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Abstract
Observational studies in multiple sclerosis (MS) demonstrated altered expression of chemokine
receptors (CkRs) on comparable populations of mononuclear cells (e.g. CD4+/CD45RO+ T-cells) in
brain sections compared with blood. These findings raised questions about the regulation of CkRs
on trafficking cells. Regulatory processes for CkRs are complex: examples include down-regulation
following ligand engagement during migration and either up- or down-regulation following
activation. Additionally, CkRs that mediate transmigration without being down-regulated will be
selectively enriched on migrating cells in the inflammatory site. Finally, CkRs may act as functionally
neutral markers of activated cells capable of undergoing transmigration. Clarifying CkR regulation
may aid in the selection and application of antagonists for treating neuroinflammation. Mechanisms
of receptor regulation during transmigration cannot be studied by descriptive methods. We evaluated
CCR5 expression on CD14+ monocytes and CD3+ T-cells following CCL5-driven transmigration
through an in vitro blood-brain barrier (IVBBB), as both T-cells and monocytes in MS lesions express
CCR5. CCR5 expression was augmented on non-migrating CD14+ but not CD3+ cells, suggesting
selective activation of monocytes by incubation in contact with endothelial cells. As proposed from
observational studies, CCR5 was enriched on monocytes that migrated spontaneously in the absence
of exogenous chemokine. Addition of the CCR5 ligand CCL5 to the lower chamber led to enhanced
CD3+ T-cell migration. Interestingly, CCR5 was down-regulated on both CD14+ monocytes and
CD3+ T cells during CCL5-driven migration. These results are distinct from those obtained in
comparable studies of CCR2 and CXCR3, suggesting that the specifics for CkR expression should
be studied for individual receptors on each leukocyte subpopulation during the design of strategies
for pharmacological blockade in neuroinflammation.
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1. INTRODUCTION
CCR5 is a CC-chemokine receptor expressed on resting T-cells with memory/ effector
phenotype, monocytes, macrophages and immature dendritic cells [1–3]. CCR5 is genetically
variable within the human population, including a non-functional Δ32 mutation in Caucasians
whose biological implications are indicated by resistance to HIV-1 infection and susceptibility
to West Nile Virus Encephalitis (WNVE) in Δ32 homozygotes [4–7]. CCR5 binds several
ligands, including CCL5, CCL3, CCL4, CCL8 and CCL14. Increased expression of CCL5, as
well as CCL3 and CCL4, have been described in the inflamed central nervous system (CNS)
of patients with MS and an animal model, experimental autoimmune encephalomyelitis (EAE)
[1–3] , implying that these chemokines may interact with CCR5 during neuroinflammation.

Multiple processes including those which up- or down-regulate receptor cell surface expression
regulate CCR5 function. These adaptive mechanisms (active in many G-protein coupled
receptors [GPCRs]) operate within different time frames after ligand-receptor interactions
[8–11]. Processes underlying GPCR modulation include ligand-induced internalization, with
subsequent recycling or degradation. Depending on the receptor’s post-internalization fate, this
process can alter total cellular receptor expression, within several hours [8,10,11]. These
processes are dependent on C-terminal receptor phosphorylation by a family of serine threonine
protein kinases known as G-protein coupled receptor kinases [8,12].

Following ligand-induced CCR5 phosphorylation, β-arrestins bind to the phosphorylated
receptor, as well as the second intercellular loop, and prevent G-protein binding and consequent
second messenger signaling. β-arrestins also serve as adaptor proteins that link phosphorylated
CCR5 to clathrin in order to mediate receptor internalization via endocytosis [8,9,11,13].
Arrestins can additionally act as adaptors in signaling processes [14]. Ligand-activated CCR5
also undergoes caveolae-dependent endocytosis, independent of receptor phosphorylation and
β-arrestin/ clathrin pathways. Following receptor internalization, CCR5 accumulates in the
perinuclear recycling endosomes and returns to the plasma membrane in a dephosphorylated
form [8,11,13,15]. CCR5 surface expression depends on removal of ligand through
sequestration, dissociation from the receptor and endosomal degradation [8,11]. Mechanisms
of CCR5 recycling differ between species, cell type and chemokine ligands [11].

The aim of this study was to elucidate the expression of CCR5 on freshly isolated human CD14
+ monocytes and CD3+ T-cells following CCL5-driven migration across an in vitro model of
the blood-brain barrier (BBB), as a means to understand the specific role(s) of CCR5 in the
early stages of mononuclear cell trafficking during neuroinflammation. CCR5 expression has
been detected on perivascular monocytes and T-cells, as well as lesion-associated microglia
and macrophages in MS [16]. It remains uncertain what role CCR5 and its ligands might play
in MS, based on genetic studies of the Δ32 polymorphism and animal models of MS [17–19].
However, data exist implicating CCR5 and a commonly expressed ligand, CCL5, in pathogenic
neuroinflammation as well as host defense against WNVE [4,20–23]. As a consequence, it
would be important to decipher if CCR5 is necessary for the migration of certain leukocytes
across the BBB (as seen with CCR2) [24] or is a marker for mononuclear cells capable of
undergoing transmigration, as seen with CXCR3 [25]. Such information would address one
potential role of CCR5 in neuroinflammation and provide insights into the potential routes of
administration and efficacy of receptor blockade during neuroinflammation in vivo.
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Studying receptor expression using an in vitro BBB (IVBBB) allows assessment of ligand-
receptor interactions during the early phases of neuroinflammation. Results of such studies can
have therapeutic implications, as receptors that facilitate leukocyte transmigration can be
modulated systemically without recourse to agents capable of crossing the BBB. Previous
studies in our laboratory supported the hypothesis that CCL2-CCR2 interactions are important
for mononuclear cell migration across the BBB (despite low levels of CCL2 and CCR2+ cells
in the CSF and brain parenchyma in MS respectively [24,26–28]). We also showed that CXCR3
was a marker of CD4+ memory T-lymphocytes capable of migrating across the BBB in
vitro, without playing an active role in transmigration [25]. Our findings from these IVBBB
experiments were consonant with the results of studies of EAE induced in mutant mice lacking
either CCR2 or CXCR3 [29–31].

CCR5 has been demonstrated on a small subset of circulating blood monocytes (<10%), but
is present on all monocytes in MS lesions [16,32–34]. In addition, CCR5 is present on ~20%
of circulating T-cells and as high as 90% of perivascular CD4+ T-cells in chronic active MS
lesions [35–39]. To study CCR5 expression on mononuclear cells during BBB transmigration
ex vivo, we utilized a well-established IVBBB model. Using SV40 T-antigen immortalized
human brain microvascular endothelial cells (THBMECs), we developed a cytokine-activated
IVBBB model (aIVBBB) that recapitulates the inflammatory milieu during
neuroinflammation.

Activating subconfluent THBMECs with 10 U/mL TNF-α and 20 U/mL IFN-γ for 24 hours
resulted in maximal endothelial activation, as monitored by up-regulation of intercellular
adhesion molecule (ICAM)-1 expression without compromising tight junction properties
[40]. In this model, CCL5-driven mononuclear cell migration was dependent on CCR1, CCR5,
αLβ2 integrin/ ICAM-1 and α4β1 integrin/ fibronectin connecting segment-1 (FN CS-1) [40].
In this report, we investigated the regulation of CCR5 on mononuclear cells during CCL5-
driven migration across the basal (without cytokine activation) IVBBB and aIVBBB. The
results provide insight into the origins of differing CCR5 expression on comparable leukocyte
populations in blood and brain.

2. MATERIALS AND METHODS
2.1. CCL5 ELISA

THBMECs were grown to confluence in 6-well flat bottom Falcon® tissue culture plates
(Becton Dickinson and Company, Franklin Lakes, NJ) and activated with varying
combinations of TNF-α (10–100 U/mL) and IFN-γ (20–200 U/mL). The supernatant from these
wells was gently collected 24 hours after cytokine activation. Basal confluent THBMECs
served as negative controls. ELISA for CCL5 was performed according to the manufacturer’s
directions using the DuoSet ELISA kit (R&D Systems, Minneapolis, MN). Briefly, 96-well
flat bottom plates were coated overnight with anti-CCL5 capture antibody at 4°C. Plates were
washed with 0.05% Tween® 20 in PBS, blocked with 1% bovine serum albumin (BSA) in 1X
PBS for 1 hour at room temperature and incubated with 100 μL samples diluted 1:9 in 1% BSA
in 1X PBS (in triplicate) for 2 hours at room temperature.

After washing vigorously, the 96-well plates were incubated with biotin-conjugated anti-CCL5
detection antibody for 2 hours at room temperature, followed by 20-minute incubation with
streptavidin-horseradish peroxidase. Substrate solution (1:1 mixture of H2O2 and
tetramethylbenzidine) was added for the final 20 minutes at room temperature in the dark and
the reaction was stopped by 2N H2SO4. Absorbance measurements were taken at 450 nm for
CCL5 concentration determination, and 540 nm for background measurements using a
SpectraMax M2 microplate reader (Molecular Devices, Sunnydale, CA). CCL5 concentrations
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(in ng/mL) were determined against a standard curve of known protein concentrations using
the manufacturer’s instructions.

2.2. Preparation of leukocytes for transmigration assays
Peripheral blood mononuclear cells (PBMCs) were isolated from fresh whole heparinized
blood obtained from healthy adult volunteers by density centrifugation using Lymphocyte
Separation Medium (Mediatech, Herndon, VA). After washing with 1% BSA in 1X PBS,
PBMCs were centrifuged at 1700 rpm for 5 minutes (300 g) to facilitate platelet removal. The
PBMC population was resuspended at 107/mL in 1% BSA + RPMI 1640 without phenol red
(transendothelial migration [TEM] buffer) for transmigration assays. The Institutional Review
Board approved the protocol and signed informed consent was obtained from all donors.

2.3. Transmigration assays
Transmigration assays were performed as described previously [24,25,40] with basal or
cytokine-activated (10 U/mL TNF-α and 20 U/mL IFN-γ) THBMECs cultured on 24-well
collagen-coated, polyester membrane Transwell ™ inserts of 6.5 mm diameter and 3.0 μm
pore size (Corning, Corning, NY) at 20,000–40,000 cells/insert on days 4–5. THBMECs were
used at passages 18–25 with mean transendothelial electrical resistance routinely ≥ 90
Ω.cm2. The confluent inserts were carefully transferred to fresh wells containing 600 μL of
TEM buffer. 100 ng/mL recombinant human CCL5 (R&D Systems, Minneapolis, MN), a
concentration shown to induce maximal PBMC migration in this model [40] was included in
the well (bottom chamber, abluminal side) when indicated. In certain experiments, 25 ng/mL
CCL2 (an optimal concentration) [24] was also included in separate wells. 106 PBMCs in 100
μL of TEM buffer were added to the inserts and allowed to transmigrate at 37°C in a humid
atmosphere of 5% CO2 for 3 hours. These experiments were performed in triplicate, with
migration across the basal IVBBB without added chemokine serving as spontaneous migration.

In experiments quantifying the numbers of migrating PBMCs, 107 cells/mL obtained from
density centrifugation (PBMCs, erythrocytes and platelets) were fluorescently labeled with 4
μg/mL calcein-AM (Molecular Probes, Eugene, OR) according to the manufacturer’s
directions. In this assay, erythrocytes and platelets are calcein-AM negative. The percentage
purity of the cell suspension was established by flow cytometry, as previously described [40],
varying between 80–100%. Transmigrated PBMCs were enumerated in samples from the wells
(bottom chamber) by exciting at 490 nm and measuring fluorescence at 530 nm using
aSPECTRAmax GEMINIXS microplate spectrofluorometer (Molecular Devices Corporation,
Sunnyvale, CA). In experiments analyzing surface marker expression on PBMCs by flow
cytometry, the calcein-AM labeling was omitted. Parallel quantification and surface marker
expression experiments on PBMCs isolated from the same donors were performed when
indicated in order to quantify subpopulations of PBMCs, as previously described [40].

2.4. Antibody staining and flow cytometry of PBMCs
Flow cytometric analysis of input, non-migrated and migrated PBMCs was performed in
parallel with input cells stained at 0 hours and non-migrated and migrated cells stained after 3
hours, as previously described [24,40]. Two inserts were pooled for the non-migrated
population and 4 wells were pooled for the migrated population to perform these analyses.

Samples were blocked with 0.2 mg/mL normal mouse IgG (1:14 dilution, Catalag Laboratories,
Burlingame, CA) in FACS buffer (PBS + 2% heat-inactivated fetal calf serum + 0.1% sodium
azide) for 15 minutes, followed by single step staining with either mouse anti-human CD14
IgG2b-APC or mouse anti-human CD14 IgG2b-PE (clone MΦP9), mouse anti-human CD3
IgG1-PerCP (clone SK7) and mouse anti-human CCR5 IgG2a-FITC (clone 2D7, all from
Becton Dickinson Biosciences, San Jose, CA) when indicated. Following incubation for 15
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minutes at room temperature, PBMCs were washed in FACS buffer and fixed in 0.5%
paraformaldehyde at 4°C overnight. Data were acquired using an LSR flow cytometer and
analyzed using WinList software (Verity Software House, Topsham, ME) or FlowJo version
6.1.1 for Mackintosh software (Tree Star, Ashland, OR). Monocytes and lymphocytes were
gated according to forward and side light scatter characteristics, as well as CD14 and CD3
staining profiles, and analyzed against isotype-matched controls.

When indicated, 107/mL of freshly isolated PBMCs were incubated with or without 100 ng/
mL recombinant human CCL5 (R&D Systems, Minneapolis, MN) in TEM buffer at either 4°
C or 37°C for 1 hour to determine effects of chronic ligand exposure on CCR5 expression.
After gentle mixing and washing in FACS buffer, approximately 106 PBMCs per experimental
condition were stained for flow cytometric analysis as described above.

2.5. Statistical Analysis
Student’s t-test analyses were performed to ascertain statistical significance. A p-value of <0.05
was used to determine significance.

3. RESULTS
3.1. Cytokine activation induces CCL5 production by THBMECs in vitro

At basal conditions, confluent THBMEC layers (i.e. the basal IVBBB) do not secrete CCL5
into the culture medium. Following physiologic cytokine activation (10 U/mL TNF-α, 20 U/
mL IFN-γ), confluent THBMEC layers (i.e. the aIVBBB) produced a mean CCL5
concentration of 870 pg/mL. There was a dose-dependent increase in CCL5 production with
higher cytokine concentrations, but as previously reported, high-level cytokine exposure also
degraded barrier function of the THBMECs [40]. These data indicate that physiologic cytokine
activation results in endogenous CCL5 production by THBMECs that may contribute to the
modulation of CCR5 expression on PBMCs during IVBBB transmigration.

3.2. CCL5 induces CCR5 down-regulation on CD14+ monocytes and CD3+ T-cells in vitro
It was important to initially define the effect of ligand-receptor interactions on PBMCs in the
absence of endothelial cells and without the stimulus of migration prior to determining the
effect of CCL5 on CCR5+ PBMCs during transmigration. Incubation of PBMCs in TEM media
for 1 hour without chemokines did not alter expression of CCR5 on CD3+ T-cells (Figure 1a)
or CD14+ monocytes (Figure 1b). There was no significant reduction in the numbers of
receptor-positive cells under these conditions (Table 1a and 1b) relative to the input. We
observed CCR5 down-regulation (based on reduction in mean fluorescent intensity [MFI]) on
both CD3+ T-cell (Figure 1a) and CD14+ monocyte (Figure 1b) subpopulations following
incubation with CCL5 for 1 hr at 37°C, less so at 4°C, indicative of receptor internalization
following ligand engagement. There was a significant quantitative reduction in the number of
CD3+CCR5+ T-cells (Table 1a) and CD14+CCR5+ monocytes (Table 1b) following
incubation with CCL5 at 37°C (associated with a reduction in average MFI), further validating
the effect of CCL5 exposure on CCR5 surface expression on these mononuclear leukocyte
subpopulations in these assays.

3.3. In the basal and activated IVBBB, CD14+ monocytes migrating without CCL5 and their
non-migrating counterparts are enriched for CCR5+

About 8% (5.0–10.0) of input CD14+ monocytes expressed CCR5 (Table 2a). There was a
mean 2.5-fold increase in percentage of non-migrating CD14+ monocytes that expressed CCR5
in the basal IVBBB and aIVBBB assays relative to the input (calculated as the average
percentage of non-migrating CD14+CCR5+ monocytes in both assays divided by the mean
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percentage of CD14+CCR5+ input monocytes; Table 2a). There was also a mean 3.3-fold
increase in percentage of migrated CD14+CCR5+ monocytes without added chemokine
relative to the input (calculated as the average percentage of spontaneously migrating CD14+
CCR5+ monocytes in the basal IVBBB and aIVBBB models divided by the mean percentage
of CD14+CCR5+ input monocytes; Table 2a).

Taking the total number of migrated and non-migrated CD14+CCR5+ monocytes without
added CCL5 together, the average number of CD14+CCR5+ monocytes increased from about
13,000 (input) to about 41,000 in the basal IVBBB and 36,000 in the aIVBBB assays (Table
2a). These results suggested that monocytes became activated during transmigration. Figure 2
graphically demonstrates the increased proportion of CD14+CCR5+ monocytes in the
migrated population without added chemokine relative to the input and consequential receptor
down-regulation following CCL5-driven migration in the basal IVBBB (Figure 2a) and
aIVBBB (Figure 2b), supporting the quantitative data shown in Table 2a.

3.4. Regulation of CCR5 on migrating CD3+ T cells in the absence of CCL5: Effect of THBMEC
activation

A mean of 22% (13–30) of the input CD3+ T-cells expressed CCR5. There was no change in
the total numbers of CD3+CCR5+ T-cells in either the basal IVBBB or aIVBBB assays,
comparing the mean number of input CD3+CCR5+ T cells with the mean total numbers of
non-migrating and migrating CD3+CCR5+ T-cells in the absence of CCL5 (Table 2a). These
data indicate that the regulation of CCR5 expression by co-incubation with THBMECs differs
between CD14+ monocytes and CD3+ T-cells. There was a statistically significant, 32% mean
increase in spontaneous CD3+ T-cell migration (i.e. without added CCL5) across the aIVBBB
as compared with the basal IVBBB. This was calculated as the difference in the mean numbers
of CD3+ T-cells that migrated without added chemokine across the aIVBBB and basal IVBBB
divided by the mean number of spontaneously migrating CD3+ T cells in the basal IVBBB,
multiplied by 100%. This finding most likely reflects T-cell migration in response to
endogenously produced CC chemokines by THBMECs following cytokine activation, such as
CCL2 [40] and CCL5.

3.5. CCR5 down-regulation on CD14+ monocytes and CD3+ T-cells occurs following CCL5-
driven transmigration

CD14+ monocytes migrated more efficiently than did CD3+ T cells across both the basal
IVBBB and aIVBBB, under both spontaneous and CCL5-driven conditions (Table 2a).
Interestingly, migration in response to CCL5 reduced the percentage of CD14+CCR5+
monocytes (Table 2a) without significant change in MFI (Table 2b). Migration to CCL2, a
non-CCR5 ligand, did not modulate monocyte CCR5 expression relative to spontaneous
migration across either the basal IVBBB or aIVBBB (data not shown). These results supported
the interpretation that the process of transmigration itself did not up-regulate CCR5 on
migrating monocytes. Furthermore, there were reduced numbers of CD14+CCR5+ monocytes
following spontaneous migration across the aIVBBB relative to spontaneous migration across
the basal IVBBB, despite enhanced total CD14+ monocyte migration across the aIVBBB
(Table 2a). This unexpected finding was likely due to down-regulation in CCR5 surface
expression by CCL5 elicited from THBMECs following cytokine-mediated activation of the
IVBBB.

In either the basal IVBBB or aIVBBB models, CCL5 induced enrichment for CD3+ CCR5+
T-cells in the migrated population (comparing the percentages of CD3+CCR5+ T-cells
following CCL5-driven migration relative to the input; Table 2a). We previously found that
CCL5 signals preferentially across THBMECs, as compared with human umbilical vein
endothelial cells (HUVECs), and mediates efficient migration of CD3+ T-cells (Man S et al.
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unpublished observations). Using the aIVBBB, CD3+CCR5+ T-cells were also relatively
enriched in the migrated population without added chemokines (about 40% CCR5+ compared
to about 22% in the input; Table 2a), suggesting a role for endogenous CCL5 production by
the aIVBBB in driving spontaneous CD3+ T-cell migration across that model.

Following CCL5-driven CD3+ T-cell migration, we observed down-regulation of CCR5
surface expression in both the basal IVBBB (Figure 3a) and aIVBBB (Figure 3b) models.
These observations were supported by statistically significant reductions on CCR5 MFI on
CD3+ T-cells following CCL5-driven migration in either model relative to the input (Table 2c
and Table 3). CD3+ T-cell migration to CCL2, a non-CCR5 binding chemokine did not alter
CCR5 expression relative to the input and T-cells migrating without added chemokine in either
IVBBB model (Figures 3a and 3b, and Table 3). This implied that CCR5 down-regulation
which occurs following CD3+ T-cell transmigration was ligand specific, and associated with
reduced CCR5+ density on T-cells.

3.6. CCL5 induces migration of CD3+CCR5+ T-cells across the IVBBB
CCL5 significantly induced the migration of CD3+ T-cells across the basal IVBBB and
aIVBBB models, with much higher numbers seen with the aIVBBB (Tables 2 and 3). The
mean migration index (defined as the number of cells migrating to a chemokine stimulus
divided by the number of cells migrating without added chemokine) to CCL5 for CD3+ T-cells
was 3.2 (1.0–8.1) across the basal IVBBB, and 5.7 (1.9–13.6) across the aIVBBB model (Figure
4a). These results provided direct evidence that the aIVBBB enhances CCL5-dependent T-cell
migration in vitro. CCL5 also induced the specific migration of CD3+CCR5+ T-cells across
both IVBBB models, based on the much higher mean percentages of CCR5+ T-cells that
migrated in response to this ligand relative to the input (Table 2a and 3). With the basal IVBBB,
the mean migration index for CD3+CCR5+ T-cells to CCL5 was 6.5 (2.3–14.0), increasing to
11.6 (3.9–24.0) with the aIVBBB (Figure 4b). These results demonstrated that CCL5 directly
induced the transmigration of receptor-specific CD3+ T-cells through the IVBBB in a process
enhanced by endothelial activation.

4. DISCUSSION
We studied CCL5-driven PBMC migration across the basal IVBBB and aIVBBB in order to
decipher CCR5 expression characteristics in migrating mononuclear cells as a means to
comprehend receptor expression in inflamed brain tissue. This is important, as CkRs are
regulated differently following ligand-receptor interactions [11], and therapeutically
modulating the chemokine system would depend on inhibiting ligands, receptors or both, that
are required for transmigration or important effector responses within tissues. The BBB has
been implicated as the site of initial leukocyte trafficking during neuroinflammatory processes,
in contrast to the blood-CSF barrier, which may be more relevant in routine
immunosurveillance [3,41].

We developed an aIVBBB to study CCR5 expression during transmigration in the early stages
of neuroinflammation, as endothelial activation influences leukocyte trafficking in vivo. Using
concentrations of cytokines present during inflammation in vivo is important, as non-
physiological doses may up-regulate inflammatory molecules that are not produced during
disease. Furthermore, endothelial cell apoptosis can be induced by cytokines [40,42], so it is
of importance to use cytokine concentrations that maintain the physiologic state of THBMECs
without committing them to apoptosis [40]. The effect of cytokine activation on the functional
characteristics of the IVBBB is depicted in Figure 5. CCL5 secretion by the aIVBBB
augmented the spontaneous migration of CD14+ monocytes and CD3+ T-cells (with increased
selectivity of CCR5+ T-cells) relative to the basal IVBBB, with a reduced mean percentage
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and number of CD14+ CCR5+ monocytes reflecting ligand-induced receptor down-regulation
(Table 2a).

We observed CCR5 up-regulation on monocytes during the transmigration assay, suggesting
activation of this subpopulation. This activation may have occurred as a consequence of
monocyte culture [16], or secondary to monocyte-endothelial interactions during the
transmigration assay, or both. The process of migration, in itself, did not induce monocyte
CCR5 expression in this study, as CCL2-driven transmigration did not up-regulate CCR5.
There was no change on CCR5 expression on T-cells during the transmigration assays without
added chemokine, suggesting differential regulation of CCR5 in these mononuclear cell
subpopulations. CCR5 down-regulation occurred on both monocytes (based on the numbers
of receptor-positive cells) and T-cells (based on MFI, a marker of receptor density) following
CCL5-driven migration, suggesting that CCL5-CCR5 interactions occurred during monocyte
and T-cell migration across the IVBBB.

The down-regulation of CCR5 expression on monocytes and T-cells in vitro following CCL5
interaction was due to receptor internalization, as CCR5 down-regulation was inhibited by
incubation at 4°C. The partial down-regulation in CCR5 following PBMC migration to CCL5
across the IVBBB is not incompatible with the presence of CCR5+ mononuclear cells in the
perivascular space and in chronic active MS lesions. CCR5 recycling back to the cell surface
after initial receptor internalization occurs and may increase following ligand sequestration
[8,11]. It is also possible that pro-inflammatory cytokines and chemokines produced by
astrocytes, microglia and early infiltrating leukocytes may activate infiltrating monocytes
within the brain parenchyma, resulting in de novo CCR5 synthesis with subsequent increased
surface expression on monocytes/macrophages. In addition, we also demonstrated enrichment
of CD3+ CCR5+ T-cells on the abluminal side of the IVBBB in response to CCL5, consistent
with observations in the perivascular spaces of MS lesions [36,37,39].

Results of this study suggest that CCR5+ monocytes and T-cells are selectively recruited during
the acute phases of neuroinflammation. We have previously demonstrated that function-
neutralizing monoclonal antibodies to CCR5 significantly reduced CCL5-driven PBMC
migration across the aIVBBB [40]. These observations suggest that systemically active CCR5
antagonists may modulate pathogenic mononuclear cell entry into the brain during
neuroinflammation. However, drugs capable of crossing the BBB (with lipophilic properties
to facilitate retention with the parenchyma) may be required to modulate the proposed chronic
pathogenic effects of CCR5+ monocytes in active MS lesions [43].

This study emphasizes the importance of studying individual CkR expression during
neuroinflammation, as a means of understanding their pathogenic roles. Previous work in our
laboratory has shown that CCR2 might be important for the early transmigration of receptor-
positive monocytes and T-cells through the IVBBB, with CCL2 consumption by migrating
mononuclear cells occurring in conjunction with receptor down-regulation in vitro [24]. This
work provides an explanation for the reduced mononuclear cell CCR2 surface expression in
MS lesions and reduced CSF CCL2 levels in MS patients during active disease [26–28]. We
have also shown that CXCR3 is a surface marker for CD4+ T-cells capable of undergoing
transmigration in vitro and have postulated that it does not play an active role in T-cell
transmigration in vivo, despite being present on virtually all perivascular CD4+ T-cells in MS,
as collaborated by observations in EAE using CXCR3 knockout mice [25,31,39,44].

The differential expression of CCR5 on monocytes and T-cells further highlights the
complexity of CkR regulation. The complexities of CCR5 expression vary between species,
cell types and causes and stages of inflammation [8,11,45], which in addition to the redundancy
in the chemokine system, may explain conflicting data on the role of CCR5 and its ligands in
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neuroinflammation. Cross-regulation of CCR5 with other CkRs or non-chemokine GPCRs
expressed on the same leukocytes may occur during inflammation, as these receptors may be
engaged simultaneously or sequentially by multiple mediators [8]. Such heterologous
regulation (desensitization or internalization) of CCR5, dependent on second messenger-
activated protein kinases [8,46], adds further complexity to the expression of this receptor in
vivo.

There were some study limitations. The analysis of chemokine-mediated IVBBB mononuclear
cell transmigration was performed under static conditions, rather than under the influence of
flow as seen in vivo. This may account for the rather high spontaneous monocyte migration
(without added chemokines) and could limit the extrapolation of the observations derived from
these IVBBB models to in vivo neuroinflammation. The development of a flow-dependent
IVBBB mimicking the hydrodynamics of the cerebral microvasculature would allow the
assessment of CCL5-driven PBMC migration under more physiologic conditions ex vivo.

Parallel experiments quantifying migrating PBMCs fluorometrically with staining for surface
markers were performed using aliquots of calcein-AM labeled or unlabeled PBMCs from the
same donor at the same time, as previously published [40]. Although this technique resulted
in highly reproducible data, minor variations could have occurred resulting in measurement
error of the absolute numbers derived for subpopulation quantification. Comparative data
expression (e.g. migration indices) circumvents the potential effect of such errors. In addition,
tissue culture and leukocyte manipulation may cause CkR dysregulation [3]. Hence, it is
possible that cellular manipulation ex vivo during density centrifugation or calcein-AM labeling
may affect CCR5 expression or function. However, there was no down-regulation in monocyte
or T-cell CkR expression over the time interval required for calcein-AM labeling and the
kinetics of CCL5-driven PBMC migration was consistent with previously described models
of chemokine-driven migration ex vivo (data not shown) [24,40]. Caution is required, however,
in extrapolating in vitro observations of CkR expression to the in vivo situation during
neuroinflammation.

This study demonstrates the differential expression of CCR5 on monocytes and T-cells
migrating in response to CCL5 across the IVBBB andadds further knowledge on the potential
roles of this CkR in neuroinflammation. This study, coupled with our previous work, predicts
that efficacious CCR5 blockade in MS may require a drug that is bothsystemically active (to
inhibit predominantly T-cell and a subset of monocyte infiltration) and has good CNS
penetrance (to modulate the proposed chronic effects of activated monocytes and macrophages
within lesions). Such blockade may simultaneously reduce trafficking of immune effector
mononuclear cells across the BBB into the CNS and limit their pathogenic functions within
the brain parenchyma during inflammation.

The IVBBB model provides an avenue for directly studying leukocyte migration to chemokines
implicated in neuroinflammation, as in vivo studies either assess leukocyte adhesion in animal
models (i.e. intravital microscopy) or study chronically infiltrated leukocytes in brain tissue of
animal models or human autopsy cases. Further studies are needed to examine the roles of
other CkRs during neuroinflammation (such as CCR1 and CXCR4), the potential role(s) of
heterologous receptor modulation on CkR expression, as well as translating the knowledge
derived from this and similar studies into therapeutic clinical trials for neuroinflammatory
disorders, including MS.
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Figure 1.
CCL5-induced down-regulation of CCR5 on PBMCs. 107 cells/mL were incubated without
chemokine or with 100 ng/mL CCL5 for 1 hour at 4°C or 37°C. Approximately 106 cells were
stained with anti-CD14, anti-CD3 and anti-CCR5 antibodies to determine the effects of chronic
CCL5 exposure on receptor expression on non-migrating monocytes and T-cells. Both T-cells
(Figure 1a) and monocytes (Figure 1b) showed reduced CCR5 expression when incubated with
CCL5 at 37°C relative to input cells and cells incubated without CCL5. There was less
reduction seen on both subpopulations of mononuclear cells incubated with CCL5 at 4°C,
indicating that reduced CCR5 expression was secondary to receptor internalization. Shown are
representative overlays from four separate experiments using two different donors. The vertical
hashed line represents the gating index for these experiments based on the isotype controls.
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Figure 2.
CCR5 expression on CD14+ monocytes migrating to CCL5. Migrated CD14+ monocytes were
stained with anti-CCR5 antibodies to determine receptor expression. There was an increased
proportion of CCR5+ monocytes that migrated without added chemokines relative to the input,
indicative of monocyte activation during the transmigration assay in both the basal IVBBB
(Figure 2a) and aIVBBB (Figure 2b). There was a reduction in the proportion of migrated
CD14+CCR5+ monocytes following CCL5-driven migration relative to the migrated
population without added chemokines in both models, indicative of CCR5 down-regulation
following ligand-induced transmigration. Shown are histograms from representative
experiments (n=5). The vertical hashed line represents the gating index for these experiments
based on the shown isotype control histogram. Key: aIVBBB: cytokine-activated in vitro
blood-brain barrier, IVBBB: in vitro blood-brain barrier.
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Figure 3.
CCR5 expression on CD3+ T-cells migrating to CCL5. Migrated CD3+ T-cells were stained
with anti-CCR5 antibodies to determine changes in receptor expression as stated in the
Materials and Methods section. There was down-regulation in CD3+ T-cell CCR5 expression
following CCL5-driven migration across the basal IVBBB (Figure 3a) and aIVBBB (Figure
3b). This was based on a reduction in mean fluorescent intensity (MFI) relative to the input,
as well as to T-cells migrating without added chemokine and to a non-CCR5 binding
chemokine, CCL2. Shown are histograms from representative experiments (n=3). The vertical
hashed line represents the gating index for these experiments based on the isotype control.
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Figure 4.
Migration index scatter plots for CCL5-driven T-cell migration across basal IVBBB and
aIVBBB. Calcein-AM labeled PBMCs were used for quantification, while parallel
transmigration assays using unlabeled PBMCs stained for CD14, CD3 and CCR5 expression
were analyzed by flow cytometry as described in the Materials and Methods section. Shown
are the CD3+ T-cell migration index data across the basal IVBBB and aIVBBB (Figure 4a) in
response to 100 ng/mL CCL5 at 3 hours for five separate experiments using different donors.
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This demonstrates significantly increased T-cell migration to CCL5. There was also a
significant increased migration index of CD3+CCR5+ T-cells (Figure 4b) in response to CCL5
across both models, indicative of efficient migration of receptor positive T-cells. The aIVBBB
facilitated increased total and receptor-specific T-cell migration to CCL5 relative to the basal
IVBBB. Key: aIVBBB: cytokine-activated in vitro blood-brain barrier, IVBBB: in vitro blood-
brain barrier.
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Figure 5.
Functional characteristics of the basal IVBBB and aIVBBB. This figure is a schematic
illustration of the effects of cytokine-activation on the IVBBB model. Activating subconfluent
THBMECs with 10 U/mL TNF-α and 20 U/mL IFN-γ for 24 hours resulted in increased CCL2
secretion from ~600 pg/mL in the basal IVBBB to ~1200 pg/mL in the aIVBBB. There was
no detectable CCL5 secretion by the basal IVBBB, increasing to ~900 pg/mL by the aIVBBB.
Cytokine activation induced the expression of ICAM-1 (~20% on the basal IVBBB to >90%
on the aIVBBB) and FN CS-1 (~50% on the basal IVBBB to >90% on the aIVBBB) on
confluent THBMEC layers in vitro. Other studies demonstrate that the physical and
biochemical properties of the IVBBB are not affected by these concentrations of cytokines
[40]. Key: aIVBBB: cytokine-activated in vitro blood-brain barrier, FN CS-1: fibronectin
connecting segment-1, ICAM-1: intercellular adhesion molecule-1, IFN-γ: interferon-γ,
IVBBB: in vitro blood-brain barrier, THBMECs: SV-40 T-antigen immortalized human brain
microvascular endothelial cells, TNF-α: tissue necrosis factor-α.
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