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of CCL2 in mice subjected to experimental autoimmune 
encephalomyelitis also significantly diminished the accu-
mulation of CD8+ T cells compared to wild-type animals. 
Collectively, these results highlight a novel (patho)physi-
ological role for P-glycoprotein in CD8+ T cell trafficking 
into the central nervous system during neuro-inflammation 
and illustrate CCL2 secretion as a potential link in this 
mechanism.
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EAE	�E xperimental autoimmune encephalomyelitis
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Abstract  The trafficking of cytotoxic CD8+ T lympho-
cytes across the lining of the cerebral vasculature is key to 
the onset of the chronic neuro-inflammatory disorder mul-
tiple sclerosis. However, the mechanisms controlling their 
final transmigration across the brain endothelium remain 
unknown. Here, we describe that CD8+ T lymphocyte 
trafficking into the brain is dependent on the activity of 
the brain endothelial adenosine triphosphate-binding cas-
sette transporter P-glycoprotein. Silencing P-glycoprotein 
activity selectively reduced the trafficking of CD8+ T cells 
across the brain endothelium in vitro as well as in vivo. In 
response to formation of the T cell–endothelial synapse, 
P-glycoprotein was found to regulate secretion of endothe-
lial (C–C motif) ligand 2 (CCL2), a chemokine that medi-
ates CD8+ T cell migration in vitro. Notably, CCL2 levels 
were significantly enhanced in microvessels isolated from 
human multiple sclerosis lesions in comparison with non-
neurological controls. Endothelial cell-specific elimination 
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Introduction

Leukocyte migration across the endothelium of the brain 
vasculature plays a key role in the onset of the chronic 
inflammatory disorder multiple sclerosis. Upon the forma-
tion of perivascular infiltrates, clinical symptoms arise lead-
ing to severe neurological deficits. Autoreactive T lympho-
cytes play a critical role in the disease process [12], both in 
multiple sclerosis as well as its animal model experimental 
autoimmune encephalomyelitis (EAE) [15]. CD4+ T cells 
are thought to be essential for the initiation and progres-
sion of the disease, whereas CD8+ T cells, which clonally 
expand within the inflamed CNS, are believed to play a key 
role in the progression of multiple sclerosis [42].

While the molecular interactions that underlie the migra-
tion of CD4+ T cells across the brain endothelium are well-
defined, the mechanisms regulating CD8+ T cells entry into 
the central nervous system remain poorly described. In gen-
eral, the sequential steps in the diapedesis of lymphocytes 
include tethering, rolling, capture, firm adhesion and finally 
migration across the endothelial layer [38]. The continuous 
cross-talk between immune cells and brain endothelium is 
an essential element in mediating immune cell migration 
into the central nervous system parenchyma [14]. Endothe-
lial cells actively participate in this process by expressing 
adhesion molecules and producing chemokines [2, 10]. 
Upon the adhesion of lymphocytes, endothelial cells form 
ring-like membrane structures, so-called migratory cups, 
which stabilize the leukocytes onto the endothelial cell 
surface [3] and facilitate their migration. Although great 
progress has been made in the identification of the molecu-
lar interactions that mediate leukocyte transmigration [25, 
31], it is becoming increasingly clear that in order to final-
ize this process, T lymphocytes require additional activa-
tion through chemokines presented on or present within the 
endothelium [35]. However, the precise mechanism that 
underlies this signaling of the endothelium to the adhered T 
cell remains to be elucidated.

We here provide evidence that the brain endothelial 
ATP-binding cassette transporter P-glycoprotein is critical 
for the release of brain endothelial chemokines, thereby 
providing a means to control the migration of CD8+ T cells 
in particular. ATP-binding cassette transporters are highly 
expressed at the cerebral endothelium, where they actively 
remove toxic compounds from the brain at the cost of ATP 
hydrolysis [26]. Although P-glycoprotein was originally 
described as a prototypic transporter that mediates multi-
drug resistance of tumor cells [17], most recent work sug-
gests that P-glycoprotein may additionally mediate immune 
responses possibly through its capacity to mediate secretion 
of cytokines, chemokines and bioactive lipids [18–21, 39].

Here, we show that silencing of P-glycoprotein activity 
in brain endothelial cells selectively impairs the adhesion 

of CD8+ T cells to intercellular adhesion molecule-1 as 
well as their transendothelial migration through the secre-
tion of endothelial (C–C motif) ligand 2 (CCL2), a criti-
cal agent for CD8+ T cell migration. Notably, characteri-
zation of human brain microvessels freshly isolated from 
post-mortem tissue of multiple sclerosis patients revealed 
high levels of CCL2 transcripts, reinforcing a role for 
endothelial-derived CCL2 in human neuro-inflammatory 
disease. Finally, we were able to show that endothelial tar-
geted CCL2 conditional knockout mice that were subjected 
to EAE contained significantly reduced levels of infiltrated 
CD8+ T cells, highlighting the importance of secreted 
CCL2 in regulating CD8+ T lymphocytes entry into the 
brain under pathological conditions.

Materials and methods

Cell isolation and culture

The immortalized human brain endothelial cell line 
hCMEC/D3, which establishes the key features of brain 
endothelium, was cultured as described [43]. Human CD4+ 
and CD8+ T cells were purified from peripheral blood 
mononuclear cells using MACS® magnetic cell sorting kit 
(Miltenyi Biotec) according to manufacturer’s instructions. 
CD4+ and CD8+ T cell purity was >96 % as assessed by 
flow cytometry performed (FACSCalibur™) using CELL-
QuestTM software (BD Biosciences). Isolated T cells were 
cultured for 48 h before experiments. Effector T cells were 
generated by adding IL-2 (10 ng/ml) and phytohemaggluti-
nin (1 μg/ml) during 48 h.

Docking structure imaging

hCMEC/D3 cells were cultured in μSlide VI coated with 
collagen (Ibidi GmbH) to confluence. CD4+ or CD8+ T 
cells were labeled with a fluorescent membrane dye PKH26 
(Sigma-Aldrich) according to manufacturer’s instructions 
and added to the endothelial slides for 30 min. Non-adher-
ent cells were removed and slides were fixed with 4 % par-
aformaldehyde in phosphate buffered saline for 15 min and 
blocked with 5 % normal donkey serum in phosphate buff-
ered saline with 0.3 % Triton X-100 for 15 min. Cells were 
incubated with anti ICAM-1 (Santa Cruz) and anti-P-gly-
coprotein (15D3, BD Biosciences) antibodies (Electronic 
Supplementary Material 1) and relevant secondary anti-
bodies were used. After each step, the slides were washed 
three times with phosphate buffered saline. Coverslips 
were mounted with Vectashield (Vector Labs) or Mowiol 
488 reagent (Calbiochem) on microscope slides. Imaging 
was performed using a confocal laser scanning microscope 
(Leica TCS SP2).
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Silencing P‑glycoprotein and qRT‑PCR

Plasmids encoding specific P-glycoprotein shRNA or non-
targeting control shRNA (NTC-shRNA) were purchased 
from Sigma. Messenger RNA was isolated from hCMEC/
D3 cells using an mRNA capture kit (Roche). cDNA was 
synthesized with the Reverse Transcription System kit 
(Promega) and real-time PCR was performed as described 
previously [19]. All primer sequences are listed in Elec-
tronic Supplementary Material 2 and expression levels of 
transcripts obtained with qRT-PCR were normalized to 
GAPDH expression levels.

Flow adhesion and migration assays

NTC-shRNA or P-glycoprotein shRNA-transduced 
hCMEC/D3 cells were cultured to confluence in collagen-
coated μSlide VI flow chambers (Ibidi GmbH). Cells were 
treated with 5  ng/ml TNF-α (Preprotech) for 24  h. Cells 
were mounted onto the microscope stage using a POC-mini 
chamber system (LaCon) and connected to a perfusion 
pump. Using physiological flow conditions (flow speed 
was 500 μl/min, correlating to 0.8 dyne/cm2), 5 ×  105 T 
cells/ml were perfused over the endothelial cells, followed 
by 20  min of fluid-flow. Transendothelial migration was 
characterized by the change in appearance of T cells from 
bright to dim. Migrated cells were quantified by counting 
per field-of-view. From one experiment, five fields were 
analyzed. Movies were generated using VirtualDub.

ICAM‑1 binding assay

ICAM-1 binding assays were performed as described pre-
viously [4] and fluorescence was quantified using a cyto-
fluorometer (Bio-Rad). Results are expressed as the mean 
percentage of adhesion of triplicate wells.

Electron microscopy

hCMEC/D3 cells were grown to confluence on fibronec-
tin-coated Thermanox slides (Nunc) and fixed with 1  % 
paraformaldehyde overnight, then embedded in gelatine, 
infiltrated with sucrose and frozen in liquid nitrogen as 
described [36]. Ultra-thin sections (60–70  nm) were pre-
pared using a cryotome (UC6; Leica) and labeled with an 
anti-P-glycoprotein antibody (C219, Alexis) in 1 % bovine 
serum albumin (Aurion) in phosphate buffered saline 
for 1 h. Visualization was performed with Protein A gold 
10  nm (UMC). Sections were post-stained with uranyl 
acetate and uranyl oxalate. The sections were examined at 
80 keV using a Technai 12 EM (FEI Co), equipped with a 
side-mounted Megaview II camera (SIS). The specificity of 
the electron microscopy was controlled by using an isotype 

control as well as leaving out the primary antibody, which 
in both cases did not show any gold grains.

Isolation of microvessels from control or multiple sclerosis 
brains

Brain tissue (eight non-neurological controls and eight 
multiple sclerosis patients) was obtained from The Nether-
lands Brain Bank from donors with written consent. Brain 
microvessels were isolated from non-neurological patient 
tissue, normal-appearing white matter (NAWM) and mul-
tiple sclerosis lesions from post-mortem multiple sclero-
sis patients and validated by qRT-PCR as described before 
[34].

EAE induction in mice

Female mice with CCL2-deficient endothelial cells were 
developed as described previously [13] and together with 
their littermate controls (C57BL/6 background) were used 
at the age of 8–10 weeks. All mice were kept under specific 
pathogen-free conditions and used in accordance with local 
animal experimentation guidelines. EAE was induced in 
C57BL/6 mice as described previously [22].

Histology and immunohistochemistry

Brains of the killed animals were dissected, snap-frozen 
in liquid nitrogen, and stored at −80 °C. For immunohis-
tochemistry, cryosections were fixed in ice-cold acetone 
for 10 min and blocked with normal mouse serum prior to 
antibody staining. Immunofluorescence staining was per-
formed in phosphate buffered saline, supplemented with 
0.1 % bovine serum albumin as previously described [18], 
and antibodies are described in Electronic Supplementary 
Material 1. Immunofluorescent sections were enclosed in 
Vinol (Air Products) supplemented with DAPI (Invitrogen) 
and analyzed on a Leica DM6000 fluorescence microscope 
(Leica Microsystems), equipped with LAS AF (Leica) 
software.

3‑D rendering of extravasating CD8+ T cells during EAE

Tissue processing was performed as described recently 
[32]. In brief, at day 16 of EAE, spinal cords were har-
vested and cryoprotected in 30 % sucrose overnight prior 
to cryomatrix embedding. Serial cryosections of 60  μm 
thickness were obtained from the thoraco-lumbar spi-
nal cord, and incubated with rabbit anti-mouse Laminin 
1 (CLPR245679; Cedarlane) antibody to highlight the 
microvascular basement membrane and with CD8β-FITC 
antibody for CD8+ T cells. DRAQ5 (DR51000; Biostatus 
Ltd.) was utilized for nuclear staining. For visualization of 
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the CD8+ T cells in inflamed venules, confocal z-stacks 
were acquired as described [32] and imported into Bitplane 
IMARIS suite version 7.1x 64 software (Bitplane Inc.) and 
a volume-rendered image was obtained in maximum-inten-
sity projection mode. Individual color channels in the vol-
ume-rendered image were subjected to iso-surface render-
ing to enhance visualization of spatial architecture around 
venules and relative localization of the CD8+ T cells.

Relative quantification of immunohistochemistry  
and 3‑D rendering

Volume-rendered images were fed into ImageJ software 
(NIH) and a microvascular contour was created manually 
by cursoring out the inflamed venules of interest. Respec-
tive areas representing the microvessel segment (# of pixels 
occupied by the microvessel) and associated CD8+ T cell 
population (# of green pixels) were determined and the per-
centage vessel area occupied by CD8+ T cell aggregates 
calculated as follows: (# of green pixels)/(# of pixels occu-
pied by the microvessel) × 100. For immunohistochemis-
try, a similar approach (using ImageJ) was applied on mul-
tiple EAE lesions from 4 WT and 4 mdr1a/1b−/− animals 
by separating the green (CD4+ or CD8+ T cells) from the 
blue (CD45+ cells) channel. These images were also sub-
jected to intensity-threshold adjustment and the percentage 
of CD45+CD4+ or CD45+CD8+ cells was determined.

Statistical analysis

All data were analyzed statistically by means of analysis of 
variance (ANOVA) and Student’s t test. Statistical signifi-
cance was defined as *p < 0.05, **p < 0.01, ***p < 0.001.

Results

P‑glycoprotein regulates CD8+ T cell migration across an 
in vitro model of the blood–brain barrier

To determine the potential role for P-glycoprotein in the 
transendothelial migration of CD4+ and CD8+ T cells under 
flow conditions, we generated human brain endothelial cells 
that lack P-glycoprotein activity using a lentiviral approach, 
resulting in over 80 % reduction of P-glycoprotein expres-
sion (Electronic Supplementary Material 3a) and function 
(Electronic Supplementary Material 3b) compared to non-
targeting control (NTC) shRNA-transfected cells. Silencing 
P-glycoprotein activity significantly reduced transendothe-
lial migration (Fig. 1a) and adhesion (Fig. 1b) of both T cell 
subsets across inflamed (TNF-α-stimulated) brain endothe-
lium (Fig. 1a–c). The percentage of CD8+ T cell that adhere 
to the endothelial cells and subsequently migrate was signif-
icantly impaired up to 50 % under P-glycoprotein-silenced 
conditions (Fig.  1c), whereas the migration capacity of 
CD4+ T cells after firm adhesion was independent of P-gly-
coprotein function (Fig. 1c). Upon adhesion, CD8+ T cells 
appeared immobilized on the endothelial cells (Electronic 
Supplementary Material 4), whereas CD4+ T cells still dis-
played crawling behavior followed by transmigration (Elec-
tronic Supplementary Material 5). Importantly, silencing 
P-glycoprotein did not affect the mRNA and protein expres-
sion levels of intercellular adhesion molecule-1 (Electronic 
Supplementary Material 3c, d) and vascular cell adhesion 
molecule-1 (Electronic Supplementary Material 3d, e). Col-
lectively, these results suggest that P-glycoprotein activity is 
particularly required to direct CD8+ T cell trafficking upon 
their firm adhesion to brain endothelial cells.

Fig. 1   P-glycoprotein mediates CD4+ and CD8+ T cell adhesion and 
migration under flow conditions Non-targeting control (NTC; black 
bars) or P-glycoprotein shRNA (grey bars) transfected cells were 
grown in IBIDI slides and were incubated after 2 days with TNF-α 
for 24  h. Next, freshly isolated primary human CD4+ and CD8+ T 
cells were added to visualize and quantify their migration (a) and 
adhesion (b) capacity. Moreover, the number of CD4+ and CD8+ T 

cells that started to migrate after their initial arrest on the endothe-
lial cells was quantified (c). Experiments were performed in tripli-
cate using three different human T cell donors and were presented as 
the percentage of migration/adhesion compared to NTC-transfected 
cells ± SEM. **p < 0.01, ***p < 0.001 as determined by Student’s 
t test
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mdr1a/1b−/− mice lack CD8+ T cell infiltrates 
during EAE

As reported earlier, mdr1a/b−/− mice showed signifi-
cantly reduced clinical signs of EAE [18], which coin-
cided with reduced CD45+CD3+ T cell infiltrates in EAE 
lesions. To extrapolate our in vitro results (Fig.  1) to an 
in vivo situation, we analyzed and quantified the presence 
of disease causing parenchymal CD45+CD4+ as well as 
CD8+ T cells in wild type and mdr1a/b−/− mice during 
EAE. Notably, CD45+CD8+ T cell infiltrates were almost 
completely absent from EAE lesions in mdr1a/1b−/− 
compared to their wild-type littermates, whereas the 
percentage of CD45+CD4+ T cell infiltrates was com-
parable between wild type and mdr1a/1b−/− EAE mice 
(Fig. 2a–d, quantification 2e). No changes were found in 
the percentage of circulating peripheral CD4+ T cells or 
CD8+ T cells in control (CFA: complete Freund’s adju-
vant) and EAE animals from mdr1a/1b−/− or wild-type 
mice (Fig. 2f, g) and both T cell subsets respond equally 
well to polyclonal stimuli [18], indicating that P-glycopro-
tein predominantly affects CD8+ T cell trafficking across 
brain endothelial cells in vitro but also in vivo during 
neuro-inflammation.

P‑glycoprotein localizes in endothelial migratory cups 
upon T lymphocyte attachment

Binding of both effector CD4+ (Fig.  3a) and CD8+ 
(Fig.  3b) T lymphocytes to inflamed brain endothelial 
cells resulted in the recruitment of P-glycoprotein into 
the migratory cups, as indicated by the partly overlapping 
expression with an established marker intercellular adhe-
sion molecule-1. However, silencing P-glycoprotein on 
the endothelium revealed no differences in docking struc-
ture formation upon T cell attachment (Electronic Supple-
mentary Material 6), thereby excluding a potential role for 
P-glycoprotein in migratory cup formation.

Further analysis using electron microscopy revealed 
that P-glycoprotein localized at the plasma membrane 
of the endothelial cells at the contact sites of CD8+ T 
lymphocytes (Fig.  4b; quantification Fig.  4c) and CD4+ 
T lymphocytes (data not shown), whereas in control 
endothelium its plasma membrane localization is less 
predominant (Fig.  4a). Notably, P-glycoprotein expres-
sion is also observed in T cells (Fig. 4b), although P-gly-
coprotein activity is low in either CD4+ or CD8+ T lym-
phocytes compared to brain endothelial cells (Electronic 
Supplementary Material 7). Together, these results indi-
cate that P-glycoprotein becomes enriched in endothe-
lial migratory cups upon T cell attachment, where it may 
locally exert its regulatory role in CD8+ T cell transen-
dothelial migration.

P‑glycoprotein regulates CD8+ T cell migration via CCL2 
secretion

To study if mediators effluxed by P-glycoprotein induce 
the migration of CD8+ T cells, we harvested supernatants 
from control or P-glycoprotein-silenced endothelial cells 
under inflammatory or control conditions, and determined 
their ability to affect CD4+ and CD8+ T cell adhesion to 
intercellular adhesion molecule-1, a key player in transen-
dothelial migration. As shown in Fig.  5a, b, conditioned 
media from TNF-α-stimulated endothelial cells signifi-
cantly induced the adhesion of both CD4+ and CD8+ T 
lymphocytes to ICAM-1 compared to conditioned media 
from untreated endothelial cells. Induced lymphocyte adhe-
sion to intercellular adhesion molecule-1 was inhibited in 
the presence of pertussis toxin (data not shown), indicating 
an important role for G-protein-coupled receptors, such as 
chemokines receptors, herein. Conditioned medium from 
TNF-α-treated endothelial cells lacking P-glycoprotein 
activity failed to induce CD8+ T cell adhesion to intercel-
lular adhesion molecule-1, whereas the induction of CD4+ 
T cell adhesion to intercellular adhesion molecule-1 was 
largely unaffected (Fig.  5a, b). These results indicate that 
P-glycoprotein is involved in the secretion of soluble fac-
tors from inflamed endothelium that selectively affect 
CD8+ T cell adhesion to intercellular adhesion molecule-1.

A potent inducer of leukocyte migration into the brain 
is the chemokine (C–C motif) ligand 2 (CCL2) [27]. Acti-
vated CD4+ and CD8+ T cells express a differential expres-
sion pattern of chemokine receptors, of which CCR2 is pre-
dominantly expressed by effector CD8+ T cells [5]. In that 
way, CD8+ T cells may more selectively respond to CCL2 
compared to CD4+ T cells. To assess whether endothelial 
P-glycoprotein is able to mediate the efflux of CCL2 by 
inflamed brain endothelial cells, we determined the pres-
ence of CCL2 in the above-described conditioned media. 
TNF-α treatment highly induced CCL2 secretion by brain 
endothelial cells, which was abrogated upon P-glycopro-
tein silencing (Fig.  5c). In contrast, expression of mRNA 
encoding for CCL2 in both endothelial cell populations 
remained unaffected, indicating that CCL2 secretion but 
not its synthesis is mediated by P-glycoprotein (Fig.  5d). 
P-glycoprotein preferentially affected the secretion of 
CCL2 by inflamed endothelium, since the secretion of the 
pro-inflammatory cytokine IL-1β was highly induced in 
the absence of P-glycoprotein (Electronic Supplementary 
Material 8). To demonstrate that CCL2 affects CD8+ T cell 
migration and to dissect the role of P-glycoprotein in this 
process, in vitro transwell migration assays were performed 
using conditioned media from inflammatory endothe-
lial cells that lack P-glycoprotein activity in the presence 
or absence of CCL2. Using this setup, we found that both 
CD4+ and CD8+ T cell migration towards the conditioned 
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Fig. 2   Lack of CD8+ T cell infiltrates in EAE lesions of 
mdr1a/1b−/− mice. Brains were isolated from EAE mice and the 
cerebellum white matter was analyzed for the infiltration of CD4+ T 
cells (green; a, b) or CD8+ T cells (green; c, d). Slides were coun-
terstained for the presence of CD45+ infiltrating cells (blue) and 
laminin positive (red) basement membranes around vessels in WT 
(a, c) or mdr1a/1b−/− (b, d) mice. Images represent representative 
tissues from four mice per group. Magnification ×200. e Quantifica-
tion of immunohistochemistry using ImageJ software on various EAE 
lesions of 4 mice per group. Data are presented as the percentage of 
CD4+ and CD8+ T cells of the total number of CD45+ infiltrates per 

EAE lesion and indicate a lack of CD8+ T cells in mdr1a/1b−/− ani-
mals compared to WT during EAE. f Peripheral blood mononuclear 
cell analysis by fluorescence-activated cell sorting revealed no differ-
ences in the number of circulating CD45+ CD4+ or g CD45+ CD8+ 
T cells in wild type (WT; black bars) or mdr1a/1b−/− (grey bars) 
mice under control (CFA complete Freund’s adjuvant) or EAE con-
ditions. Experiments were performed in triplicate using four mice 
per group in two independent experiments and were presented as the 
mean ± SEM. **p < 0.01, ***p < 0.001 as determined by Student’s 
t test
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media was significantly inhibited upon brain endothelial 
P-glycoprotein silencing (Fig.  5e). However, the addition 
of CCL2 to the conditioned media restored the migratory 
capacity of CD8+ T cells, whereas CD4+ T cell migration 
was unresponsive to CCL2 (Fig.  5e). These data collec-
tively show that expression of P-glycoprotein by TNF-α-
activated brain endothelial cells is required for release of 
chemotactic factors that stimulate migration of both CD4+ 
and CD8+ T cells. Moreover, the release of CCL2 appears 
responsible for the stimulated migration specifically of 
CD8+ T cells.

Increased expression levels of CCL2 in brain microvessels 
from multiple sclerosis patients

To determine endothelial CCL2 expression ex vivo, we 
isolated post-mortem brain microvessels from active 
demyelinating multiple sclerosis lesions, NAWM and 
non-neurological control brain tissue. Real-time PCR 
analysis revealed high endothelial purity as the expres-
sion levels of GAFP (astrocytes) and PDGFRβ (pericytes) 
were just above detection limit, whereas (brain) endothe-
lial markers like ZO-1, claudin-5 and P-glycoprotein were 

highly expressed (Fig.  5f). CCL2 mRNA gene transcripts 
were significantly higher in isolated microvessels both in 
NAWM and active multiple sclerosis lesions compared to 
transcripts in brain microvessels isolated from non-neu-
rological controls (Fig. 5g), whereas the expression levels 
of P-gp remained unaffected (Electronic Supplementary 
Material 9). These results indicate that in NAWM, inflam-
matory alterations in the brain endothelium are already 
present.

Endothelial CCL2 knockout mice display reduced CD8+ T 
cell infiltrates during EAE

To obtain proof of principle that during neuro-inflammation 
brain endothelial CCL2 drives CD8+ T cell trafficking into 
the CNS, we induced EAE in endothelial CCL2−/− mice 
[13] as well as their littermate controls. We evaluated CD8+ 
T cell influx using 3D rendering of spinal cord venules on 
day 16 of EAE (peak of the disease). As shown in Fig. 6a, b, 
high numbers of CD8+ T cells are associated with the vas-
culature of EAE animals. Vessel-associated CD8+ T cells 
in WT mice demonstrate extensive clumping with little-
to-no obvious space between cell aggregates. By contrast, 

Fig. 3   Co-localization of P-glycoprotein and ICAM-1 in endothelial 
migratory cups upon T cell attachment. hCMEC/D3 cells were stimu-
lated with TNF-α for 24 h. After that, freshly isolated primary human 
CD4+ (a) or CD8+ (b) T cells labeled with the membrane dye PKH 
(in red) were added and subsequently co-cultured with endothelial 

cells for 1 h. Next, co-cultures were fixed with paraformaldehyde and 
stained for P-glycoprotein (in green) and intercellular cell adhesion 
molecule-1 (ICAM-1 in blue), indicating a co-localization of P-gly-
coprotein with ICAM-1 in endothelial migratory cups upon CD4+ or 
CD8+ T cell attachment. Scale bar 10 μm
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infiltrating CD8+ T cells in endothelial CCL2−/− mice 
form smaller aggregates that are clearly resolvable from 
each other. It thus appears that the density of vessel-asso-
ciated CD8+ T cells is reduced in endothelial CCL2−/− 
mice with EAE, compared to WT mice at the same time-
point during disease. As shown in Fig.  6c, we observed a 
significant (p < 0.016) reduction in vessel-associated CD8+ 
T cell density in endothelial CCL2−/− mice compared to 
WT mice. These results reinforce the notion that endothelial 
CCL2 is a crucial regulator of CD8+ T cell trafficking into 
the central nervous system under pathological conditions.

Discussion

In the pathogenesis of multiple sclerosis, CD8+ T cells are 
present within brains of patients and in animals with EAE, 

where they may clonally expand and subsequently induce 
tissue damage and, in particular, axonal damage. How-
ever, the mechanism by which CD8+ T cells gain access 
to the brain remains largely unknown. Here, we describe a 
novel regulatory role for multi-drug resistance transporter 
P-glycoprotein as well as the CCL2/CCR2 axis in this pro-
cess. Our studies suggest that P-glycoprotein regulates the 
release of CCL2 by inflamed brain endothelium. In that 
way, the endothelial cells instruct adhered leukocytes, in 
particular CD8+ T lymphocytes, to migrate.

The prototypic ATP-binding cassette transporters at the 
brain vasculature are regarded as protectors of the central 
nervous system by virtue of their active efflux capacity for 
neurotoxic compounds. Our data extends the role for these 
efflux pumps, providing first-hand evidence that, under 
inflammatory conditions, a key member of this family 
(P-glycoprotein) also regulates leukocyte trafficking into 

Fig. 4   Redistribution of P-glycoprotein to endothelial plasma mem-
brane upon T cell adhesion. hCMEC/D3 cells were grown on tran-
swell polyester membrane inserts. Upon confluency, freshly isolated 
primary human CD8+ T cells were added and subsequently co-cul-
tured with endothelial cells for 1 h. Next, co-cultures were fixed and 
prepared as described in “Materials and methods”. Ultra-thin sections 
were immune gold labeled for P-glycoprotein and subsequently the 
labeled sections were analyzed by electron microscopy, indicating a 
predominant cytoplasmic localization of P-glycoprotein (as indicated 

by arrows) in endothelial cells (a; insert). Upon T cell attachment (b; 
insert), P-glycoprotein redistributes to the plasma membrane (as indi-
cated by arrows). (c) Quantification of P-glycoprotein localization 
on endothelial cells (EC) in the presence or absence of T cells. For 
this, P-glycoprotein-positive particles in 20 endothelial cells and 20 
endothelial cells that contain adhering T cells were counted by two 
independent researchers, *p < 0.05 as determined by Student’s t test. 
N nucleus
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the brain by releasing CCL2. Under neuro-inflammatory 
conditions, P-glycoprotein translocates from the cytosol 
to the plasma membrane and intra-endothelial vesicles at 
the contact site of the adhered T cell. TNF-α treatment of 
brain endothelial cells resulted in a similar P-glycoprotein 

distribution pattern (unpublished data), indicating that the 
observed effects may be regulated by downstream TNF-α 
receptor signaling events as also described for brain cap-
illaries [29]. Electron microscopy analysis further con-
firmed our observations of a membrane and vesicle-like 

Fig. 5   P-glycoprotein regulates CD8+ T cell migration via CCL2 
secretion. Supernatants from control or TNF-α-treated non-target-
ing control or P-glycoprotein shRNA-transfected cells were har-
vested and subsequently exposed to naïve CD4+ (a) and CD8+ (b) 
T cells for 30 min after which their adhesive capacity to intercellu-
lar adhesion molecule-1 was tested. Phorbol 12-myristate 13-acetate 
(PMA) was used as a positive control. Next, the presence of CCL2 
was determined in cell supernatants by enzyme-linked immunosorb-
ent assay (c) and CCL2 transcripts (d) were determined by real-time 
quantitative PCR (qRT-PCR) and presented as relative expression 
(FI fold induction) compared to GAPDH. The capacity of the above-
mentioned conditioned media to attract T cells was tested in transwell 
migration experiments (e). Conditioned media was added to the lower 
chamber in the presence or absence of exogenous CCL2 (10  ng/

ml). f Identification of endothelial purity of isolated human brain 
microvessels from non-neurological control brain tissues (n = 6) was 
performed by analyzing GFAPa (astrocytes), PDGFRβ (pericytes), 
zona-occludens-1 (ZO-1), claudin-5 and P-glycoprotein transcripts 
by qRT-PCR and presented them as relative expression compared to 
GAPDH. g CCL2 transcripts were detected by qRT-PCR on human 
brain microvessel fractions of control, normal-appearing white mat-
ter (NAWM) or multiple sclerosis (MS) lesion brain tissue (n  =  6, 
respectively) and presented as relative expression (FI fold induc-
tion) compared to GAPDH. Experiments were performed in triplicate 
using three different human T cell donors (a, b, e) and were presented 
as the number of adhered T cells (a, b) or as the percentage of CD4+ 
T cell migration across NTC-transfected cells  ±  SEM. *p  <  0.05, 
**p < 0.01, ***p < 0.001 as determined by Student’s t test
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expression pattern of P-glycoprotein upon T cell attach-
ment. Recent findings show that, besides T cells being acti-
vated by chemokines presented at the endothelial surface of 
peripheral vascular beds, effector T lymphocytes also cross 
inflamed endothelial barriers by sensing intra-endothelial 
chemokines stored within vesicles localized at the contact 
site [35]. Based on our data, it may be postulated that brain 
endothelial P-glycoprotein plays a role in this process. Sub-
sequent focal release or presentation of endothelial CCL2 
may then be mediated by P-glycoprotein, providing a 
local cue for the adhered lymphocyte to initiate migration 
while maintaining low levels of CCL2 in the circulation. 
That adherent CD8+ T cells appeared most inhibited from 

migrating is consistent with P-glycoprotein/CCL2 regulat-
ing a post-adhesion event.

A controversial issue remains whether ATP-binding 
cassette transporters themselves are capable of secret-
ing chemokines directly, or are involved in the secretion 
of other more lipophilic inflammatory substrates, e.g., 
like bioactive lipids, which in turn may affect CCL2 
secretion as a secondary effect [20]. Further research 
is warranted to define the nature of the P-glycoprotein-
mediated secretome and its potential autocrine effect 
on endothelial cells (chemokine release) or its parac-
rine effect on the adhering leukocyte (e.g., leukocyte 
activation).

Fig. 6   Reduced CD8+ T cell trafficking in endothelial CCL2−/− 
mice during EAE CD8+ T cell (in green) extravasation was deter-
mined using 3-D rendering of spinal cord venules (in red) of a wild 
type (WT) or b endothelial CCL2−/− mice on day 16 of EAE.  

c Quantification of CD8+ T cell extravasation by determining the ratio 
of # of green pixels/# of pixels occupied by the microvessel (in blue), 
as an index of vessel-associated CD8+ T cell density. p < 0.0159 as 
determined by Mann–Whitney U test, n = 5 mice per group
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CCL2 is a pro-inflammatory chemokine induced dur-
ing a variety of neuro-inflammatory and neurodegenerative 
diseases [37]. The cognate receptor for CCL2 is chemokine 
(C–C motif) receptor 2 (CCR2), and the CCL2/CCR2 axis 
attracts immune cells like monocytes [28], and activated 
and memory T cells [6] to the site of inflammation. Several 
reports have indicated the relevance for CCR2 during neuro-
inflammation, as mice that lack CCR2 are resistant to the 
induction of EAE [11, 16]. Moreover, CCR2-deficient leu-
kocytes show impairments in their adhesion and migration 
capacity across microvascular endothelium in vitro [9, 23, 
44]. Our data indicate P-glycoprotein-mediated release of 
CCL2 preferentially affects CD8+ T cell migration across 
TNF-α-activated brain microvascular endothelial cells in cul-
ture. Although further research is warranted to confirm these 
findings in primary human endothelial cells, our data suggest 
that P-glycoprotein-mediated release of CCL2 may also be 
responsible for controlling trafficking of this leukocyte sub-
set into the central nervous system parenchyma under neuro-
inflammatory conditions. This may be because CCR2 is dif-
ferentially expressed among effector T cell subsets. Indeed, 
CCR2 appears to be specifically induced on activated CD8+ 
T cells, whereas CD4+ T cells express a wider range of 
chemokine receptors [5]. In addition, CCL2/CCR2 interac-
tion can also rescue CD8+ T cells from antigen/growth fac-
tor deprivation-apoptosis [7], enabling them to migrate to 
sites where antigen is available. Moreover, the generation of 
effector and central memory CD8+ T cells is abrogated in 
the absence of CCL2, as is the migration of central memory 
CD8+ T cells to inflammatory sites [41], indicating CCL2 
may influence CD8+ T cells at various levels. In multiple 
sclerosis, CD8+ T cells may clonally expand and may exert 
their lytic functions [1], such as axonal damage [30].

Brain microvessels isolated from multiple sclerosis 
patients were shown to contain high levels of CCL2. Our 
results with endothelial CCL2−/− mice underscore the sig-
nificance of these clinical findings, highlighting that vascu-
lar-derived CCL2 is a critical determinant in the multi-step 
process of leukocyte extravasation into the central nervous 
system. The finding of reduced density of vessel-associated 
CD8+ T cells in endothelial CCL2−/− mice with EAE 
could imply that the actual extent of these extravasating 
cells is diminished in the absence of an endothelial pool of 
CCL2. This interpretation is consistent with the proposed 
role of CCL2 as an ‘arrest’ chemokine, functioning at the 
luminal endothelial surface to increase the affinity and avid-
ity of leukocyte integrins and, thus, to promote to stronger 
leukocyte–endothelial interaction, thereby selectively 
inducing transendothelial migration attachment [24]. In 
this regard, it was reported that addition of anti-CCL2 anti-
body just prior to intravital microscopy, blocked leukocyte 
adhesion, but not rolling, along brain pial microvessel dur-
ing EAE [8]. Endothelial CCL2 released at the abluminal 

surface can alternatively regulate leukocyte transendothe-
lial migration as an ‘inflammatory’ chemokine to stimulate 
leukocyte chemotaxis [33], and/or serve to concentrate and 
orient leukocytes within the remodeled subendothelial and/
or perivascular space [40], while they await additional cues 
to advance further into the brain parenchyma. And a more 
recently proposed role for endothelial CCL2 is as a facilita-
tor of diapedesis to modulate migration at a ‘post-adhesion’ 
step, when contained in endothelial vesicles inaccessible to 
the circulation [35].

In conclusion, herein we show that the ATP-binding cas-
sette transporter P-glycoprotein plays a significant role in 
the selective recruitment of CD8+ T cells into the central 
nervous system during neuro-inflammation, and that this 
process may be mediated by CCL2 derived from brain 
microvascular endothelial cells. Since CD8+ T cells are 
capable of clonally expanding within multiple sclerosis 
lesions and subsequently inducing axonal damage and con-
sequent neurodegeneration, our results may provide novel 
tools to specifically hamper CD8+ T cell trafficking into 
the brain, thereby preventing severe tissue damage.
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