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Abstract

The blood-brain barrier (BBB) is primarily comprised of brain microvascular endothelial cells
(BMVEC) and astrocytes and serves as a physical and chemical barrier that separates the
periphery from the brain. We describe a flow cytometric method using our in vitro model of the
human BBB to characterize BMVEC surface junctional proteins critical for maintenance of barrier
function, cell viability, and leukocyte adhesion. For this methodology, BMVEC are cocultured
with astrocytes in a transwell tissue culture insert to establish the barrier, after which time the BBB
are treated with specific agents, and the BMVEC collected for flow cytometric analyses. We use a
standard and optimized method to recover the BMVEC from the coculture model that maintains
junctional protein expression and cell viability. A novel leukocyte adhesion assay enables a
quantitative analysis of peripheral blood mononuclear cell (PBMC) interactions with the BMVEC
and can be used to assess the adhesion of many cell types to the BBB. Furthermore, this method
enables the concomitant analysis of a large number of adhesion molecules and tight junction
proteins on both the BMVEC and adherent PBMC under homeostatic and pathologic conditions.
Flow cytometry is an extremely powerful tool, and this technique can also be applied to assess
variables not performed in this study, including cell cycle progression, and calcium flux.
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The blood-brain barrier (BBB) consists of a complex network of cellular constituents that
line the brain microvascular capillaries that separate the peripheral blood from the brain
parenchyma. (1) Brain microvascular endothelial cells (BMVEC) are one of the major
cellular components of the BBB. These cells have extensive tight junctions and adhesion
molecules at interendothelial cell—cell junctions that facilitate maintenance of barrier
integrity. Some of these molecules include zonula occludens-1, claudins, cadherins,
occludin, junctional adhesion molecule-A (JAM-A), activated leukocyte cellular adhesion
molecule (ALCAM), platelet/endothelial cell adhesion molecule (PECAM-1), the single-
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chain type-1 glycoprotein CD99, intercellular adhesion molecule 1 (ICAM-1), and cellular
prion protein (PrPC). These proteins interact homo- and heterotypically to form dynamic
structures that establish a tightly sealed endothelial cell layer. (2) They contribute to low
paracellular permeability and high electrical resistance, prevent lateral diffusion, and
maintain BMVEC polarity. (3-5) The adhesion molecules, adherens junctions, and tight
junction proteins, which we collectively term junctional proteins, are highly responsive to
stimuli and quickly undergo remodeling to ensure homeostasis. However, during many
inflammatory and neurodegenerative disorders, including stroke (6), epilepsy (7), and
multiple sclerosis (8), these junctional molecules become compromised, an insult to the
BBB that contributes to central nervous system (CNS) dysfunction. In addition to their role
in facilitating endothelial cell integrity, junctional molecules also promote leukocyte
trafficking across the BBB into the CNS (9-11).

There has been much interest in developing in vitro models that reflect the well-organized
and unique properties of the BBB that can be used to assess vascular dysfunction during
pathogenesis, to characterize drug permeabilities, and to examine mechanisms that
contribute to leukocyte diapedesis across the brain vasculature (12). Previous findings using
in vitro BBB models have furthered our knowledge of barrier properties and the molecular
mechanisms contributing to its function. However, a major limitation of many these systems
is that they can be utilized only for the sole application for which they have been designed.
A methodology with a large number of applications would enable a more complete
understanding of the BBB, both during physiologic and pathologic processes.

In this study, we describe a novel flow cytometric method for the analysis of BMVEC after
coculture with astrocytes in our in vitro BBB model. We optimized the use of a reagent that
gently recovers the BMVEC from BBB cocultures that enabled the examination of
endothelial adhesion molecule and tight junction protein surface expression, as well as
quantification of leukocyte adhesion to the barrier. The studies performed here represent
only a small number of the functional assays that can be used with this technique. While we
introduce this new method by examining BMVEC proteins, the strength of this methodology
is in its ability to be used in a wide variety of experimental settings and, due to the technical
advances in flow cytometric techniques, enables concurrent analysis of many biological
factors, including nucleic acids, proteins, and small molecules.

Materials and Methods

Materials

Human brain microvascular endothelial cells (BMVEC) were from Applied Cell Biology
Research Institute (Kirkland, WA). Cortical astrocytes were obtained as part of an ongoing,
approved research protocol at the Albert Einstein College of Medicine. Ficoll-Paque PLUS
was from GE Healthcare (Uppsala, Sweden). Medium 199 (M199), L-glutamine, penicillin—
streptomycin, newborn calf serum, phosphate-buffered saline (PBS), Dulbecco’s modified
eagle medium (DMEM), fetal bovine serum (FBS), and Hank’s balanced salt solution
(HBSS) were from Gibco (Grand Island, NY). Sodium bicarbonate, ascorbic acid, heparin
sodium salt, endothelial cell growth supplement, ethylenediaminetetraacetic acid (EDTA),
lidocaine hydrochloride monohydrate, and lipopolysaccharide (LPS) from £. Coli 055:B5
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were from Sigma-Aldrich (Saint Louis, MO). HEPES was from Teknova (Hollister, CA).
Bovine brain extract was from Clonetics/Lonza (Walkersville, MD). Human serum type AB
was from Corning (Corning, NY). Gelatin and bovine serum albumin (BSA) were from
Thermo Fisher Scientific (Walther, MA). Tissue culture inserts containing membranes with
3-um pores, Annexin V PE Apoptosis Detection Kit, fluorochrome conjugated monoclonal
antibodies specific for human PECAM-1 (clone WM59), CD99 (clone TU12), JAM-A
(clone M.Ab F11), ICAM (clone HA58), CD45 (clone 2D1), CD14 (clone M5E2), CD3
(clone HIT3a), CD66b (clone G10F5), and respective isotype-matched negative controls
were from BD Falcon (Franklin Lakes, NJ). Biotin-conjugated anti-human ALCAM (clone
105902) monoclonal antibody, its respective biotin-conjugated isotype-matched negative
control, and vascular endothelial cell growth factor (VEGF) were obtained from R&D
Systems (Minneapolis, MN). PE-coupled anti-human PrPC monoclonal antibody (clone
4D5) and PE-conjugated streptavidin were obtained from eBiosciences (San Diego, CA).
APC-coupled anti-human occludin rabbit polyclonal antibody and its respective negative
control were obtained from Bioss (Woburn, MA). Paraformaldehyde aqueous solution was
from Electron Microscopy Sciences (Hatfield, PA). Trypsin-EDTA (0.05%), TrypLE
Express, and Accutase Cell Dissociation Reagent were obtained from Invitrogen (Grand
Island, NY). Mini cell scrapers were from United BioSystems (Herndon, VA).

Experiment Overview

We developed a standardized flow cytometry-based method to evaluate dynamic changes in
endothelial cell surface protein expression and leukocyte—endothelial cell interactions using
an in vitro model of the human BBB. This standardized method provides a useful tool to
study the effects of pharmacologic agents on the proteins of the endothelial vasculature
comprising the BBB, as well as the functional consequences these perturbations may have
on recruiting leukocytes to the brain. This methodology has applications for the study of
neuroinflammation mediated by peripheral blood cell influx into the CNS parenchyma.

All experiments were performed with at least three replicates for each treatment group, three
independent times (n7=3). Isotype-matched negative controls and FMO controls were used
for every detection antibody and in multicolor staining parameters, respectively, as
appropriate. Unstained cells were also used as controls for all experiments in this study.

Biological Specimen Description

BMVEC were grown on cell culture dishes coated with 0.2% gelatin in supplemented M199
media (M199C) (containing M199, 0.05 M sodium bicarbonate, 0.03 M HEPES, 0.8% L-
glutamine, 1% penicillin—streptomycin, 50 mg/mL ascorbic acid, 25 mg/mL heparin sodium
salt, 3 mg/mL endothelial cell growth supplement, 9 mg/mL bovine brain extract, 5% human
serum-type AB, and 20% newborn calf serum) and used at passages 10-17 to establish the
BBB model. Astrocytes were grown in supplemented DMEM media (containing DMEM,
10% FBS, and 1% penicillin—streptomycin) and used at passages 3-5 to establish the BBB
model.

Peripheral blood was collected from deidentified donors according to established protocols
at the Albert Einstein College of Medicine. The blood was diluted with an equal volume of

Cytometry A. Author manuscript; available in PMC 2016 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williams et al. Page 4

HBSS and peripheral blood mononuclear cells (PBMC) isolated within 1 h of blood draw by
density gradient centrifugation using Ficoll-Paque PLUS. The PBMC were washed once
with HBSS and resuspended in M199C.

In Vitro Model of the Human BBB

To establish in vitro model of the human BBB, astrocytes were resuspended at 5 x10°
cells/mL in M199C and 200 i of cells seeded on the underside of tissue culture inserts as
previously described (13-15). M199C was added continuously to the inserts at 10- to 15-min
intervals for 4 h to allow for astrocyte adhesion to the membrane filter. The inserts were then
turned right side up and placed in the wells of a 24-well plate containing M199C. BMVEC
were then resuspended at 2 x 10° cells/mL in M199C and 200 /i of cells added to the upper
side of gelatinized transwell inserts. After two days, the BMVEC-astrocyte cocultures were
transferred to low serum M199C (M199C with 10% newborn calf serum and no human
serum AB) for 24 h to reduce platelet-derived growth factor. After 3 days of coculture, the
confluent BMVEC and astrocytes establish a tight barrier with a high transendothelial
electrical resistance (TEER), impermeability to albumin and tritiated inulin, and expression
of many markers consistent with the human BBB, as previously described (14,16). Thus,
cocultures were used for all subsequent applications 3 days after they were established.

BMVEC Recovery Assay

To recover BMVEC from the BBB model, 200 L of each dissociation agent was added to
the apical side of the tissue culture insert and the cocultures incubated at 37 °C, 5% CO»,
until the endothelial cells appeared rounded and lifted from the transwell membrane upon
visualization by light microscopy. Following incubation, 200 xL of M199C were added to
the apical side of the coculture and the loosely bound BMVEC collected by pipetting and
gentle scraping with a mini cell lifter. The recovered cells from each transwell were then
transferred to an appropriate tube for fluorescent antibody labeling.

To confirm that our model could be used to assess the effects of selected agents on BBB
endothelium, we treated the apical side of coculture transwells with LPS or VEGF (both at
10 ng/mL), or PBS vehicle control for 24 h. Each treatment condition was performed with
four replicate cocultures. Following treatment, the apical side of the tissue culture insert was
washed twice with 200 zL PBS prior to addition of the dissociation agents. The BMVEC
were then recovered from the BBB model as described previously and illustrated in Figure
1A.

It is recommended to recover the BMVEC from no more than 8 transwells at a time. This is
especially important when performing experiments when cells are to be collected from more
than 24 BBB model transwell inserts. As the BMVEC lift from the coculture insert, the
barrier becomes compromised permitting the media from the top of the transwell, and some
BMVEC as well, to flow through. The staggered collection of the BMVEC from the
coculture inserts permits adequate time to collect all of the cells while minimizing potential
cell loss.
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Leukocyte BBB Adhesion Assay

To assess leukocyte adhesion to the BBB, 5 x 10° PBMC were added to the top of each BBB
coculture transwell for 1 h at 37 °C, 5% CO», as indicated in Figure 1B. The BBB model can
remain untreated to examine adhesion under baseline conditions, or it can be pretreated with
factors that increase endothelial cell adhesion proteins (e.g., 10 ng/mL LPS or PBS diluent
pretreatment for 24 h) to assess the effects of selected agents on leukocyte adhesion. After
incubation for 1 h, non-adherent PBMC were removed by gently washing the top of the
transwell twice with 200 xL PBS. The PBMC that adhered to the BBB were then recovered
along with the BMVEC using TrypLE as described previously.

Flow Cytometry

The collected BMVEC were washed once with cold FACS buffer (PBS supplemented with
1% BSA\) and the cells stained with fluorochrome-coupled antibodies specific for
PECAM-1, ALCAM, CD99, PrPC, JAM-A, ICAM-1, and occludin, or with corresponding
isotype-matched negative control antibodies in a volume of 100 £ in the dark, on ice for 30
min. FMO controls were not used for this portion of experiments as only single staining was
performed. All antibodies were titered to determine optimal concentrations for staining.
Following staining, the cells were washed with FACS buffer and then fixed with 250 /1 2%
paraformaldehyde. The fixed cells were filtered using BD FACS tubes with cell strainer caps
with 35-um pores and transferred to a U-bottom 96-well plate. The 96-well plate was
covered with a multiwell sealing film and stored at 4 °C, wrapped in foil, up to 1 week prior
to flow cytometric analysis.

For cell viability analyses, Annexin V and 7AAD staining were performed according to the
manufacturer’s protocol. Briefly, BMVEC collected from transwells were washed twice with
cold PBS, resuspended in the provided binding buffer and stained in the dark for 15 min at
room temperature with PE Annexin V and 7-AAD. Heating BMVEC at 55 °C for 10 min
and vigorous scraping of the cells served as positive controls for apoptosis. The cells were
analyzed by flow cytometry within 30 min of staining.

For the leukocyte BBB adhesion assay, the collected PBMC and BMVEC were
immunostained for CD45 FITC, CD14 APC-Cy7, CD3 PE, and ICAM APC or isotype-
matched control antibodies. FMO controls were prepared using an aliquot of the PBMC.
Following staining, the cells were washed, fixed, filtered, transferred to a 96-well plate, and
stored as described previously.

Instrument Details

A BD FACS Canto Il flow cytometer with two lasers (485 and 633 nm) was used for this
study. Cytometer setup and tracking beads were used to run daily measurements. The
instrument was calibrated weekly using BD Calibrite Beads. The instrument configuration
consisted of photomultiplier tubes arranged in one octagon and one trigon (a 4-2 optical
configuration). The BD high-throughput sampler (HTS) was used in standard throughput
sampling mode with the 96-well plates to enable automated enumeration of the acquired
events. The fluidic instrument settings for acquisition utilizing the BD HTS are as follows:
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175 4L sample volume, sample rate 3 gl/sec, mixing volume 100 L, mixing speed 200
pL/sec for a total of two mixes, and a probe wash volume of 400 L.

Data Analysis

The samples were acquired as list-mode files (FCS3.0 format) using BD FACSDiva software
(v 6.1.3) using hardware compensation at the time of acquisition. Single-color controls were
prepared using the same conjugated antibodies used in the study on the appropriate target
cells. The compensation matrix is described in Table 1. Data were visualized on linear scale
for forward and side scatter, and on logarithmic scale for fluorescence channels.

The samples were analyzed using FlowJo software (TreeS-tar v 10.0.6, Ashland, OR). For
experiments where only BMVEC were acquired, a first gate consisted of FSC height versus
area parameters to identify “singlets,” excluding FSC-Areahidh doublets, followed by SSC-
Area versus FSC-Area to identify “BMVEC” (Fig. 3A-3B). The BMVEC were then
characterized by their fluorescence intensities. For leukocyte adhesion experiments, an SSC-
Avrea versus FSC-Area gate was used to subdivide the “PBMC” (SSC-Areal®V, FSC-
ArealW) from the “BMVEC” (SSC-Arealid", FSC-Areali9" (Fig. 5). The BMVEC were
then analyzed according to APC fluorescence intensity. The PBMC were further gated to
identify the “Monocytes” (CD45*CD14%) and the “T cells” (CD45*CD3*) (Fig. 5). The total
events obtained within the monocyte and T-cell gates were then used to quantify the
numbers of each leukocyte population that adhered to the BMVEC comprising BBB.

Statistical Analysis

Statistical analyses were performed using Prism 6.0 software (GraphPad Software, Inc., San
Diego, CA). Two-tailed paired #test was used to determine statistical significance (£<0.05).
A single asterisk (*) indicates £<0.05 and double asterisks (**) indicate £<0.01.

Results
TrypLE Is the Preferred Agent for the Recovery of BMVEC from BBB

Five reagents were used during initial studies to determine the optimal conditions for
BMVEC recovery from our in vitro model of the human BBB. The selected agents included
trypsin, 0.5 mM EDTA, accutase, 0.5% lidocaine, and TrypLE, that have distinct
mechanisms mediating dissociation of adherent cells. Trypsin, a frequently used cell culture
dissociation agent, consists of a mixture of proteases that detach adherent cells by cleaving
lysine or arginine residues within cell surface proteins. While extremely efficient in
recovering adherent cells, the extent of amino acid cleavage mediated by trypsin often limits
its use in subsequent cell surface protein applications, including flow cytometry (17). EDTA
is a compound that chelates divalent cations. As cell adhesion is a Ca*2-dependent process,
agents that promote its sequestration, such as EDTA, can be used to facilitate cell lifting.
Accutase is an enzyme with collagenase and protease activity commonly used as a substitute
for trypsin when the gentle detachment of adherent cells is needed, particularly for flow
cytometric applications (18). Lidocaine is a local anesthetic that can also be used to harvest
adherent cells. Lidocaine facilitates dissociation by reversibly inhibiting cell adhesion and
spreading (19,20). However, caution must be taken with lidocaine, as it is toxic to some
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cells, including neurons (21,22). The final reagent was TrypLE, a trypsin-like substitute
comprised of a proprietary recombinant protease and EDTA. Try-pLE is a comparable, but
gentler alternative to trypsin that is becoming widely used as it maintains surface protein
expression (23-25).

Our objective was to identify the dissociation agent that (1) recovered the majority of the
BMVEC from the BBB model, (2) required the shortest amount of time, and (3) resulted in
minimal cell death and proteolysis-mediated epitope loss. To accomplish this goal, we added
200 i of each dissociation agent to the top of the BBB transwell and incubated the
cocultures at 37 °C, 5% CO, until the endothelial cells lifted from the filter. The cocultures
were examined by light microscopy at 5 min intervals to determine the duration of time
necessary for the BMVEC to become rounded and in suspension. The viability of the
BMVEC recovered using each dissociation agent was determined by trypan blue exclusion.
The results of three independent experiments are listed in Table 2. Nearly, 100% of the
BMVEC were recovered from the transwells using each dissociation agent upon inspection
of the coculture filter insert by light microscopy (data not shown). None of the dissociation
agents were toxic to the BMVEC, and there were no significant differences in the viabilities
of the recovered cells (Table 2). However, there were differences in the amount of time it
took to recover the BMVEC. As expected, trypsin had the shortest dissociation time of 5.3
+2.5 min. With a time of 13.3 +1.5 min, TrypLE was the second fastest dissociation agent.
In contrast, accutase, lidocaine, and EDTA required much longer times to dissociate the
BMVEC from the BBB model (Table 2).

We next confirmed the viability of the recovered BMVEC with Annexin V and 7AAD.
BMVEC that were recovered by vigorous scraping (without the use of any dissociation
agent), or following heating at 55 °C for 10 min, were used as positive controls for
apoptosis. Additionally, we examined cell surface expression of JAM-A, a tight junction
molecule highly expressed in BMVEC that is critical for the maintenance of BBB integrity
and for facilitating leukocyte transmigration across the vasculature, as an indicator of cell
surface protein degradation. The recovered BMVEC were viable following recovery with
both trypsin and TrypLE, as only ~7% of the cells were positive for Annexin V and 7AAD
(Fig. 2A). Similar viabilities were observed following recovery with accutase, lidocaine, and
EDTA (data not shown). In contrast, heating and vigorous scraping of the cells caused
substantial cell death (Fig. 2A).

JAM-A was present on the BMVEC cell surface following recovery from the BBB model
(Fig. 2B). However, the mean fluorescence intensity (MFI) of JAM-A was 600 units higher
following TrypLE dissociation as compared to recovery with trypsin (Fig. 2B). The
expression of JAM-A following recovery with TrypLE was similar to that obtained upon
dissociation with accutase, lidocaine, and EDTA (data not shown). PECAM-1 was also
reduced on the BMVEC cell surface upon recovery with trypsin, as compared to the other
cell dissociation reagents (data not shown). This is in agreement with the work of others, as
PECAM-1 is known to be sensitive to trypsin cleavage (26). TrypLE was used exclusively
for the remainder of experiments in this study to recover quickly the BMVEC while
minimizing the potential for the degradation of surface protein epitopes. While these
experiments were optimized for our proteins of interest, it is important to determine the
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effect of TrypLE on cleavage of additional proteins to ensure optimal results in future
experiments.

Dynamic Changes in Adhesion Molecule and Tight Junction Proteins of the BBB

The BMVEC comprising the BBB are highly specialized, nonfenestrated endothelial cells
with extensive tight junction proteins and adhesion molecules. These junctional proteins
interact with opposing BMVEC, facilitating cell-cell adhesion, and restricting para- and
transcellular passage across the BBB. Therefore, junctional proteins are essential for
maintaining barrier function. Our transwell model of the human BBB enables the study of
these molecules on BMVEC upon coculture with astrocytes, which is critical for
maintaining the integrity of these molecules in an in vitro setting. The flow cytometry-based
method described here allows for multiparametric analysis of a large number of junctional
proteins, as many flow cytometers can be configured to detect simultaneously up to 14
colors.

We first assessed the expression of BMVEC junctional proteins under baseline conditions.
BMVEC were recovered from the BBB model and PECAM-1, ALCAM, CD99, and PrPC
measured by flow cytometry using the method described previously. Following doublet
discrimination (Fig. 3A), BMVEC were identified by light scatter characteristics (Fig. 3B).
In agreement with previous findings, PECAM-1 (Fig. 3C), ALCAM (Fig. 3D), CD99 (Fig.
3E), and PrPC (Fig. 3F) were highly expressed on the BMVEC recovered from our BBB
model. The expression of these proteins was highly reproducible upon recovering the
BMVEC from the BBB in six independent experiments (Fig. 3G).

We next characterized BMVEC junctional proteins following treatment with mediators
known to alter endothelial cell signaling and subsequent protein expression to confirm that
our analysis quantifies changes in junctional protein expression in BBB endothelium. The
BBB model was treated with 10 ng/mL LPS or VEGF, or PBS vehicle control, for 24 h, after
which time the BMVEC were recovered with TrypLE and analyzed by flow cytometry.
While present on the cell surface under baseline conditions, ICAM was significantly
increased on BMVEC following treatment with LPS (Fig. 4A-4B). We observed similar
findings upon treating with 1 and 100 ng/mL LPS (data not shown). LPS promotes
endothelial cell activation and is known to upregulate many adhesion molecules to facilitate
leukocyte recruitment and subsequent diapedesis. We also examined the tight junction
protein occludin and determined that, as expected, it was expressed by BMVEC (Fig. 4C).
VEGF, an angiogenic factor that promotes endothelial tube formation, significantly reduced
occludin after treatment with 10 ng/mL of the growth factor for 24 h (Fig. 4C-4D), which is
in agreement with the work of others (27). Treatment with VEGF at 1 ng/mL also caused a
decrease in occludin, while treatment at 0.1 ng/mL did not alter the tight junction protein
(data not shown). These findings indicate that the BMVEC recovered from our BBB model
express junctional molecules and are responsive to stimuli. These data attest to the use of
this flow cytometry based technique to assess dynamic changes in the surface expression of
proteins that mediate BBB permeability and integrity.
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Leukocyte Adhesion to the BBB

Leukocyte recruitment to the BBB is critical for immune surveillance of the brain (28,29).
Importantly, cellular influx into the CNS also occurs during many neuroinflammatory and
neurodegenerative diseases and often contributes to the pathogenesis of these disorders.
Adhesion to the BBB is the first step in a well-ordered, multistep process that results in
leukocyte entry into the brain. Adhesion is facilitated by homo- and heterophilic interactions
between the leukocytes and the BMVEC. Leukocyte adhesion assays have been widely used
to evaluate the functional consequences of perturbations in endothelial cell junctional
proteins mediated by various treatment conditions in vitro and in vivo during pathologic
states. However, many of these studies were performed using endothelial cells from the
peripheral vasculature, which are less complex than the BMVEC, and may not be suitable
for the study of mechanisms specific to CNS leukocyte recruitment. We now describe a
novel flow cytometric assay to evaluate cellular adhesion in a model of the human brain
vasculature.

A schematic description of the leukocyte adhesion methodology is depicted in Figure 1B.
Our in vitro human BBB model can be used to assess leukocyte adhesion following pre-
treatment of BBB endothelium with an agent of interest, or when the barrier remains
untreated to evaluate basal adhesion. PBMC can then be added to the upper portion of the
BBB transwell for 1 h. The adherent leukocytes are then recovered along with the BMVEC
from which they were interacting using TrypLE, and the cells analyzed by flow cytometry.
This adhesion assay enables the study of changes in BMVEC junctional proteins with the
simultaneous analysis of PBMC subsets that adhered to the BBB.

We evaluated leukocyte adhesion following treatment with a vehicle control (Fig. 5A) or
LPS (Fig. 5B), a known inducer of endothelial cell adhesion molecules resulting in an
increased leukocyte—endothelial cell adhesion (30,31). Scatter characteristics were used to
gate on the BMVEC, followed by the analysis of fluorescence intensities for ICAM-1. We
first confirmed that LPS increased the expression of ICAM-1 on the BMVEC cell surface
(BMVEC in Fig. 5B compared to Fig. 5A). This assay may also be used to examine other
adhesion molecules in addition to ICAM-1 that may be altered upon leukocyte adhesion to
the BBB. Next, we analyzed the adherent PBMC population using the pan-leukocyte marker
CD45, along with monocyte and T-cell-specific markers CD14 and CD3, respectively.
Rectangle gates were made on CD457CD14* and CD45*CD3* cells for the vehicle-treated
cocultures and applied to the LPS-treated samples. The events acquired within those gates
were enumerated to quantify the number of cells that adhered to the BBB.

Approximately, 20,000 CD14* (Fig. 5C) and CD3* (Fig. 5D) cells adhered to each well of
the BBB insert under baseline conditions. The number of monocytes and T cells that
adhered to the BBB significantly increased upon treatment with LPS (Fig. 5C-5D). The
same analyses were performed gating on CD45*CD66b* cells within the PBMC to quantify
neutrophil adhesion. Similar to the other leukocyte subsets, LPS also significantly increased
neutrophil adhesion to the BBB (data not shown). This flow cytometric leukocyte BBB
adhesion assay is very sensitive and highly reproducible, with variations in the number of
adherent PBMC being <400 cells among triplicate coculture inserts for each treatment
group. The quantification of the exact number of adherent cells provides a unique advantage
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of this flow cytometric technique that is difficult to obtain with other assays, such as
microscopic or fluorescence multiwell plate methods. It is important to note that this assay
may underrepresent the number of adherent cells to the BBB, as cell migration may have
occurred across the barrier. In an attempt to minimize this possibility, we performed the
adhesion assay for 1 h. It is recommended to optimize the duration of the leukocyte adhesion
assay for each cell population of interest.

Discussion

The flow cytometry-based method described here allows for the examination of endothelial
junctional proteins that facilitate barrier impermeability and for the quantitative assessment
of leukocyte adhesion to the BBB. This technique is a novel application of our well-
established model of the human BBB. The BMVEC/astrocyte coculture system has many
properties of the BBB and provides an appropriate in vitro model of brain microvasculature.
We confirmed that the BMVEC from this transwell model had extensive adhesion molecule
and tight junction proteins and that the cells were viable following recovery using TrypLE.
We demonstrated that the BMVEC were responsive to LPS and VEGF treatment as an
example of one of the applications of this method. Flow cytometry is a powerful tool that
enables the analysis of many sophisticated processes. In addition to cell surface protein and
cell viability analyses, this technique also affords the possibility to examine cell cycle
progression, signal transduction, calcium flux, RNA expression, and cytokine and reactive
oxygen species production.

Our flow cytometric method may also be used for other applications, including assessing
drug transport. This is an important area of research as over 98% of small and large
molecule drugs fail to penetrate the BBB (32). We have consistently used our BBB model to
assess barrier permeability, by exclusion of Evans blue conjugated albumin and tritiated
inulin, and by TEER. In addition to these permeability methods, we can now use the flow
cytometric assay to identify mechanisms contributing to drug transport across the BBB,
including adenosine triphosphate cassette expression and function (33-35).

Our leukocyte adhesion assay also has many applications. While we examined the total
population of CD14 monocytes and CD3 T cells in this study, there are subsets within these
leukocyte classifications, and the adhesion of these subpopulations to the BBB is implicated
in many disorders. This assay could be used to evaluate the adhesion of CD14*CD16™,
CD14*CD16*, and CD14 '°“CD16* monocytes to the BBB both under baseline conditions,
and following treatment with factors that model CNS pathologic states. Additionally, the
adhesion assay can also be performed with a purified population of leukocytes, such as
CD3" cells, to determine the relative adhesion of the T helper subsets, including Thi, Th2,
Th17, and regulatory T cells, simultaneously. This provides an easier, less time intensive
method than other leukocyte adhesion assays, such as fluorescence assays with microplate
readers or microscopy.

The collective analyses of both adherent cells and BMVEC can be applied to many elegant
experimental settings. For example, platelets and monocytes can be added concurrently to
examine the effect of select conditions on platelet/monocyte aggregates at the BBB, and the
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resultant effects on BMVEC, as this is important for the development of CNS inflammation
(36,37). Additionally, the adhesion assay need not only be performed with leukocytes, but
can also be used to evaluate adhesion of any cell of interest to the BBB. One such example is
the evaluation of the adhesion of breast cancer cell lines to the BBB prior to and following
siRNA knockdown of a putative target that facilitates invasion. This has many clinical
ramifications, as adhesion to the vasculature is the first step in metastasis (38,39). This
method has applications for neurotropic pathogens as well, such as HIV, Cryptococcus
neoformans, and Plasmodium, as all of these infectious agents are associated with increased
leukocyte influx into the CNS and BBB compromise that result in disease (40-45).

There are limitations to our methodology, including the fact that our model of the human
BBB lacks pericytes, an important cell type that regulates vascular tone and contributes to
barrier functions (46—-48). Additionally, our transwell model of the BBB is cultured under
static conditions and is unable to capture its fluid nature as blood continuously passes
through the cerebral microvessels. Despite these limitations, our findings demonstrate that
this method reliably evaluates BBB junctional proteins, BMVEC viability following various
treatment conditions and provides a quantitative analysis of leukocyte adhesion. This flow
cytometric analysis of the BBB is not restricted to the assays performed herein but has many
applications to diverse scientific areas as well.
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Recovering BMVEC from BBB Model
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Figurel.
Schematic representation of BMVEC recovery and leukocyte adhesion assays. The transwell

model of the human BBB comprised of BMVEC and astrocytes cocultured on filters with 3-
4m pores is established 3 days prior to the commencement of the experiment. (A) The apical
side of the BBB transwell may then be treated with the selected agent of interest in four
replicate conditions for the desired period of time. Following treatment, the BBB is rinsed
twice with PBS, the supernatant discarded, TrypLE added, and the cocultures incubated for
13 min at 37 °C, 5% CO,. The BMVEC are collected by pipetting and gentle scraping with
a mini cell lifter and the cells transferred to an appropriate tube for FACS staining. (B) The
BBB model is treated for the desired period of time prior to beginning the adhesion assay.
PBMC are isolated from blood by density centrifugation with Ficoll-Paque PLUS and the
cells (5 x 10°) added to the transwell insert for 1 h at 37 °C, 5% CO,. Following incubation,
the nonadherent cells are removed by gently washing with PBS twice. The adherent PBMC
are collected along with the BMVEC to which they were attached using TrypLE and gentle
scraping with the mini cell lifter. The cells are then stained with antibodies for the proteins
of interest. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure2.

Recovered BMVEC from BBB Model are viable and express JAM-A. BMVEC were
collected from the BBB model following treatment with Trypsin, TrypLE, heating at 55 °C
for 10 min, or by vigorous scraping in three individual experiments. (A) Cell viability was
assessed with Annexin V and 7AAD. Representative histograms demonstrate the fluorescent
signal for each of the indicated stains. A gate was made on the positive peak to enumerate
the frequency of nonviable cells. (B) Representative histograms demonstrate the PE signal
for JAM-A (open peak), its isotype-matched negative control (filled peak), and their
respective mean fluorescence intensities (MFI).
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BMVEC recovered from BBB model have extensive junctional proteins. BMVEC were
collected from the BBB model using Try-pLE and junctional proteins examined by flow
cytometry. (A) FSC-H and FSC-A were used for the identification of singlets (indicated
within the gated population) and doublet discrimination. (B) The single cells were then
examined by SSC-A and FSC-A to develop the BMVEC gate. FITC or PE fluorescent signal
was used to examine (C) PECAM-1, (D) ALCAM, (E) CD99, (D) PrPC and the respective
isotype matched negative controls in one representative experiment. The MFI is denoted. (G)
The MFI of PECAM-1, ALCAM, CD99, and PrPC (open bars) or their respective isotype-
matched negative controls (closed bars) were analyzed in six independent experiments. Data
are represented as mean standard deviation. Significance was determined by a two-tailed
paired #test. *P<0.05. **P<0.01. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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BMVEC from BBB model are responsive to stimuli. BMVEC were recovered from the BBB

using TrypLE following 24-h treatment with 10 ng/mL LPS or VEGF, or PBS vehicle

control. Histograms from one representative experiment demonstrate the (A) PE signal for
ICAM, (C) APC signal for occludin, or the appropriate isotype-matched control, and their
respective MFI. After subtracting the contribution of the isotype control, the pooled fold
change in (B) ICAM MFI following LPS treatment or (D) occludin MFI following VEGF
treatment (filled bar) relative to vehicle (open bar, set to 1) from five or three independent
experiments, respectively, was determined. Data are represented as mean +standard error of
the mean. Significance was determined by a two-tailed paired #test. *~<0.05. **P<0.01.

Cytometry A. Author manuscript; available in PMC 2016 May 06.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Williams et al.

SSC-A

CD45 FITC

Cc

Page 19

Vehicle LPS

BMVEC 100 ]
IgG1  ICAM
—> 414 26,600

SSC-A

IgG1  ICAM
40.8 154,000

Cell Number

Cell Number

Number of

CD45 FITC
CD45 FITC
CDA45 FITC

CD14 APC-Cy7 CD14 APC-Cy

60, = D 120
%] e
2 40,6 o [/, X
3 33
o Q06
c IS
§ 20, 2 = o

Vehicle LPS Vehicle LPS

Figureb.

Quantification of monocyte and T-cell adhesion to the BBB. PBMC were added to the BBB
coculture model following pretreatment with (A) vehicle control or (B) 10 ng/mL LPS.
Following 1 h of incubation and washing away nonadherent cells, TrypLE was used to
collect the PBMC and the BMVEC from which they were interacting. SSC-A and FSC-A
characteristics were used to create grates that discriminated between the PBMC and
BMVEC. A histogram depicts BMVEC ICAM expression from one representative
experiment. Rectangle gates were applied to the CD45*CD14* and CD45*CD3* PBMC
populations and the number of cells within these gates enumerated. The number of (C)
monocytes and (D) T cells that adhered to the BMVEC upon vehicle and LPS treatment in
three separate experiments was determined. Data are represented as mean tstandard error of
the mean. Significance was determined by a two-tailed paired #test. ** £<0.01. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 1

Compensation matrix for hardware compensation

FLUORESCENCE PARAMETER #1 FLUORESCENCE PARAMETER #2

PERCENT SPECTRAL OVERLAP

PE
APC
APC-Cy7
FITC
APC
APC-Cy7
FITC

PE
APC-Cy7
FITC

PE

APC

FITC
FITC
FITC

PE

PE

PE
APC
APC
APC

APC-Cy7

APC-Cy7

APC-Cy7

18.05
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Dissociation times and cell viabilities upon recovery of BMVEC from the BBB model with differing reagents
(n =3; mean-tstandard deviation is indicated)

REAGENT

Trypsin
TrypLE
Accutase

Lidocaine

EDTA

DISSOCIATION TIME (MIN)  PERCENT VIABILITY
5325 87.3+4.4
13.3+15 87.7 +3.6

30.0 £15.0 85.6 £0.7
35.7+4.0 86.3+1.6
41.0+3.6 85.9+2.0
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