
determine the plating conditions of each experimental run for a total of 39 combinations by
utilizing a 5 factor, 2 level, custom design (DOEp). Each run was done in a single replicate with
DOE?p selected conditions to determine best levels for each variable and then the combined
optimized conditions were further confirmed in subsequent experiments in triplicate. Table 1
lists the various factors and the respective levels of each.

Table 1. Plating factors and conditions for DOE (DOEp)

Factor Selected Range*
Astrocyte Seeding Density 20,000 — 60,000 cells/cm?
Pericyte Seeding Density 20,000 — 60,000 cells/cm?
HBEC-5i Seeding Density 50,000 — 110,000 cells/cm?
Study Day Day5-9
Extracellular Matrix Collagen I, Matrigel, Laminin

* 3 levels each factor

Similarly, medium optimization was performed in two analyses using a custom design
DOE to determine medium conditions that resulted in the tightest barrier properties. The first
analysis (DOEwm) was performed using HEPES, hydrocortisone, dexamethasone, LiCl, calcium,
and retinoic acid, using the selected date for permeability analysis at 9 days post endothelial cell

plating (Table 2). A second analysis (DOEm2) was performed, based on the results of the first,
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using hydrocortisone, dexamethasone, LiCl, and retinoic acid at both 5 and 7 days post

endothelial cell plating (Table 3).

Table 2. Medium optimization with evaluation on Day 9 (DOEwm:)

Factor Selected Range*
HEPES 15-25mM
Hydrocortisone 0-14uM
Dexamethasone 0-10uM
Lithium Chloride 0-10 mM
Calcium 0-1mM
Retinoic Acid 0-10uM
Study Day Day 9

* 2 levels each factor (presence or absence of given additive)

Table 3. Medium optimization with evaluation on Day 5 and 7 (DOEwm»)

Factor* Selected Range*
Hydrocortisone 0-14uM
Dexamethasone 0-10uM
Lithium Chloride 0-10 mM
Retinoic Acid 0-10uM
Study Day Day S or 7

*All medium supplemented with 15 mM HEPES
* 2 levels each factor (presence or absence of given additive)

Plating Direct Contact Triculture on Transwell® Filter Support

For the DOEp studies, filters were pre-coated with poly-L-lysine (PLL) by pre-coating 12
mm, 0.4 pm pore Transwell® inserts with 5 pg/cm®* PLL. Astrocytes were plated at seeding
densities of 20,000, 40,000, or 60,000 cells/cm? and allowed to grow for 48 hours. After 48 hours
of astrocyte growth, astrocyte medium was removed and pericytes were seeded atop the astrocyte
lawn at seeding densities of 20,000, 40,000, or 60,000 cells/cm? and allowed to grow for 48
hours. After 48 hours of pericyte growth, apical medium was replaced with the specified ECM
protein solution. Astrocyte-pericyte lawn filters were coated with one of the following ECM

proteins at the respective concentrations: Matrigel® 25 uL/cm? (2.5 pg/cm?), Laminin 5 pg/cm?,

10
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or Type I Rat Tail Collagen 5 pug/cm?. To coat inserts, Matrigel®, Laminin, or collagen I aliquots
were diluted in HBSS with Ca?* and Mg?* and 0.5 mL dispensed onto to each respective 12 mm
insert and left to incubate with the respective ECM protein for 45 min at 37 °C. After incubation,
the ECM solution was removed and HBEC-5i cells were plated at seeding densities of 50,000,
80,000, or 110,000 cells/cm? and allowed to grow for 5, 7, or 9 days prior to permeability
measurements. Cultures were maintained in complete HBEC-51 medium with medium changes
every other day following endothelial cell plating. Transendothelial electrical resistance (TEER)
was measured every 24 hours after HBEC-5i plating using a 4 mm Chopstick electrode with
EVOM2 Volt/Ohm Meter (World Preclinical Instruments), and normalized based on resistance
across blank filter supports.

In DOEwmi» studies, the culturing methodology described above was used with the
modification that the complete HBEC-5i culture medium was supplemented with the DOE
selected factors and introduced to cultures 24 hours post endothelial plating with medium
changes every other day until the day of study. Medium for DOEwmi» was prepared from
concentrated stock solutions of 1 M HEPES in water, 4.6 mM hydrocortisone in ethanol, 3.8 mM
dexamethasone in DMSO, 11.8 M LiCl in water, 1.7 M CaCl;, in water, and 33.3 mM retinoic
acid in DMSO. Final solvent content was normalized across all runs to eliminate solvent effect as
a confounding factor in the study.

Plating Monoculture and Direct Contact Coculture on Transwell® Filter Support

Monoculture (HBEC-5i alone) and direct contact coculture (astrocyte-HBEC-51 and
pericyte-HBEC-51) models were used for comparison with the DOE optimized direct contact
triculture. For monoculture studies, 12 mm, 0.4 pm pore Transwell® inserts were pre-coated with

25 uL/cm? Matrigel®. HBEC-5i cells were plated on Matrigel® coated filters at a density of

11
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80,000 cells/cm? and cultured for 9 days with medium changed every other day. Direct contact
cocultures were plated according to methods developed by Kulczar et al. with some
modifications.(51) Transwell® filters were pre-coated with 5 ng/cm? PLL followed by seeding of
astrocytes or pericytes at 20,000 cells/cm? and allowed to grow for 48 hours. At 48 hours post
astrocyte or pericyte plating, HBEC-5i cells at 80,000 cells/cm? were seeded directly atop the
lawn of pre-seeded cells and cultured for an additional 9 days with medium changed every other
day.
Permeability Assays

To optimize conditions, permeability was measured using 4 kD FITC-dextran at an initial
concentration of 0.25 mg/mL in HBSS with Ca** and Mg**. Triculture DOE generated plating
conditions and the optimized parameters were washed and left to equilibrate in HBSS at 37 °C
for 30 minutes prior to the start of the permeability assay. Permeability was performed at 37 °C
on a rocking platform maintaining sink conditions and sampling at 15, 30, 45, 60, and 90
minutes. Samples of 100 uLL from each basolateral chamber were removed at each time point and
placed into a 96-well black flat-bottomed well plate for fluorescence reading. After sampling,
naive HBSS was added back to the basolateral chamber to maintain hydrostatic pressure and the
lost mass was accounted for in the calculated permeation rates. Samples were analyzed using a
BioTek Synergy 4 plate reader at excitation of 485 nm and emission of 530 nm. Apparent

permeability (Papp) was calculated using equation 1 (eq. 1)

(eq. 1)
where dM/dT is the amount of Dextran that moves across the filter over time, Co is the initial

concentration in the donor (apical) chamber, and A is the surface area of the filter support. The
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effective permeability (Petr, permeability contributions of cell layer alone) of each condition was
determined using equation 2 (eq. 2) where the Prner value used is that of the ECM used in the

given condition.

1 1 1
= +
Papp Peff Pfilter

(eq.2)

Apparent permeability of additional paracellular markers of varying sizes (['*C]-
mannitol, ['*C]-sucrose, ['*C]-inulin, and ["*C]-PEG-4000) was determined in the optimized
direct contact triculture. Permeability assays were performed as stated above with an initial
concentration of 0.25 pCi/mL in HBSS for all markers and analysis performed utizing a liquid
scintillation counter.

A range of BBB positive and negative permeants were used to further evaluate barrier
properties of the optimized model. The permeability of [*H]-L-histidine, carbamazepine,
colchicine, digoxin, clozapine, and prazosin was determined by preparing 10 mM stock solutions
of each compound in DMSO, with the exception of [*H]-L-histidine. For each study, the final
concentration of DMSO was equivalent at 1% (v/v). Permeability of [*H]-L-histidine was
determined using the same method as stated above for radiolabeled paracellular markers.
Working solutions of non-radiolabeled compounds were prepared at a concentration of 25 pM in
HBSS with permeability measurements performed as stated above and sampling at 30, 60, 90,
120, and 150 minutes. Analysis for these compounds was performed using high performance
liquid chromatography (HPLC). Permeability was calculated according to equation 1.

The function of P-gp in the triculture model was determined using P-gp substrate

rhodamine 123 (R123) in the presence and absence of the inhibitor elacridar. Stock solutions of

13
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R123 (2 mM) and elacridar (10 mM) were prepared in DMSO. Working solutions of 10 uM
R123 and 2 puM elacridar were prepared in HBSS with 1% DMSO. For inhibition studies,
tricultures plated on permeable filter supports were pre-incubated with 2 uM elacridar for 45
minutes prior to the addition of R123. Samples were removed at 30, 60, 90, and 120 minutes and
analysis was performed using the BioTek Synergy 4 plate reader at excitation of 485 nm and
emission of 530 nm. Permeability was calculated according to equation 1.
High Performance Liquid Chromatography

Analysis of carbamazepine, caffeine, colchicine, digoxin, clozapine, and prazosin was
performed on an Agilent 1100 reverse phase HPLC with variable wavelength detection (VWD),
as briefly described below and summarized in Table 4.

Table 4. High Performance Liquid Chromatography analyses performed on an Agilent 1100
reverse phase HPLC with variable wavelength detection (VWD).

Compound Column Mobile phase Flow rate Absorbance
temperature (water:acetonitrile) (mL/min) measurement (nm)
Caffeine ambient 90:10 1.0 275
Carbamazepine 40 °C 65:35 1.5 284
Clozapine 40 °C 45:55 1.5 254
Colchicine 40 °C 75:25 1.5 354
Digoxin 40 °C 70:30 1.1 218
Prazosin 40 °C 65:35 1.5 254

All samples were run isochratically through an Ascentis® C-18 15 x 4.6 mm, 5 pm column, at 25 pL injection
volume, using water and acetonitrile (ACN) for all mobile phase.

Statistical Analysis

Custom experimental designs based on categorical and discrete continuous factors were
generated by JMP 13.2 statistical software. Analysis of each DOE was done by fitting models
based on the Per of 4 kD dextran response to standard least squares to determine optimal
conditions. In comparison studies, all conditions were performed in triplicate (n=3) and subjected
to Student’s #-test or one-way ANOV A with Tukey Kramer post-hoc test. A p-value of 0.05 was

considered to be statistically significant.
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Results

Plating Optimization (DOEp)

Traditionally, a One-Factor-at-a-Time (OFAT) approach is used to assess the impact of
variable changes in cell-based models and processes, where one variable (e.g., cell density) is
optimized in the presence of several other unoptimized variables that results in an inefficient and
laborious manner. A Design of Experiments (DOE) based approach allows for the influence of
multiple factors to be observed on a measured response to arrive at an optimal level for each
given variable. Furthermore, it allows one to more rapidly identify optimized growth conditions
in a time and labor efficient manner. Our previous studies towards establishing a direct contact
triculture (unpublished results) and our direct contact coculture model, were used to inform our
selection of respective seeding densities for all three cell types, ECM used to aid endothelial
attachment, and length of culture of the endothelium that consisted of the initial selected factor
ranges.(51) Optimal plating conditions were determined using Pefr values to account for the
differences associated with ECM coatings. Conditions 8 (60 HA, 60 HBVP, 110 EC, Laminin,
Day 9) and 20 (20 HA, 20 HBVP, 110 EC, Laminin, Day 9) exhibited the lowest Peff values at
3.2 x 10 cm/sec (Fig. 2). Condition details and tabulated Per data of DOEp are noted in
Additional File 1.

Based on the data trends, the culture length between the assay day was determined to
have the largest impact on paracellular permeability resulting in significantly lower 4 kD dextran
permeability at day 9 compared to days 5 and 7. When separating the data by study day and
factor there are observable trends in permeability coefficients among the factors including the
effects of astrocyte and pericyte cell density. With extended culturing, higher seeding densities

of astrocytes and pericytes result in higher permeability of the dextran (Fig. 3). HBEC-51 seeding
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density also shows trends towards lower permeability at higher seeding densities; however, this
trend is not as strong at day 9 when the cells have had sufficient time to reach confluence and
have a longer time to differentiate.

Using JMP 13.2 software, a prediction profiler was generated based on the obtained Pefy
values for the given conditions. By maximizing Desirability to achieve the lowest possible
permeability, the optimal conditions were determined to be 20,000 cells/cm? for both astrocytes
and pericytes, 80,000 cells/cm?> HBEC-5i cells, Matrigel® as the ECM protein, and culturing for
9 days post endothelial cell plating (Fig. 4). These conditions would optimally generate a
predicted Pesr value of 2.4 x 10 cm/sec for 4 kD dextran. Upon repeating the analysis at selected
optimal conditions, the Pefr of a 4 kD dextran showed to be reproducible resulting in a similar
permeability value (Pefr; 3.7 x 108 cm/sec + 0.04, n = 3).

Medium Optimization (DOEwm1/2)

Selection of medium additives was based on literature and previous studies in our
laboratory for HBEC-5i medium based on their reported influences on barrier tightness both in
vitro and in vivo.(51-58) The first DOE analysis of medium variables aimed towards
optimization (DOEmi) was performed with the DOEp optimized plating conditions of 20,000
cells/cm? for astrocytes and pericytes, 80,000 cells/cm?> HBEC-5i, Matrigel, after 9 days of
endothelial growth. HEPES, hydrocortisone, dexamethasone, lithium chloride, calcium, and
retinoic acid were used as medium additives due their reported influence on tight junction
expression and induction of barrier properties in in vitro BBB models. The lowest achieved 4 kD
dextran Per of DOEmi was 6.3 x 10° cm/sec, suggesting that, under these conditions, the
additives did not provide further tightening of the model. Significant trends are not apparent for

any of the additives with the exception of higher levels of HEPES resulting in higher
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permeability values. Given that many of these additives increased expression and differentiation
of the endothelial cells, their effects on barrier properties were assessed at earlier days of culture.
The optimal medium condition was determined to be 15 mM HEPES, 1 mM calcium, and 10 pM
retinoic acid, but the influence of these factors on barrier tightness was not significant (Fig. 5).
The full data set of DOEwm;i, including medium conditions and Py, is tabled in Additional File 2.

Based on these results a second analysis (DOEwm2) was performed to assess the influence
of the additives in earlier days of culture. These studies were conducted in the presence or
absence of hydrocortisone, dexamethasone, lithium chloride, and retinoic acid at 5 and 7 days
post endothelial cell culture, HEPES was held constant at 15 mM and calcium was removed from
DOEwm. The lowest 4 kD dextran Perr of DOEm2 was 8.3 x 10° cm/sec, suggesting that the
additives do not provide increased barrier tightness based on the optimized plating conditions of
DOEp. Optimal conditions for medium was determined to be 10 uM dexamethasone, 10 pM
retinoic acid, 10 mM LiCl, through 7 days of endothelial cell culture; however, these conditions
were not used for continued assessment of the optimized model due to the lack of improvement
over unmodified medium (Fig. 6). The complete data set of DOEwm, including individual run and
Pesr results, can be found in Additional File 3.
Permeation Comparisons to Mono- and Cocultures

The optimized direct contact triculture was compared to a monoculture of HBEC-5i cells
alone and direct contact cocultures of HEBC-5i cells seeded atop a lawn of astrocytes or
pericytes (Fig. 7A). Effective permeability of the 4 kD FITC-dextran was used for comparison
between the different models. In comparison to the optimized direct contact triculture (3.7 x 10
+ 0.0 cm/sec) the HBEC-5i monoculture had the highest observed permeability (19.7 x 10 + 3.0

cm/sec; p < 0.01), followed by the perictye-HBEC-5i coculture (15.1 x 10 + 3.7 cm/sec; p <
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0.05), and the astrocyte-HBEC-5i coculture (12.8 x 10° + 2.1 cm/sec; p < 0.05). Given the
significant differences observed between the direct contact triculture and the monoculture and
coculture models, the inclusion of all three cell types offers increased barrier tightness for the in
vitro model.

Direct Contact Triculture BBB Marker Compounds

Paracellular markers possessing a broad range of hydrodynamic radii were used to
evaluate the functional tightness of the optimized model (Fig. 7B).(59—61) The lowest apparent
paracellular permeability observed was that of PEG-4000 (7.85 x 10° + 0.03 cm/sec, 15.9 A)
followed by inulin (Papp = 15.53 x 10 + 0.15 cm/sec, 10 A), mannitol (Papp = 19.88 x 10 + 0.07
cm/sec, 4.3 A), and sucrose (Papp = 21.76 x 10° + 0.17 cm/sec, 5.2 A). The apparent paracellular
permeability of the hydrophilic markers shows the model is able to distinguish between markers
of varying sizes. However, based on the hydrodynamic radius, sucrose should have a lower
permeability as the larger compound in comparison to mannitol.

P-gp function in the direct contact triculture was assessed using P-gp substrate R123
alone and in the presence of P-gp inhibitor elacridar (Fig. 7C). In the absence of inhibitor, the
Papp of R123 was 18.52 x 10 + 0.58 cm/sec. The presence of elacridar significantly increased
the Papp of R123 (Papp = 21.14 x 10 £ 0.46 cm/sec; p<0.01) across the direct contact triculture.
Additional P-gp substrates were utilized as marker compounds such as digoxin (Papp = 9.21 x 10°
®+ (.31 cm/sec) and colchicine (Papp = 18.67 x 10 + 2.75 cm/sec). Prazosin, a BCRP substrate,
was used to assess the function of other efflux transporters in the direct contact model (Papp =
6.16 x 10° +0.11 cm/sec) (Fig. 8).

The antipsychotic drug clozapine showed an apparent permeability value of 8.15 x 10 +

0.58 cm/sec. The amino acid L-histidine was used to assess facilitative transport across the in
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vitro model with an observed apparent permeability of 52.61 x 10° + 0.70 cm/sec, as reported
previously.(60) Carbamazepine is an antiepileptic drug and a BBB positive permeant with an
observed apparent permeability of 27.71 x 10 + 1.13 cm/sec in the optimized model. Caffeine, a
small hydrophilic molecule, also had BBB positive permeation with an obtained apparent
permeability of 28.93 x 10 £ 1.15 cm/sec (Fig. 8).

Discussion

In vitro screening models have traditionally been used to evaluate the potential of new
chemical entities to cross the BBB, with much of the emphasis of these models being placed on
the endothelial cell type. The BMEC used is often primary or immortalized and of animal or
human origin, each presenting its own advantages for use in in vitro models.(30,62) Although
animal sources are typically lower cost, have significantly higher access, and can be easier to
isolate, physiological and phenotypic differences between the human and animal NVU make
human cell sources preferred for drug permeability screening due to the presumed physiological
relevance to the patient. Primary cells, directly isolated from patients, often present a phenotype
most similar to in vivo, but are often difficult to acquire due to ethical reasons, require intricate
isolation protocols, and present concerns with patient specific differences.(63,64) Therefore,
much of the emphasis has been placed on establishing and characterizing human immortalized
cell lines for robust screening methods.

The HBEC-5i cell line has not been as extensively used for in vitro BBB permeability
modeling comparative to other BMEC cell sources (e.g., hCMEC/D3).(60) However, it has been
shown to have good expression levels of brain endothelial markers such as vascular cell adhesion
molecule (VCAM-1) and intercellular adhesion molecule (ICAM-1) essential for immune cell

trafficking, CD51 (av-integrin) involved in extracellular matrix adhesion, as well as tight
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junction proteins zonula occluden 1 (ZO-1) and claudin-5.(35,39) Transporter expression and
function of BCRP, P-gp, MRP-1, and MRP-2 has also been demonstrated recently to be
comparable to other immortalized brain endothelium.(39) Conversely, this cell line has also been
indicated to be lacking in expression of platelet endothelial cell adhesion molecules (PECAM-1
and CD31) and the macrophage scavenger receptor CD36.(35,65) Given the expression of
endothelial markers and transporters that have been investigated by others, we selected the
HBEC-5i cell line as the BMEC for the direct contact triculture rather than the hCMEC/D3 cell
line we utilized in development of the direct contact coculture.(51)

In vitro models of the BBB are increasingly being developed to provide physiological
relevance through co- and triculture indirect contact methods with astrocytes and pericytes that
comprise the NVU to further enhance barrier properties. Seeding supporting NVU cells on the
reverse side of the filter support displays improved barrier properties in the cultured BMECs by
reducing the distance between the cell types and improving the BBB phenotype in the cultured
endothelium.(50,66) However, the direct cell-cell contact is limited due to the thickness of the
filter support and opposable culturing surfaces, where growth through the filter pores provides
limited interaction. The direct cell-cell contacts of astrocytes and pericytes with the endothelium
in vivo are often overlooked in these multi-cellular models that are currently utilized.(30,41-45)
We have previously shown that direct contact between astrocytes and the endothelium in a
coculture model increases the barrier properties compared to endothelial monocultures and
indirect plating methods.(51) Although astrocytes are often used as a supporting cell in in vitro
models, pericytes also play an important role in influencing and regulating the BBB phenotype
through a number of signaling cascades.(24,67,68) Since each supporting cell acts in a

functionally different manner on the BMECs, incorporating both astrocytes and pericytes in
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direct contact cell based models should better enable synergistic effects of the NVU to be
represented in vitro.

A design of experiments approach was taken to develop and optimize the direct contact
triculture in order to adequately understand the interactions each variable would have on the
performance of the model. As opposed to an OFAT approach, DOE takes into account the
implications of changing multiple variables to come to optimal conditions in a significantly more
efficient manner in terms of time invested and resources required. In optimizing the triculture,
we arrived at optimal conditions with reproducible results in a time frame of two months as
opposed to our previous OFAT optimization efforts that spanned the course of multiple years.
The results of DOEp revealed optimal plating conditions of 20,000 cells/cm? for both astrocytes
and pericytes, 80,000 cells/cm? for HBEC-5i, Matrigel® as the ECM to promote endothelial
adhesion, and culturing the endothelium for 9 days after seeding. The comparison of 4 kD
dextran permeability to other reported data revealed that our optimized model infers that the
model is among the tightest we found reported, suggesting that culturing multiple NVU cell

types in direct contact synergistically increases barrier tightness (Table 5).

Table 5. Peff Values of 4 kD Dextran (14 A) for different BBB models.

Model/Endothelial Cell Line Peff (10°% cm/sec)
DOE Direct Contact Triculture, HBEC-51 3.7
Monoculture (HA conditioned medium), HBEC-51 3.6%
Monoculture, \CMEC/D3 8.8 5.4¢
Isolated endothelial cells, rat 1.04

In vivo microvessels, rat 0.92¢

aPuech, C., et al., Int J Pharm (2018) 551(1) 281-289, PForster, C., et al., ] Physiol
(2008) 589(7) 1937-1949, ‘Weksler, B., et al., FASEB J. (2005) 19(13) 1872-1874,
dWatson, P.M.D., et al., BMC Neuroscience (2013) 14:59, ¢*Yuan, W.. et al.,
Microvasc Res (2009) 77(2) 166-173
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In addition to selecting an optimized set of plating conditions, the DOE approach
facilitated an understanding of how changing factor levels may impact model performance. At
higher densities of astrocytes and pericytes, a decrease in paracellular tightness was observed
with extended culture time. Length of culturing time will vary with each individual endothelial
cell line seeded in combination with the astrocytes and pericytes in culture and should be
optimized based on the increase in tightness as an indicator of differentiation. However, the
endothelial culture times do need to take into account whether or not the co-cultured astrocytes
and pericytes maintain viability or run the risk of becoming senescent at the latter stages of the
study. Additionally, higher seeding densities of endothelial cells resulted in lower paracellular
permeation rates at days 5 and 7, which may be expected by the increased ability of the cells to
form a confluent layer at fewer days of culture. However, that trend is less drastic after 9 days of
culture suggesting that seeding density does not play as significant of a role at confluency, but
rather time in culture is necessary to allow for differentiation and adequate tight junction
formation.

An effort to optimize culture medium (DOEMm; and DOEm2) was made to further increase
barrier properties of the model through the inclusion of additives that have been shown to
enhance the BBB phenotype in in vitro and in vivo studies. Unmodified HBEC-5i medium
contains 15 mM HEPES; therefore, higher levels of HEPES were included to assess the impact
of a higher buffering capacity on barrier tightness. Hydrocortisone was selected for its influence
on inflammatory responses as a glucocorticoid and potential to prevent tight junction break
down.(52) Lithium chloride has been shown to influence claudin expression through stimulation
of the Wnt/B-catenin pathway.(53) Calcium was studied as a medium additive due to its

influence on adherens and tight junction protein expression to increase barrier tightness, where
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studies have shown that low extracellular calcium levels can lead to an increase in paracellular
permeability.(54,55) Like hydrocortisone, dexamethasone acts to inhibit inflammatory responses
and upregulate tight junctions; however, it is a synthetic alternative to the naturally occurring
hydrocortisone.(56) Lastly, retinoic acid is naturally secreted by glial cells and has revealed
significant increases in paracellular tightness in in vitro BBB models.(57,58)

Between both assessments it was revealed that the length of culture time for the
endothelium still had the largest impact on model performance regardless of additives (Fig. 6).
Based on this finding it is possible that due to the influence the additives have on the
endothelium the HBEC-5i cells are differentiating before reaching confluency which is not
sustainable through the length of culture. This phenomenon could also explain why the effects of
additives appear to be more effective in DOEwm», culturing for 5 or 7 days post endothelial
plating, as the differentiation effects may be occurring earlier and not maintained through culture
times for DOEMmi. A way to improve on this would be to include HBEC-5i seeding density as a
factor in further assessments of medium additives. With the trends of DOEp establishing the
positive impacts higher seeding densities have on model tightness, seeding at a higher density
(greater than the optimized 80,000 cells/cm?) with differentiation inducing medium supplements
may result in the tightest barrier formed and additionally reduce culturing time. An alternative
would be to continue with optimized conditions of DOEp and include time of addition as a factor
in further studies by introducing additives after the HBEC-51 have been in culture for more than
24 hours.

The influence of the medium additives may also extend beyond paracellular tightness.
Hydrocortisone has been shown to increase barrier tightness through the upregulation of tight

junction proteins, but has also been demonstrated to induce efflux transporter
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expression.(39,69,70) Expression and function of ABC efflux transporters, specifically BCRP
and P-gp, was also demonstrated to be influenced by the release of tumor necrosis factor-a
(TNF-0) and subsequent inflammatory responses.(39,70,71) However, hydrocortisone is a
glucocorticoid that has been demonstrated to impact P-gp and BCRP expression by inducing
anti-inflammatory responses. Therefore, in addition to the impact on paracellular tightness, the
induction of efflux transporter expression should also be assessed by evaluating the time of
addition of hydrocortisone to the culture medium.

The increase in physiological relevance of adding additional cell types of the NVU in
direct contact with BBB endothelium provides increased barrier restrictive properties in
comparison to the endothelium alone. Additionally, including both supporting cell types
(astrocytes and pericytes) in direct contact with HBEC-5i cells results in increased barrier
tightness compared to direct contact cocultures (astrocyte- or pericyte-HBEC 5i combinations
alone). This finding suggests that including both the astrocytes and pericytes in in vitro models
further synergistically enhances the properties of the BBB in addition to better representing the
in vivo NVU. The inductive effects of astrocytes and pericytes and their roles in BBB
maintenance have been well established; however, many of the models used for in vitro BBB
permeability screening do not consider the direct contact the different cell types have with one
another in vivo. By seeding astrocytes, pericytes, and the endothelium directly atop one another
this model better mimics the 20 nm distance between the cell types due to the presence of the
basal lamina that is seen in vivo.(22) Although indirect plating methods with cell types cultured
on opposite sides of a 10 pum thick filter support also provide increased barrier properties over
endothelial monocultures, the direct contact triculture is more physiologically relevant to the in

vivo BBB that is observed in the NVU and does not require manipulation of the Transwell®
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system and potentially is more amenable to automation for higher capacity throughput screening
assays.

Paracellular permeants of increasing hydrodynamic radius were selected to evaluate the
tight junction formation in the direct contact model. With increasing marker size, there is a
related decrease in paracellular permeability due to the size of the molecule in relation to the
pore size of the tight junctions formed between adjacent endothelial cells. Permeability of ['*C]-
PEG-4000 (15.9 A) is the lowest of all markers used as expected followed by [*C]-inulin (10 A).
In studies with the optimized direct contact triculture model, the permeability of ['*C]-sucrose
(5.2 A) is faster than that of the smaller ['*C]-mannitol (4.3 A), which is opposite of what would
be expected based on molecule size alone.(59—61) One possible explanation is that the relative
size of the two markers is small in comparison to the paracellular pore radius in the triculture
model, which would lead to issues in elucidating the differences in their respective permeation
rates as they both traverse relatively fast. Alternatively, sucrose, a disaccharide of a fructose and
glucose molecule linked via glycosidic bond, may serve as a substrate for active or facilitative
nutrient transporters. For example, glucose permeation across the BBB has been reported to be
modulated by several nutrient transporters, in particular the facilitative Glucose Transporter 1
(GLUT1) that is highly expressed in both BMECs and astrocytes.(72,73) Several
neurotherapeutics utilize a pro-drug approach where the agent is conjugated to glucose in an
effort to enhance brain parenchymal exposure via GLUTI1.(72,74) Based on the structure of
sucrose, the idea that there is some degree of nutrient transporter activity of the purported
paracellular marker via the GLUT1 transporter is feasible. Therefore, we posit that the observed
permeation rate for sucrose could be higher due to a potential transporter contribution that is not

available for ['*C]-mannitol in the optimized direct contact triculture. This theory is further
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exacerbated by the presence of astrocytes and pericytes on the apical side of the Transwell® in
the direct contact triculture since both of these cell types have reported expression of GLUTI.
The potential for GLUT1 mediated transport and a potential increase the permeation of ['*C]-
sucrose in the apical to basolateral direction in comparison to indirect in vitro models requires
further investigation. Future studies might focus on delineating the effects GLUTI, a related
transporter, with co-administration of transporter inhibitors, or with GLUT isoform transfected
HBEC-5i cells.

The functional activity of ATP-Binding Cassette efflux transporters, with the most
prevalent isoform being P-gp, in BMEC:s is a key characteristic of the in vivo BBB. P-gp, BCRP,
and related multidrug resistance conferring efflux transporters function to prevent xenobiotics
from permeating into the brain parenchyma with a broad substrate affinity and capacity.
Rhodamine-123 (R123) is a commonly used P-gp substrate to assess functional activity in the
presence or absence of an inhibitor. Elacridar is a third generation P-gp inhibitor and has been
reported to have among the highest specificity and potency for P-gp inhibition within the class of
agents.(75) We observed that the presence of elacridar resulted in an increase in R123
permeability across the direct contact triculture, suggesting that P-gp is functionally present in
the optimized model. In these studies, R123 permeation was only assessed in the apical to
basolateral direction. Additional studies to elucidate P-gp function can include bi-directional
permeability assessment as well as cellular accumulation. However, given that P-gp is expressed
in both the HBEC-51 and astrocyte cell types in direct contact, the assessment of P-gp function
and expression would require more in depth studies focused on delineating the impact of P-gp in

each cell and in combination. This is particularly true given the fact that astrocytes have also
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been reported to express P-gp, which may further obfuscate P-gp assessment of the endothelium
alone.(76)

In addition to limiting paracellular permeation of hydrophilic solutes and potentially P-gp
substrates, we theorized that a well-established in vitro model of the BBB found in the NVU
should have an enhanced ability to differentiate between in vivo demonstrated high and low brain
permeating compounds. In vitro permeability screening models capable of predicting in vivo
permeation rates in order to rank new chemical entities is essential to facilitate compound
advancement with translation as the aim.(77,78) A number of positive and negative permeants
were selected to assess the utility of the direct contact triculture. Amino acids and related
analogues (e.g. y-aminobutyric acid or GABA) play a critical role in maintaining brain
homeostasis and modulating function. Here we selected L-histidine as an amino acid that is
actively transported in a stereospecific manner across the BBB by amino acid transporters and
potentially Peptide Histidine Transporter 1.(60,79) However, L-histidine is a small water soluble
molecule that can potentially permeate in vitro models to an extent via the paracellular pathway.
Hence, the paracellular route cannot be ignored as it may contribute to a higher permeation rate
of L-histidine in comparison to other transporter specific markers. Caffeine was also selected as
a small hydrophilic psychostimulant that has been demonstrated to permeate the in vivo BBB,
and we demonstrated its permeation across the direct contact triculture model.(80)
Carbamazepine was selected as it is an anticonvulsant commonly used as a BBB positive marker
and to our knowledge has not been shown to possess significant P-gp affinity.(81,82) In addition
to R123, permeability of P-gp substrates colchicine and digoxin were assessed in the optimized
model. The differences in permeation rates for separate P-gp substrates can be attributed to the

broad substrate affinities and capacities of the efflux transporters and their relative expression
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levels. Further studies can be performed to assess the effect of P-gp inhibition on the permeation
of these substrates as well as inhibition of other efflux transporters such as BCRP as there is also
fairly significant substrate overlap across several efflux transporter isoforms. Clozapine is an
antipsychotic that has been shown to be highly metabolized and may potentially inhibit P-
gp.(69,83) Clozapine metabolites have also been demonstrated to have high BBB permeation,
where additional studies using LC-mass spectrometry analysis and longer incubation time could
be performed to elucidate the metabolic fate in the optimized triculture model.(83) Although, it is
important to note that there were no metabolite peaks observed in the chromatograms during the
time course of this study. Lastly, prazosin is a BCRP substrate that proved to have the lowest
permeability of the selected markers. The low permeation of prazosin across the in vitro
triculture model potentially suggests that functional BCRP activity is greater than that of P-gp or
other efflux transporters, however further studies need to be performed to delineate the effects.
The observed ranking of high and low BBB permeating compounds is ordered in a similar
fashion to what has been seen by others both in vitro and in vivo.(84,85) The observed
permeability of a small library of compounds across the optimized direct contact triculture model
suggests that it is a useful tool for further assessment of BBB permeation of new chemical

entities as well understanding of the synergistic effects of direct cell-cell contacts.

Conclusion

Herein, we have established an enhanced physiologically relevant in vitro model of the
BBB by culturing the astrocytes, pericytes, and HBEC-51 cells in a layered, direct contact
manner similar to the in vivo BBB that is comprised as part of the NVU. We provide supporting
evidence that apical cell layering removes the physical filter barrier observed in conventional
triculture models and supports the potential of synergistic interactions occurring to provide a

phenotype closer to the NVU. In addition, to our knowledge we are one of the first laboratories
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to utilize a three-stage multifactorial DOE based approach to expedite optimization of a BBB in
vitro model. It is recommended that additional DOE based studies be performed to develop
analogous models to mimic different pathologies of the brain, for example neurodevelopmental
changes or neurodegenerative effects on the BBB with primary or proliferative cell lines.

The Blood Brain Barrier in vitro screening approaches have traditionally focused on
tightening the brain microvessel endothelium that lines the capillaries, separates the blood from
the neuronal environment, and maintains homeostasis. While screening models in the presence of
astrocytes and pericytes in indirect contact to the BMECs have been developed, we postulated
that direct contact of these cells, as found in vivo, would more adequately enhance in vitro-in
vivo comparative studies. The direct layered culturing approach should enhance the synergistic
effects by removing physical barriers and providing proximity so that secreted soluble factors
and their effects on the regulation of the BMEC phenotype should be enhanced without added
dilution and diffusion. Additionally, the ability for the model to rank established high and low
brain permeating compounds alludes to its potential for BBB permeability screening of new
chemical entities. This study also demonstrates the feasibility of using an informed DOE based
approach to expedite culture development and can be further expanded for additional
applications. Taken together, the direct contact triculture developed within appears to provide
increased barrier properties that we theorize is attributable through facilitating adequate crosstalk
between the three major cell types of the BBB that aids in the formation of the in vivo NVU. The
findings of this work open the door for continued investigation of the roles of each BBB and
potentially NVU cell type and its influence on barrier properties, as well as the establishment of
a fully human, physiologically relevant in vitro model that can be used for moderate throughput

screening to rank order potential neurotherapeutic compounds.
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Figure Captions

Figure 1. Cross sectional depiction of the Blood-Brain Barrier within the neurovascular unit
(NVU) with the endothelium (BMECsS) lining the capillary, pericytes embedded within the basal
lamina, astrocytes having nearly full coverage of the BMECs and surrounding pericytes, and
neurons in close contact with the astrocytes (left). The direct contact triculture model on the
apical surface of a Transwell® filter support mimicking the in vivo NVU. Astrocytes are seeded
first on the filter, followed by pericytes, then BMECs to generate a fully apical, direct contact
triculture model (right).

Figure 2. P.p, and Pty of 4 kD FITC-Dextran across different direct contact triculture conditions
of DOEp. All DOEp selected conditions were performed as n=1 for a rapid evaluation of the
different parameter combinations. Condition 13 was compromised and permeability was not

performed, data point was excluded from statistical analysis.
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Figure 3. Pt of 4 kD FITC-Dextran for DOEp separated by factor and further by day of study
showing relative trends of factor levels at increasing length of culture. All conditions are
represented by single data points across the graph, n=1.

Figure 4. JMP 13.2 Prediction Profiler generated based on maximizing desirability for P based
on DOEp. Optimal plating conditions 20,000 cells/cm? astrocytes and pericytes, 80,000 cells/cm?
HBEC-5i, Matrigel, and 9 days of endothelial growth. Predicted Perr of 2.4 x 10 cm/sec for
optimal conditions.

Figure 5. JMP 13.2 Prediction Profiler generated based on maximizing desirability for Pegr of
DOEwm;i. Optimal medium conditions 15 mM HEPES, 1 mM Ca**, and 10 UM retinoic acid at 9
days of endothelial growth. Predicted Pefr of 7.0 x 10 cm/sec for optimal conditions.

Figure 6. JMP 13.2 Prediction Profiler generated based on maximizing desirability for Pefr of
DOEM2. Optimal medium conditions 10 uM dexamethasone, 10 uM retinoic acid, 10 mM LiCl,
through 7 days of endothelial culture. Predicted Pesr of 8.8 x 10 cm/sec for optimal conditions.
Figure 7. Optimized Triculture Permeability. (A) Effective permeability (Petr) of 4 kD FITC-
dextran across an HBEC-51 monoculture, pericyte-HBEC-5i direct contact coculture, astrocyte-
HBEC-5i direct contact coculture, and optimized direct contact triculture. Statistical analysis was
performed with one-way ANOV A and Tukey-Kramer post-hoc test. Error bars represent one
standard deviation (n=3). *, p < 0.05 and **, p < 0.01. (B) Apparent permeability of radiolabeled
paracellular markers ['*C]-sucrose. ['*C]-mannitol, [**C]-inulin, and ['*C]-PEG-4000 across the
optimized direct contact triculture. Error bars represent one standard deviation (n=3). (C)
Apparent permeability of P-gp substrate rhodamine 123 (R123) in the presence and absence of P-gp
inhibitor elacridar across the optimized direct contact triculture. Assays were run in triplicate and

subjected to Student’s 7-test. Significant difference is indicated by *, p < 0.05 and **, p < 0.01. Error bars

represent one standard deviation (n=3).
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Figure 8. Apparent permeability of BBB positive (L-histidine, carbamazepine, and rhodamine

123 in the presence of P-gp inhibitor elacridar) and negative (colchicine, rhodamine 123,

digoxin, clozapine, and prazosin) permeants across the optimized direct contact triculture.

Assays were performed in triplicate. Error bars represent one standard deviation (n=3).
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Figures
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Figure 1

Cross sectional depiction of the Blood-Brain Barrier within the neurovascular unit (NVU) with the

endothelium (BMECs) lining the capillary, pericytes embedded within the basal lamina, astrocytes having

nearly full coverage of the BMECs and surrounding pericytes, and neurons in close contact with the

astrocytes (left). The direct contact triculture model on the apical surface of a Transwell® filter support

mimicking the in vivo NVU. Astrocytes are seeded first on the filter, followed by pericytes, then BMECs to

generate a fully apical, direct contact triculture model (right).
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Figure 2



Papp and Peff of 4 kD FITC-Dextran across different direct contact triculture conditions of DOEP. All
DOEP selected conditions were performed as n=1 for a rapid evaluation of the different parameter
combinations. Condition 13 was compromised and permeability was not performed, data point was
excluded from statistical analysis.
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Figure 3

Peff of 4 kD FITC-Dextran for DOEP separated by factor and further by day of study showing relative
trends of factor levels at increasing length of culture. All conditions are represented by single data points

across the graph, n=1.
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Figure 4

JMP 13.2 Prediction Profiler generated based on maximizing desirability for Peff based on DOEP. Optimal
plating conditions 20,000 cells/cm2 astrocytes and pericytes, 80,000 cells/cm2 HBEC-5i, Matrigel, and 9



days of endothelial growth. Predicted Peff of 2.4 x 10-6 cm/sec for optimal conditions.
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JMP 13.2 Prediction Profiler generated based on maximizing desirability for Peff of DOEM1. Optimal
medium conditions 15 mM HEPES, 1 mM Ca2+, and 10 pM retinoic acid at 9 days of endothelial growth.
Predicted Peff of 7.0 x 10-6 cm/sec for optimal conditions.
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JMP 13.2 Prediction Profiler generated based on maximizing desirability for Peff of DOEM2. Optimal
medium conditions 10 pM dexamethasone, 10 uM retinoic acid, 10 mM LiCl, through 7 days of

endothelial culture. Predicted Peff of 8.8 x 10-6 cm/sec for optimal conditions.
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Figure 7

Optimized Triculture Permeability. (A) Effective permeability (Peff) of 4 kD FITC-dextran across an HBEC-
5i monoculture, pericyte-HBEC-5i direct contact coculture, astrocyte-HBEC-5i direct contact coculture, and
optimized direct contact triculture. Statistical analysis was performed with one-way ANOVA and Tukey-
Kramer post-hoc test. Error bars represent one standard deviation (n=3). *, p < 0.05 and **, p < 0.01. (B)
Apparent permeability of radiolabeled paracellular markers [14C]-sucrose. [14C]-mannitol, [14C]-inulin,



and [14C]-PEG-4000 across the optimized direct contact triculture. Error bars represent one standard
deviation (n=3). (C) Apparent permeability of P-gp substrate rhodamine 123 (R123) in the presence and
absence of P-gp inhibitor elacridar across the optimized direct contact triculture. Assays were run in
triplicate and subjected to Student’s t-test. Significant difference is indicated by *, p < 0.05 and **, p <
0.01. Error bars represent one standard deviation (n=3).
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Figure 8

Apparent permeability of BBB positive (L-histidine, carbamazepine, and rhodamine 123 in the presence of
P-gp inhibitor elacridar) and negative (colchicine, rhodamine 123, digoxin, clozapine, and prazosin)
permeants across the optimized direct contact triculture. Assays were performed in triplicate. Error bars
represent one standard deviation (n=3).
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