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Abstract
The accumulation of inflammatory cells in the brain parenchyma is a critical step in the
pathogenesis of neuroinflammatory diseases such as multiple sclerosis (MS). Chemokines and
adhesion molecules orchestrate leukocyte transmigration across the blood-brain barrier (BBB), but
the dynamics of chemokine receptor expression during leukocyte transmigration are unclear. We
describe an in vitro BBB model system using human brain microvascular endothelial cells that
incorporates shear forces mimicking blood flow to elucidate how chemokine receptor expression
is modulated during leukocyte transmigration. In the presence of the chemokine CXCL12, we
examined modulation of its receptor CXCR4 on human T cells, B cells, and monocytes
transmigrating across the BBB under flow conditions. CXCL12 stimulated transmigration of
CD4+ and CD8+ T cells, CD19+ B cells, and CD14+ monocytes. Transmigration was blocked by
CXCR4-neutralizing antibodies. Unexpectedly, CXCL12 selectively down-regulated CXCR4 on
transmigrating monocytes, but not T cells. Monocytes underwent preferential CXCL12-mediated
adhesion to the BBB in vitro compared with lymphocytes. These findings provide new insights
into leukocyte-endothelial interactions at the BBB under conditions mimicking blood flow and
suggest that in vitro BBB models may be useful for identifying chemokine receptors that could be
modulated therapeutically to reduce neuroinflammation in diseases such as MS.

INTRODUCTION
Multiple sclerosis (MS) is an inflammatory demyelinating disease of the human central
nervous system (CNS). Inflammation initiates the lesions of MS and involves accumulation
of blood-derived inflammatory cells in the CNS parenchyma. The inflammatory molecular
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cascade that leads to CNS tissue infiltration by blood-derived leuko-cytes has been
progressively elucidated. This research has led to the hypothesis that leukocytes often
initially transmigrate through the blood-brain barrier (BBB) via pial vessels (1, 2) located at
the surface of the brain and spinal cord. Pial vessels exhibit interendothelial tight junctions
that are characteristic of the BBB. However, being outside the brain parenchyma, pial
vessels are not associated with astrocyte end-feet (3). Other sites where leukocytes enter the
CNS include the choroid plexus and the BBB within the brain parenchyma (4).

Chemokines and adhesion molecules orchestrate leukocyte trans-endothelial migration
(TEM) across the BBB (5–7) and are attractive targets for the development of drugs to
manage MS (8, 9). Blockade of leukocyte trafficking into the CNS has been shown to be
therapeutically effective, confirming the role of blood-derived leukocytes in MS
pathogenesis (10). However, available therapies that inhibit leukocyte trafficking by
blocking adhesion molecules carry substantial risks (10), probably related to their action
against a wide spectrum of leukocyte populations. More selective means to abrogate
leukocyte entry into the CNS of patients with neuroinflammatory diseases such as MS are
needed (11). To achieve this goal, we need clearer insights into the mechanisms by which
blood-derived leukocytes enter the CNS in health and disease.

Immunohistochemical staining of MS lesions for chemokines and chemokine receptors is an
attractive way to initiate studies of leukocyte infiltration of the CNS. However, the
complexity of leukocyte transmigration and chemokine receptor modulation challenges the
use of immunohistochemical data as a stand-alone means for identifying the best targets for
inhibition. This complexity is evident at multiple levels: Chemokine receptors expressed by
leukocytes recognize ligand on both the luminal and the abluminal surface of endothelial
cells during transmigration into tissue from the flowing blood (12). After ligand exposure,
chemokine receptors can be down-regulated and degraded or recycled at different rates (13,
14), resulting in either the absence or the presence of the receptor on migrating cells.
Chemokine receptors on defined cell populations (such as naïve monocytes or memory T
cells) differ markedly when circulating cells are compared with tissue-infiltrating cells,
suggesting dynamic regulation. For example, very few CCR2-positive mononuclear
inflammatory cells have been identified in MS lesions by immunohistochemistry compared
to >95% of monocytes expressing variable levels of CCR2 in peripheral blood (15). CCL2
immunoreactivity is abundant in active and chronic MS lesions despite decreased CCL2 in
the cerebrospinal fluid (CSF) of MS patients, suggesting that ligand (CCL2) might be
consumed as its receptor (CCR2) is down-regulated (16). CCR5+ monocytes arrayed in the
perivascular spaces around microvessels in MS tissue (an inflammatory finding termed
“perivascular cuffing”) comprise more than 50% of infiltrating myeloid cells, although less
than 15% of blood monocytes express CCR5 (8, 17). Among CXC chemokines, CXCL12
ligand is particularly associated with leukocyte infiltration of the CNS, and regulation of its
receptor CXCR4 is complex. CXCL12 is expressed in several cellular contexts in the CNS
(18–20). Neuropathological studies have demonstrated that CXCL12 immunoreactivity is
associated with endothelial cells within microvessels in control autopsy human brain
sections and exhibits basolateral (abluminal) localization (20), where it serves to restrict the
transit of infiltrating leukocytes from perivascular cuffs into the parenchyma (20–22).
During CNS inflammation, this polarized expression is altered with loss of perivascular
CXCL12 protein and relocation of this chemokine to the luminal side of the vasculature
(20–22). CXCR4 and CXCR7, the two receptors that bind to CXCL12, play complementary
roles in its function. These receptors belong to a subfamily of heterotrimeric guanine
nucleotide–binding protein (G protein)–coupled receptors (GPCRs): CXCR4 ligation
triggers Gαi signaling, whereas CXCR7 is not G protein–linked in most cells (23–26) and
often serves to localize CXCL12 in tissues by internalization or translocation.
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Studies using knockout mice or small-molecule inhibitors (21, 22) indicate that chemokines
and their receptors are crucial for selective infiltration of the CNS by subpopulations of
leukocytes (27–30). Analyses of chemokines and chemokine receptors in MS lesions, when
complemented by mechanistic in vitro transmigration studies to define how individual
receptors are regulated on relevant cells, are the best approach for guiding therapeutic
development.

Experiments using a static BBB model (without shear forces) have provided provisional
answers to questions regarding chemokine receptor modulation and function during
leukocyte transmigration (9, 31–33). However, an in vitro model using human umbilical
vein endothelial cells (HUVECs) for examining leukocyte-endothelial interactions under
physiological shear forces showed convincingly that shear forces promote rather than disrupt
the processes required for transmigration, including adhesion, locomotion, and pseudopod
formation during the cell’s exit from the blood vessel, termed extravasation (12, 34–36).
Accordingly, it has become clear that physiologically relevant BBB transmigration assays
require incorporation of shear forces.

Here, we report that a new in vitro BBB model under shear forces mimicking blood flow can
help to bridge the gap between descriptive immunohistochemical studies and the
identification of chemokines and their receptors that could be targeted therapeutically for
treating neuroinflammatory diseases. Transfected human brain microvascular endothelial
cells (THBMECs) are stable in culture and have BBB features including intercellular tight
junction–associated protein expression, modestly elevated transendothelial electrical
resistance (compared with HUVECs), and efficient solute exclusion (15, 37, 38). Under
physiological flow rates and cytokine cocktail treatments, THBMECs maintain their BBB
characteristics (6). Using THBMECs in a modified chemotaxis chamber incorporating shear
forces, we assayed how the CXCL12 chemokine andits CXCR4 receptor govern leukocyte
transmigration under flow conditions, and also defined how CXCR4 expression on
leukocytes is modulated during chemokine binding and leukocyte transmigration across the
BBB.

RESULTS
In vitro BBB transmigration assay under flow

The chemotaxis chamber (see Fig. 1) was modified from a Neuro Probe AA12 chemotaxis
chamber to enable assays to be conducted under physiological shear forces (flow). The
chamber comprises a precision-machined acrylic top, middle, and bottom plates, assembly
hardware, a silicone top gasket with a flow area of 16 mm wide, 75 mm long, and 0.8 mm
thick, and a silicone bottom gasket (Fig. 1). The plates have 12 wells in two offset rows.
Each well in the middle plate is 6.5 mm in diameter and holds 220 μl. Framed polycarbonate
membrane filters were manufactured by Neuro Probe to our specifications with a pore size
of 3 μm. THBMECs were cultured on rat-tail collagen-coated framed filters to
subconfluence and were activated with tumor necrosis factor–α (TNF-α) (10 U/ml) and
interferon-γ (IFN-γ) (20 U/ml) for 24 hours at 37°C. The cells were then termed activated
THBMECs (aTHBMECs). Transendothelial migration (TEM) buffer containing CXCL12
(25 ng/ml) was incubated with aTHBMECs for 10 min at 37°C. Excess CXCL12 was
removed by two washes, and CXCL12 associated with the human endothelial cells was
termed apical CXCL12. Another chemokine, CCL2, is abundant in MS lesions (16). To
simulate inflammatory conditions and create a chemotactic environment, we loaded CCL2
(25 ng/ml) in TEM buffer in the lower chamber on the abluminal side of the THBMECs
(termed basolateral CCL2). Basolateral CCL2 was used in all of the transmigration studies
including basal migration where CXCL12 was omitted, with the exception of pertussis toxin
(PTX) pretreatment experiments where basolateral CCL2 was not used to study direct
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activation of CXCR4 by CXCL12. The membrane with a confluent layer of aTHBMECs
was washed twice with TEM buffer and placed between the top and the bottom plates, and
the top gasket was positioned over the filter to create a flow area of about 420 μl. Narrow
raised rims of bottom wells mating the membrane frame enhanced the seal. With the
apparatus in a 37°C incubator, human peripheral blood mononuclear cells (PBMCs) were
perfused across the THBMECs by a Medfusion 3010a pump through the inlet on the top
plate. The wall shear stress (τw) is related to the volumetric flow rate (Q) by τw = 6 μQ/wh2,
where μ is the fluid viscosity, h is height, and w is width of the flow field (39). The flow
rate was 1 ml/s (46 ml/hour), simulating the estimated flow rate in human cerebral
capillaries (40). The final shear stress was 0.2 dyne/cm2. At the end of a defined period of
flow, the chamber was disassembled and the framed filter was carefully removed. The cells
that had transmigrated across the THBMEC layer were collected from the lower chamber.
Flow-through nonmigrating cells were collected from the outlet tubing. Cells that were
introduced into the system (termed input cells), migrating cells, and flow-through cells were
harvested for quantification and flow cytometry analysis. Chamber calibration was
performed every 6 months. Gaskets were replaced regularly to minimize systematic error.

Apical CXCL12 induces transmigration
Using flow cytometry, we found that CXCR4 was expressed by more than 50% of CD4+ T
cells, CD8+ T cells, CD14+ B cells, and CD19+ monocytes in the peripheral blood of healthy
people (Fig. 2A). It has been reported that CXCR7 is not expressed on human or mouse
leukocytes, except for a small subset of B cells (41). Addition of CXCL12 to the top
chamber on the apical side of the aTHBMEC layer enhanced PBMC migration compared to
aTHBMECs without CXCL12 even though we included CCL2 basolaterally (Fig. 2B).
Incubating PBMCs with the anti-CXCR4 antibody 12G5 before the transmigration assay
abrogated CXCL12-induced transmigration of immune cells across the aTHBMEC layer
(Fig. 2C). In contrast, CXCL12-induced migration was not affected by preincubating
PBMCs with the anti-CXCR7 antibody 11G8 (Fig. 2D). It is well established that PTX
inhibits Gαi signaling by adenosine diphosphate (ADP) ribosylation. CXCL12-induced
migration of PBMCs was inhibited by preincubating PBMCs with PTX (Fig. 2E), indicating
that apical CXCL12 stimulated PBMC migration by activating Gαi signaling via CXCR4
receptors.

Apical CXCL12 down-regulates CXCR4 on transmigrating monocytes
To study the modulation of CXCR4 during CXCL12-induced transmigration of PBMCs, we
measured CXCR4 fluorescence intensity by flow cytometry on both the input population of
PBMCs and the PBMCs that transmigrated across the THBMEC layer. Apical CXCL12
selectively reduced CXCR4 median fluorescence intensity (MFI) of transmigrating
monocytes compared to the input population, whereas CXCR4 expressed by CD4+ T cells,
CD8+ T cells, and CD19+ B cells was not down-regulated (Fig. 3A). The reduction in
CXCR4 MFI on a logarithmic scale was demonstrated in single-channel histograms from
flow cytometry analyses, which showed a substantial left shift in CD14+ monocyte CXCR4
intensity during apical CXCL12-induced migration, which was not observed for T or B cells
(Fig. 3B). In contrast, when PBMCs were incubated in solution with CXCL12, CXCR4 MFI
was reduced on all PBMC subtypes (Fig. 3, C and D), confirming that CXCR4 was capable
of being down-modulated by stimulation with the CXCL12 ligand on all PBMC
subpopulations. CXCR4 was down-regulated on transmigrating CD14+/CD16− monocytes
(Fig. 3E) compared to CD16+/CD14− natural killer (NK) cells (Fig. 3F). To confirm that
CXCL12 was associated with the THBMEC surface, we performed live-cell staining. Apical
CXCL12 formed larger and more numerous apparent aggregates on aTHBMECs (Fig. 4, B
and D) compared to the staining on aTHBMECs without exogenous CXCL12 (Fig. 4, A and
C). These studies were not performed under flow conditions, because cells were cultured
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and imaged on coverslips. Tissue staining of luminal CXCL12 in tissue sections also shows
punctate staining consistent with aggregation (20). In summary, the presence of apical
CXCL12 in the top chamber induced PBMC transmigration across the aTHBMEC layer and
selectively down-regulated CXCR4 expression on monocytes.

CXCL12-induced monocyte-endothelial interactions facilitate lymphocyte transmigration
The fact that apical CXCL12 enhanced migration in all PBMC groups but down-regulated
CXCR4 only on monocytes suggested that monocytes selectively respond to apical CXCL12
and that monocyte interactions with endothelium may have then facilitated T and B cell
transmigration. To address this possibility, we used negative selection to isolate and assay
PBMC subpopulations in our transmigration assay. The purity of isolated lymphocytes (Fig.
5A) and monocytes (Fig. 5B) was confirmed by flow cytometry. Isolated lymphocytes failed
to transmigrate in response to CXCL12, whereas the addition of monocytes (at a
lymphocyte/monocyte ratio of 4:1, which is found in PBMCs) restored lymphocyte
transmigration (Fig. 5C).

These data suggested that CXCL12-dependent monocyte-endothelial cell interactions
facilitated T and B cell transmigration across the aTHBMEC layer. Under flow conditions
and in response to CXCL12, monocytes in PBMCs seemed to interact more efficiently with
endothelium than did PBMC lymphocytes. This possibility was addressed by parallel plate
adhesion assays in which lymphocytes and monocytes were individually isolated by
negative selection, differentially labeled with CellTracker dyes, and mixed at a ratio of 4:1
(the ratio normally found in PBMCs). Images at the beginning (Fig. 5D) and at the end (Fig.
5E) of the 20-min assay showed that monocytes (yellow) disproportionately adhered to
aTHBMECs compared with lymphocytes (magenta). Individual cell motion was further
analyzed from a video recording of the adhesion assay (movie S1). Analysis of four
experiments showed that monocytes adhered about four times more frequently than did
lymphocytes in a 20-min adhesion assay (17 versus 4, P = 0.02) despite their lower numbers
in the input cell inoculum (Fig. 5F). These observations also excluded the possibility that
CCL2 (present in transmigration assays but not in the adhesion assays) was required for the
preferential response of monocytes to CXCL12 under flow. The focal plane for these videos
was set at the endothelial surface and also demonstrated more nonadherent, reversible
monocyte-endothelial interactions.

DISCUSSION
Here, we developed an in vitro model system that allowed us to investigate leukocyte
transmigration across BBB endothelium under flow conditions and to analyze chemokine
receptor expression by the original input PBMC population, transmigrating PBMCs, and
flow-through (nontransmigrating) leukocytes. Next, we showed that the chemokine
CXCL12 stimulated lymphocyte and monocyte transmigration across the BBB endothelium.
However, CXCL12 induced selective down-regulation of CXCR4 expression by monocytes
but not by T and B lymphocytes, which nonetheless expressed functional CXCR4. Then, we
found that monocytes selectively adhered to the BBB endothelium under flow in response to
CXCL12 and we propose that monocyte-endothelial cell interactions facilitated lymphocyte
migration across the BBB endothelium.

In vitro BBB models have provided useful information regarding therapeutic targeting of
chemokines and chemokine receptors in the CNS, drug pharmacokinetics, as well as insights
into the pathogenesis of neuroinflammation, neurodegeneration, and CNS tumors (42).
Models incorporating flow were created to replicate more closely the physiological in vivo
environment of the BBB (43) and to integrate shear forces into the analysis of leukocyte-
endothelial interactions. Here, we describe an in vitro BBB model that incorporates flow and
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enables analysis of chemokine receptor modulation on transmigrating leukocytes. Compared
with existing dynamic models (6, 44, 45), an advantage of our model is the opportunity to
collect transmigrated cells for phenotyping including chemokine receptor expression.

The chemokine CXCL12 was selected for study because it appears to contribute critically to
leukocyte migration across the BBB and from perivascular spaces into CNS parenchyma
(20, 22, 46, 47). The complex molecular mechanisms underlying CXCL12 tissue
distribution during neuroinflammation are incompletely understood. Chemokines on
endothelial luminal surfaces stimulate leukocyte integrin activation, adhesion, and
transmigration of leukocytes across the endothelial layer (48–51), whereas chemokines on
the abluminal side of the endothelial layer may organize and maintain perivascular
leukocyte aggregates (20, 22, 52). Endothelial cell surface glycosaminoglycans immobilize
chemokines, typically in oligomers, and enhance their local availability to rolling and
crawling leukocytes (53–55). Our live-cell imaging showed apparent CXCL12 aggregates
on apical aspects of the cytokine-activated THBMEC layer in vitro that mimics the BBB.
CXCL12 distribution is also affected by CXCR7, a nontraditional receptor specific for
CXCL11 and CXCL12 that lacks G protein–coupled signaling but internalizes CXCL12 for
either lysosomal degradation or transcytosis and redistribution (56, 57). CXCR7 was not
present on monocytes or T cells, and CXCR7-mediated transcytosis was not relevant for our
model because CXCL12 was available on the apical surface of the THBMECs,
corresponding to the vascular lumen.

Chemokine receptors are appealing drug targets for treating neuroinflammatory disease, but
the multiplicity of receptors and receptor modulation during ligand-induced transmigration
of leukocytes into the CNS complicates identification of appropriate target receptors.
Unexpectedly, we found that CXCR4 was selectively down-regulated on monocytes but not
lymphocytes during CXCL12-stimulated transmigration of PBMCs across the BBB in our in
vitro model system, implying that monocytes selectively use CXCL12/CXCR4 to generate
integrin-dependent interactions with BBB endothelium under flow. There are ample
precedents for selective cell-specific responses to CXCL12 via CXCR4. For example,
signaling to CXCR4 modulates adult hippocampal neural stem cell proliferation, which is
primarily governed by γ-aminobutyric acid (GABA) receptor stimulation (58). In contrast,
cerebellar granule cell progenitors migrate along a band of CXCL12 at the pial surface and
subsequently proliferate through a synergistic response to CXCL12 and sonic hedgehog
(59). Quite differently, CXCR4 signaling activated by CXCL12 governs B lymphocyte
retention in bone marrow during development (60). Illustrating selective signaling by
chemokines to receptor-bearing cells, we previously reported that CX3CR1 is broadly
expressed on blood lymphocytes and monocytes but only signals to NK cells for recruitment
to the CNS in the experimental autoimmune encephalomyelitis (EAE) mouse model of MS,
despite free CX3CL1 ligand that was available for signaling to other receptor-bearing cells
(30). In separate studies of PBMC migration in vitro under flow, we found that abluminal
CCL2 induced lymphocyte and monocyte migration but selectively down-regulated
monocyte CCR2. This finding was in agreement with our previous report that infiltrating
monocytes in MS lesions lack surface CCR2 (15).

Here, we report that a single cell type in PBMCs responds selectively to a native chemokine
based on its presentation on the apical surface of the THBMEC layer, rather than in solution.
This selective response might be dictated in part by the physical state of the immobilized
chemokine. A mutant obligate monomer CCL2 peptide that is unable to oligomerize could
readily induce chemotaxis of monocytes in a Transwell chamber assay, but was not able to
attract monocytes into the inflamed CNS in EAE mice (61). Mutant CCL5, which was not
able to bind to glycosaminoglycans, also activated signaling in solution but was unable to
mediate leukocyte recruitment in vivo (61). Our live-cell imaging analyses suggested that
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CXCL12 formed aggregates on the apical surface of aTHBMECs. We speculate that
CXCL12-mediated differential signaling to monocytes but not lymphocytes under flow was
contingent on the “presentation” of CXCL12 on the apical surface of aTHBMECs, possibly
in the form of oligomeric aggregates. Notably, structural modeling has demonstrated how
chemokine polymers could be assembled on tissue surfaces (62).

Monocyte removal from PBMCs abrogated lymphocyte transmigration under flow, an effect
that was reversed by adding back the monocytes. These data suggested that monocytes were
induced by CXCL12 to promote lymphocyte transmigration. All PBMC subtypes failed to
transmigrate under basal conditions in the absence of CXCL12. Several possibilities exist to
account for these observations: First, adherent monocytes might interact physically with
lymphocytes, “trapping” them before transmigration. Our imaging studies argue against this
possibility because monocytes and lymphocytes did not form evident physical contacts
(movie S1). Second, monocytes could potentially elaborate cytokines or proteolytic enzymes
such as matrix metalloproteinases or cathepsins that might expose ligands mediating
adhesion and thereby modify THBMECs to become more permissive for interaction with
lymphocytes. CXCL12 might trigger monocytes to secrete chemokines that directly induce
lymphocyte adhesion to THBMECs. Physical interaction between adherent monocytes and
endothelial cell apical surfaces might induce THBMEC alterations that enhance lymphocyte
adhesion. We note that these possibilities are not mutually exclusive given the array of
effector properties expressed by monocytes and the complex, stepwise character of
leukocyte-endothelial interactions under flow.

Results presented here should be interpreted with recognition of the limitations of our model
system. The experiments were done using a single line of THBMECs, which were
transformed with simian virus 40 (SV40) T antigen. Extending the studies using additional
HBMECs cell lines as well as primary HBMECs will be useful to define how consistently
these observations can be replicated with different sources of HBMECs. Additionally, the
present studies were done using HBMECs without coculture, mimicking the BBB of the pial
vasculature. Including pericytes and astrocytes, the accessory cells of the parenchymal BBB,
will permit a fuller analysis of the interactions of leukocytes with cellular elements of the
BBB under flow and, in turn, will sharpen our understanding of appropriate therapeutic
targets.

The present results are broadly concordant with a recent report using Ccl2−/− mice with
coronavirus encephalitis and showing that CNS perivascular monocytes promoted
lymphocytes to enter the inflamed parenchyma across the glia limitans, a network of glial
cell processes and a basement membrane that together separate the brain parenchyma from
the CNS perivascular space (63). The present report extends those findings and provides
proof of principle that complementary data from dynamic BBB models in vitro, validated by
immunohistochemical analysis of inflamed human CNS tissue and animal model research,
will be instrumental for selecting therapeutic targets to modulate leukocyte infiltration of the
CNS in neuroinflammatory diseases such as MS.

MATERIALS AND METHODS
Human subjects and reagents

Healthy volunteers between 20 and 50 years old were recruited. All study protocols were
approved by the Cleveland Clinic Institutional Review Board, and signed informed consents
were obtained from all blood donors. Subjects were not experiencing systemic infection or
taking non-steroidal anti-inflammatory drugs (NSAIDs) at the time of phlebotomy. Anti-
human antibodies used include mouse anti-CXCR4 monoclonal 12G5 [provided by the
National Institutes of Health (NIH) AIDS Research and Reference Reagent Program],
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mouse immunoglobulin G2A (IgG2A) (MAB003, R&D Systems), anti-CXCR7 11G8
(ChemoCentryx Inc.), mouse IgG (Invitrogen), anti-CXCR4 allophycocyanin (clone 12G5,
BD Biosciences), anti-CD4 phycoerythrin–Alexa Fluor 610 (clone S3.5, Invitrogen), anti-
CD8 Pacific Orange (clone 3B5, Invitrogen), anti-CD14 peridinin chlorophyll protein (clone
MφP9, BD Biosciences), anti-CD19 Pacific Blue (clone SJ25-C1, Invitrogen), and rabbit
anti-CXCL12 (PeproTech). Recombinant human CXCL12 and CCL2 were from R&D
Systems. Human CD14 MicroBeads were from Miltenyi Biotec. Human Monocyte
Enrichment without CD16 Depletion Kit was from Stemcell Technologies. LinearFlow Flow
Cytometry Intensity Calibration kit, CellTracker Green CMFDA, and CellTracker Red
CMTPX were from Invitrogen. Parallel Plate Flow Chamber was purchased from
GlycoTech.

Cell culture and PBMC isolation
THBMECs are adult human brain endothelial cells transfected and immortalized with
plasmid containing SV40 large T antigen as previously described (15, 31, 37). THBMECs
were grown in RPMI 1640 containing 10% heat-inactivated fetal bovine serum, 10% Nu-
Serum, 2 mM glutamine, 1 mM pyruvate, essential amino acids, and vitamins. PBMCs were
isolated from fresh heparinized blood of healthy subjects by density centrifugation with
Lymphocyte Separation Medium (Mediatech) as previously described (15, 31, 37). PBMCs
were resuspended at 5 × 105 cells/ml in TEM buffer (RPMI 1640 without phenol red + 1%
bovine serum albumin + 1 mM Hepes) for transmigration assays and assayed within 2 hours
of phlebotomy.

Flow cytometry
PBMCs were blocked with mouse IgG and then stained with fluorescently conjugated
antibodies for CXCR4, CD4, CD8, CD14, and CD19. Data were acquired with an LSR II
flow cytometer (BD Biosciences). Analysis was carried out with FlowJo version 9 (Tree
Star Inc.). Lymphocytes and monocytes were gated according to forward and side scatter, as
well as antibody staining profiles. To verify the specificity of the anti-CXCR4 antibody
12G5, we incubated nonconjugated antibody 12G5 (30 μg/ml) with PBMCs for 15 min at
4°C followed by conjugated 12G5 (5 μg/ml) staining, referred to as cold block. CXCR4 gate
was derived from cold block staining.

The number of migrated cells was measured on a Z1 Series Coulter Counter cell and particle
counter (Beckman Coulter Inc.), extrapolated from the standard curve. The number of
migrated PBMCs was calculated as follows: total migrated PBMCs = (the total volume of
migrated cells in milliliters) × (the concentration in cells per milliliter). Input and migrated
cells are phenotyped, and the percentages are obtained by flow cytometry. The number of
migrated cells of each sub-population = (percentage of each subpopulation) × (total migrated
PBMCs).

Blockade with CXCR4-neutralizing antibody or PTX
Freshly isolated PBMCs were incubated with CXCR4-neutralizing antibody 12G5 (0.1 μg/
ml) or mouse isotype IgG2A for 15 min at 37°C immediately followed by transmigration
assay. To determine the role of Gαi signaling, we incubated PBMCs with PTX (20 ng/ml)
for 20 min and washed them, followed by transmigration assay.

Monocyte or lymphocyte isolation
Lymphocytes were isolated from PBMCs with CD14 MicroBeads and an autoMACS
separator (Miltenyi Biotec) according to the manufacturer’s instruction. The cells from the
negative column (mainly T and B cells) were resuspended at 4 × 105 cells/ml in TEM
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buffer. Monocytes were isolated from PBMCs with EasySep Human Monocyte Enrichment
without CD16 Depletion kit. In monocyte repletion assays, monocytes were added back to
lymphocyte suspension to a final concentration of 1 × 105 monocytes/ml and used in
transmigration or adhesion assay. The purity of isolated cells was verified by flow cytometry
as shown in Fig. 4, A and B.

Parallel plate flow chamber adhesion assay
THBMECs were cultured on a 35-mm tissue culture dish and activated with cytokine
cocktail for 24 hours. CXCL12 (25 ng/ml) was incubated with aTHBMECs for 10 min at
37°C. Excess CXCL12 was removed by two washes, and endothelial culture was assembled
into the parallel plate flow chamber as previously described (6). Monocytes and
lymphocytes were isolated and labeled with CellTracker Green CMFDA and Red CMTPX,
respectively, and mixed at a ratio of 1:4. PBMCs (5 × 105 cells/ml in TEM buffer) were
perfused across THBMEC layer at 1 mm/s by a Medfusion 3010a syringe pump. The
parallel plate flow chamber was mounted on the stage of a Leica AM Total Internal
Reflection Fluorescence (TIRF) MC System (Leica Microsystems). The system was
equipped with temperature controller and CO2 incubation chamber (Leica Microsystems) to
ensure that the experiments were performed at 37°C and 5% CO2. Images were collected
under a combined TIRF and epifluorescent illumination mode (TIRF-epi) with an ImageEM
C9100-13 EMCCD camera (Hamamatsu), allowing for the visualization of lymphocyte-
monocyte-endothelium interactions from a top-down view. Focal planes were set at the
endothelial surface to visualize leukocyte-endothelial cell interactions. Video recording (20
min) of leukocyte-endothelial interaction was analyzed in NIH ImageJ software. The
motions of each cell that flowed into the field and became adhesive during the shear stress
application period were tracked and quantified, referred to as adhesion. The adherent cells
exhibited three fates as follows: They could remain stationary throughout the period, spread
and migrate over the endothelial surface without detaching, or transmigrate across the
endothelial cell barriers and leave the focal plane.

CXCL12 cytochemical staining
THBMECs were cultured on coverslips and activated for 24 hours. CellTracker Green
CMFDA was incubated with aTHBMECs for 30 min. Apical CXCL12 was then applied for
10 min, and excess CXCL12 was removed by two washes. Cells were incubated with
CXCL12 antibody (5 μg/ml) in TEM buffer for 5 min at room temperature and immediately
fixed with 4% paraformaldehyde for 15 min. Cells were further incubated in goat anti-rabbit
Alexa Fluor 594 secondary antibody in phosphate-buffered saline (PBS) containing 10%
goat serum for 15 min at room temperature. Cells were washed and coverslipped before
being visualized on the confocal microscope. Images were analyzed with Imaris software
(Bitplane Inc.).

Statistical analysis
Student’s paired t test analyses were performed to ascertain statistical significance. A P
value of <0.05 was used to establish significance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
An in vitro BBB model system for studying leukocyte transmigration. This in vitro BBB
model system enables flexible analysis of leukocyte migration across the BBB under
physiological shear forces (flow). Shown is the flow-based chemotaxis chamber (side view)
with an expanded view below. THBMECs are cultured on framed polycarbonate filters
(lower image). The filter with confluent THBMECs is placed between the top and the
bottom plates, and the top gasket is positioned over the filter to create a flow area. PBMCs
are perfused through the inlet on the top plate across the THBMEC layer (which mimics the
BBB). PBMCs that transmigrated across the THBMEC layer into the bottom chamber,
together with the input PBMC population and the nontransmigrating leukocytes that passed
through the system, were collected for analysis.
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Fig. 2.
Apical CXCL12 induced PBMC transmigration. (A) PBMCs from human subjects were
stained with fluorescence-conjugated antibodies against CD4, CD8, CD14, CD19, and
CXCR4 (12G5), and analyzed by flow cytometry. Percentages of CXCR4-positive cells in
each subpopulation are shown. (B) THBMECs were activated by incubation with IFN-γ and
TNF-α, and the chemokine CXCL12 was introduced into the top chamber (apical CXCL12).
The transmigration assay was performed with or without apical CXCL12, and the number of
leukocytes transmigrating across THBMECs was quantified. Each symbol represents data
from one experiment. (C) PBMCs were incubated with the CXCR4-neutralizing antibody
12G5 (0.1 μg/ml) for 15 min at 37°C immediately followed by the addition of apical
CXCL12. Mouse isotype IgG2A was used as control. Each symbol represents data from one
experiment. (D) PBMCs were incubated with CXCR7-neutralizing antibody 11G8 (0.1 μg/
ml) for 20 min followed by the transmigration assay with apical CXCL12. Each symbol
represents data from one experiment. (E) PBMCs were incubated with pertussis toxin (PTX)
(20 ng/ml) for 20 min. Excess PTX was removed by two washes, and PBMCs were
resuspended at 5 × 105 cells/ml in TEM buffer. Transmigration assays were performed in
the presence of apical CXCL12 and absence of basolateral CCL2. Each symbol represents
data from one experiment. Data were analyzed using Student’s t test.
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Fig. 3.
Apical CXCL12 selectively down-regulates monocyte CXCR4. (A) Apical CXCL12 was
added to the top chamber and the transmigration assay was performed. CXCR4 expressed by
transmigrating leukocytes was stained and analyzed by flow cytometry. MFI of CXCR4
expressed by each PBMC subpopulation was normalized to fluorescence beads. Each
symbol represents data from one experiment. Data were analyzed using Student’s t test. (B)
Single-channel histogram exhibited a left shift in CXCR4 expression by transmigrating
monocytes compared with the input PBMC population. Data represent six experiments. (C)
PBMCs were incubated with CXCL12 solution (25 ng/ml) for 2 hours and then stained for
CXCR4 expression and leukocyte lineage. CXCR4 MFI was normalized to fluorescence
beads. Each symbol represents data from one experiment. Data were analyzed using
Student’s t test. (D) Single-channel histogram showing left shift in CXCR4 expression in all
PBMC subpopulations. Data represent three experiments. (E) Monocyte subpopulations
were evaluated using CD14 and CD16 as markers. In the input PBMCs (left panel), CD14+/
CD16− represented about 97% of monocytes compared with CD14+/CD16+ cells. CD14−/
CD16+ cells were presumed to be NK cells. Among transmigrating cells (right panel),
CD14+/CD16+ cells were not observed. (F) Regulation of CXCR4 expression by CD14+/
CD16+ or CD14+/CD16− or CD14−/CD16+ transmigrating cells. Single-channel histograms
show that CXCR4 was not down-regulated on CD16+ NK cells but was down-regulated on
CD14+ monocytes.
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Fig. 4.
Exogenous CXCL12 accumulates on the apical surface of aTHBMECs. (A) THBMECs
were cultured and activated on cover slides. (B) Apical CXCL12 was added. Live cells were
stained for CXCL12. Images were collected by confocal microscopy using a 20× lens and
analyzed with Imaris 3D software. Upper and side-view (lower) images show CXCL12
aggregates. aTHBMECs alone: Live-cell staining for CXCL12 was performed on
aTHBMECs without exogenous CXCL12. Scale bar, 100 μm. Data represent four
experiments. The color channels of images were pseudocolored to facilitate evaluation. (C
and D) Images were collected using a 100× lens. Scale bars, 20 μm.
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Fig. 5.
CXCL12-induced monocyte-endothelial cell interactions modulate lymphocyte
transmigration. (A) Lymphocytes were isolated from PBMCs using negative selection.
Isolated lymphocytes were stained for CD4, CD8, CD14, and CD19 markers to verify
purity. (B) Monocytes were isolated from PBMCs using a monocyte negative selection kit.
The purity was confirmed by flow cytometry. (C) The transmigration assay was performed
in the presence or absence of apical CXCL12. Isolated lymphocytes were used as the input
population at 4 × 105 lymphocytes/ml. In the group where monocytes were added back,
monocytes were mixed with lymphocytes at a ratio of 1:4 as the input population with a total
concentration of 5 × 105 cells/ml. The transmigration assay was performed in the presence
of apical CXCL12. Each symbol represents data from one experiment. *P < 0.05 using
Student’s t test. (D) Monocytes (yellow) and lymphocytes (purple) were labeled with green
and red CellTracker dye and mixed at a ratio of 1:4 as the input population. The final
concentration was 5 × 105 cells/ml. The 20-min adhesion assay was performed using the
parallel plate flow chamber. Images show PBMC adhesion at the beginning (D) and the end
(E) of the assay. The color channels of images were adjusted for readers with color
blindness. Scale bar, 60 μm. (F) Videos recording the adhesion assays were analyzed by a
blinded observer on NIH ImageJ software. The motions of each cell that flowed into the
field and adhered during the shear stress application period were tracked and quantified.
Each symbol represents data from one experiment. *P < 0.05 using Student’s t test.
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