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In recent years, several different migratory 
routes for immune cells over different cellular 
barriers into the CNS parenchyma have been 
characterized (Engelhardt and Sorokin, 2009; 
Wilson et al., 2010; Larochelle et al., 2011;  
Engelhardt and Ransohoff, 2012; Alvarez et al., 
2013). However, the precise molecular mecha-
nism responsible for homeostatic CNS immune 
surveillance and how inflammatory processes 
differ from regulatory/homeostatic processes on 
the immune cell side remain unclear (Flügel 
et al., 2011). Pressure to advance knowledge  
on the mechanisms of trans-endothelial dia-
pedesis arose with the approval of therapeutic 

monoclonal antibodies interfering with cell 
trafficking. Such antibodies have been effec-
tive in several conditions, ranging from sup-
pression of rejection of transplants in the case 
of Muronomab (Hooks et al., 1991) and Dac-
lizumab (Saghafi et al., 2012) to amelioration 
of autoimmune disorders like psoriasis using 
anti-CD11a/LFA-1 treatment (Dubertret et al., 
2006) or multiple sclerosis using anti–very late 
antigen 4 (VLA-4) treatment (Yednock et al.,  
1992; Polman et al., 2006). However, concerns 
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The focus of this study is the characterization of human T cell blood–brain barrier migra-
tion and corresponding molecular trafficking signatures. We examined peripheral blood 
and cerebrospinal fluid immune cells from patients under long-term anti–very late  
antigen-4 (VLA-4)/natalizumab therapy (LTNT) and from CNS specimens. LTNT patients’ 
cerebrospinal fluid T cells exhibited healthy central-/effector-memory ratios, but lacked 
CD49d and showed enhanced myeloma cell adhesion molecule (MCAM) expression. LTNT 
led to an increase of PSGL-1 expression on peripheral T cells. Although vascular cell 
adhesion molecule-1 (VLA-4 receptor) was expressed at all CNS barriers, P-selectin 
(PSGL-1-receptor) was mainly detected at the choroid plexus. Accordingly, in vitro 
experiments under physiological flow conditions using primary human endothelial cells 
and LTNT patients’ T cells showed increased PSGL-1–mediated rolling and residual adhe-
sion, even under VLA-4 blockade. Adhesion of MCAM+/TH17 cells was not affected by 
VLA-4 blocking alone, but was abrogated when both VLA-4 and MCAM were inhibited. 
Consistent with these data, MCAM+ cells were detected in white matter lesions, and in 
gray matter of multiple sclerosis patients. Our data indicate that lymphocyte trafficking 
into the CNS under VLA-4 blockade can occur by using the alternative adhesion mol-
ecules, PSGL-1 and MCAM, the latter representing an exclusive pathway for TH17 cells to 
migrate over the blood–brain barrier.

© 2014 Schneider-Hohendorf et al. This article is distributed under the terms of 
an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six 
months after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons 
.org/licenses/by-nc-sa/3.0/).
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Importantly, the ratio between CD4 EM and central-memory  
(CM) cells in LTNT patients (EM/CM 81%:7%) was inverted 
when compared with treatment-naive, stable RRMS patients 
(27:68%). The difference here was even more pronounced than 
between noninflammatory neurological diseases (62:32%) and 
treatment-naive, stable RRMS patients (Fig. 1 D). These results 
suggest that EM cells have mechanisms that allow better access to 
the CNS than CM cells under continuous VLA-4 blockade.

Decrease of CD49d expression in peripheral and central  
T cell compartments under long-term natalizumab therapy
In addition to changes in immune cell populations and T cell 
subsets, we assessed the expression of the molecule targeted 
by natalizumab, CD49d, and its ligand VCAM-1. Natalizumab 
treatment induced a rapid decrease of CD49d surface expression 
on peripheral blood CD4+ T cells, which was not accompa-
nied by a down-regulation in gene expression (Fig. 2 A and 
not depicted). Of note, the antibody clone used in flow cytom-
etry analyses binds a different epitope on CD49d to natalizumab, 
so there is no competition/blocking (unpublished data). Also, 
already at the first infusion, natalizumab substantially reduced 
the soluble form of the CD49d ligand, VCAM-1, in the serum 
(Fig. 2 B). Surprisingly, CD49d expression was not detectable 
on CSF T cells of LTNT patients, even when compared with 
the down-regulated/low CD49d levels on peripheral T cells 
(Fig. 2 C), indicating alternative molecular patterns allowing 
for CNS entry under continuous VLA-4 blockade.

Natalizumab treatment induces up-regulation of PSGL-1
In accordance with previous observations showing sequester-
ing of specific immune cell subsets (Kivisäkk et al., 2009), the 
adhesion molecule P-selectin glycoprotein ligand-1 (PSGL-1) 
was strongly up-regulated on CD4+ T cells in LTNT patients 
(CD4 MFI 54.2 ± SD 8.8) compared with patients before treat-
ment (CD4 MFI 44.5 ± SD 5.7; Fig. 3 A). There was a clear 
and reproducible time kinetic in PSGL-1 up-regulation, peak-
ing at four years of treatment (Fig. 3 B). Similar results were 
obtained for CD8+ T cells of MS patients with an up-regulation 
from MFI 54.8 ± SD 7.4 to MFI 63.0 ± SD 11.0 by natali-
zumab therapy (Fig. 3, C and D).

Expression of VCAM-1 and P-selectin at possible  
CNS entry sites in MS patient and control tissues
To assess the relevance of our findings for the migration of  
T cells over different blood–CNS barriers in vivo, we stained 
for the primary ligands of CD49d and PSGL-1 (i.e., VCAM-1 
and P-selectin) in CNS tissue specimens from MS and control 
patients. The regions of interest were the meninges to assess 
the blood-leptomeningeal barrier, normal-appearing/lesional 
white matter to assess the direct migration from blood vessels 
to CNS tissue/traditional blood–brain barrier, and the choroid 
plexus to assess the blood–CSF barrier. The expression inten-
sities are listed in Table S1. Importantly, we could show that 
there are varying amounts of VCAM-1 immunoreactivity on 
all the endothelial barriers, but the expression of P-selectin was 

have been raised that beneficial immune responses may be 
inhibited as well as detrimental ones (Stüve and Wiendl, 2009; 
Steinman, 2014). Although the vast majority of patients re-
acted very favorably to the treatments, in rare cases these  
concerns were found to be true, particularly in emerging  
cases of progressive multifocal leukoencephalopathy associ-
ated with anti–LFA-1 (integrin L2 = CD11a/CD18) and 
anti–VLA-4 (integrin 41 = CD49d/CD29) treatment 
(Bloomgren et al., 2012; Schwab et al., 2012a,b). Our study 
combines analyses of biomaterials obtained from patients 
treated with the monoclonal antibody natalizumab (anti–
VLA-4) with in vitro experiments addressing the mecha-
nisms used by immune cells to transmigrate the blood–brain 
barriers (Huang et al., 2009; Schneider-Hohendorf et al., 
2010). Although blockade of VLA-4 was thought to com-
pletely abrogate CNS entry of T lymphocytes, patients under 
natalizumab treatment have lower but still detectable num-
bers of immune cells in the cerebrospinal fluid (CSF; Stüve  
et al., 2006a; Stenner et al., 2008), suggesting that there are 
alternative or compensatory molecular mechanisms for some 
immune cell populations to enter the CNS. Characterizing 
such alternative pathways was the goal of this study; we were 
especially interested in the details of the mechanisms involved 
in early migration events, involving principally VLA-4 and  
P-selectin glycoprotein ligand-1 (PSGL-1 = CD162), which 
together with their receptors (vascular cell adhesion mole-
cule-1 [VCAM-1] in the case of VLA-4 and P-selectin in the 
case of PSGL-1) are involved in tethering, rolling, and adhe-
sion of T cells to endothelial barriers and are prerequisites  
for successful extravasation into the CNS (Engelhardt and 
Ransohoff, 2012).

RESULTS
CSF isolated from multiple sclerosis (MS) patients  
under long-term treatment with natalizumab  
reflects a normalization of the central nervous  
system immune response
Flow cytometric analysis of PBMCs from long-term natali-
zumab-treated (LTNT; ≥18 mo of continuous treatment) re-
lapsing-remitting MS (RRMS) patients revealed that the 
proportions of all major immune cell subsets was within nor-
mal limits (unpublished data). However, assessment of CSF 
immune cells of clinically stable LTNT patients (Fig. 1 A) re-
vealed clear differences in immune cell subsets compared with 
treatment-naive, stable RRMS patients: the percentage of 
CD14+ monocytes was elevated in natalizumab-treated pa-
tients (18.9%) and, interestingly, was similar to that of control 
subjects without any neurological disease (13.2%), but differed 
significantly from the percentage in naive RRMS patients 
(1.4%). The percentage of CD4+ T cells was reduced (11.8 vs. 
66.5%), whereas CD8+ T cells were unchanged, resulting in  
a reversed CD4/CD8 ratio compared with untreated MS  
patients (0.54 vs. 3.24; Fig. 1 B). Comparing the CD4+ and 
CD8+ T cell effector-memory (EM) compartments, there was 
an expected shift toward memory cells in the CSF compared 
with the peripheral EM compartments (Fig. 1 C).

http://www.jem.org/cgi/content/full/jem.20140540/DC1
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Influence of natalizumab on rolling and adhesion  
of CD4+ T cells to CD49d and PSGL-1 ligands  
(i.e., VCAM-1/P-selectin)
Both CD49d and PSGL-1 are molecules critically involved in 
the first steps of lymphocyte extravasation: tethering, rolling, 
and adhesion (Engelhardt and Ransohoff, 2012). We therefore 

much more restricted. There was no expression of P-selectin 
on the endothelium of vessels in white matter lesions, very 
low expression on meningeal vessels, and pronounced expres-
sion on choroid plexus vessels. Notably, the expression on the 
choroid plexus endothelium in the tissue of MS patients was 
generally more pronounced than in control tissues (Fig. 4).

Figure 1. Changes in the cerebrospinal 
fluid under long-term treatment with 
natalizumab reflect a normalization of the 
central immune response in MS patients. 
(A) CSF composition of long-term treated 
natalizumab patients (filled triangles; n = 18) 
when compared with corresponding peripheral 
blood samples (open circles). (B) Comparison 
between CSF values from either LTNT patients 
(open triangles; n = 18), untreated RRMS pa-
tients (open circles; n = 4), or control patients 
(open squares; n = 14). **, P ≤ 0.01. (C) EM 
compartments of CD4+ and CD8+ T cells in the 
CSF of long-term treated natalizumab patients  
(n = 18). Naive (CD45RA+CCR7+), CM 
(CD45RACCR7+), and EM (CD45RACCR7) 
CD4+ and CD8+ T cells are shown. Addition-
ally, in the case of CD8+ T cells, TEMRA 
(CD45RA+CCR7) are shown. (D) CSF compo-
sition concerning EM CD4+ T cells and CM 
CD4+ T cells in noninflammatory neurological 
diseases (NIND; n = 33), RRMS patients (n = 12),  
and MS patients under long-term natali-
zumab therapy (n = 18).
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assessed whether natalizumab-mediated blockade of CD49d 
and the subsequent up-regulation of PSGL-1 are functionally rel-
evant under shear-flow conditions. In vitro treatment of healthy 
control patients’ CD4+ T cells with natalizumab abrogated the 
interaction of CD49d with VCAM-1 in a glass capillary-based 
system and, in accordance with the established view, adhesion 
to VCAM-1 required the conformational change of VLA-4 
by a chemokine stimulus (SDF-1/CXCL12; Fig. 5 A). We 
subsequently showed that this reduced adhesion was also evi-
dent in freshly isolated CD4+ T cells from the blood of pa-
tients under LTNT (Fig. 5 B), demonstrating the treatment 
effect on immune cells in vitro. Analysis of P-selectin (PSGL-1 
receptor)–coated glass capillaries revealed that the capturing ca-
pacity of patient cells was significantly elevated compared with 
healthy control cells (Fig. 5 C). Primary human brain–derived 
microvascular endothelial cells (HBMECs) grown to confluence 
were used in the next step to mimic the natural expression of 
the CD49d- and PSGL-1–binding partners. These cells express 
P-selectin when cultured in vitro (Fig. 5 D). We could show that 
CD4+ T cells of healthy controls cannot adhere to the endothe-
lium when preincubated with natalizumab, proving the relevance 
of the VLA-4–VCAM-1 interaction in our system (Fig. 5 E).  
Interestingly, blockade of CD49d had no influence on the 
rolling capacity of CD4+ T cells on endothelium (Fig. 5 F). 
Firm adhesion to the endothelial layer was reduced, but not 
completely abrogated in natalizumab-treated patients and both 
patient and control cells showed no residual adhesion in the 
presence of a PSGL-1–blocking antibody (Fig. 5 G). As a final 
step, we could show that the rolling of CD4+ T cells over 
HBMECs, which was shown in the capillary system (Fig. 5 F) 
to be independent of CD49d, was more pronounced in 
LTNT patients and that this rolling could be inhibited by ad-
dition of a PSGL-1–blocking antibody (Fig. 5 H).

TH17 cells can use myeloma cell adhesion molecule 
(MCAM) to adhere to endothelium independently  
of VCAM-1–VLA-4 interactions
We observed residual adhesion of LTNT patients’ CD4+ T cells  
to HBMEC (Fig. 5 F), even though the CSF and peripheral  
T cells of the same patients did not express CD49d (Fig. 2,  
A and C). As recent studies have shown that TH17-polarized cells 
can induce experimental autoimmune encephalomyelitis 
(EAE) in CD49d-deficient mice (Rothhammer et al., 2011) and 
that TH17 cells use VLA-4–independent mechanisms to access 
the CNS during viral infection (Rothhammer et al., 2014), we 
next investigated whether TH17 cells could enter the CSF under 
LTNT conditions in the human system. The melanoma cell 
adhesion molecule (MCAM; CD146) was recently shown to 
be a highly specific extracellular marker for TH17 cells in  
humans (Larochelle et al., 2012; Flanagan et al., 2012), opening 
the possibility of functional analysis of rolling and adhesion of 
TH17/MCAM+ cells. By examining healthy controls’ PBMC 
under shear flow conditions, we could show that blockade of 
CD49d by natalizumab abrogated the adhesion of MCAM 
memory cells (CD3+CD4+CD45RO+MCAM) but did not 
affect adhesion of MCAM+ memory cells (Fig. 6 A). We had 

Figure 2. CD49d expression in peripheral and central T cell com-
partments under long-term natalizumab therapy. (A) Expression of 
CD49d on peripheral CD4+ T cells of either healthy controls (n = 22) or MS 
patients before the start of natalizumab therapy (MS naive; n = 5), or 
during natalizumab therapy (n = 322). (B) Soluble VCAM-1 in the serum 
of healthy controls (n = 10), MS patients before treatment (n = 15), and 
during treatment with natalizumab (n = 49). (C) Comparison of the  
expression of CD49d on peripheral and CSF CD4+ and CD8+ T cells of 
long-term treated natalizumab patients (n = 18). ***, P ≤ 0.001.
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blockade alone did not influence rolling (Fig. 6 F) or adhesion  
(Fig. 6 G) to HBMECs. However, the blockade of CD49d 
and MCAM together abrogated the adhesion of MCAM+ 
cells to HBMECs (Fig. 6 H).

In situ detection of MCAM+ T cells in MS lesions  
suggests a pathogenic role of TH17 cells
To provide support for the relevance of our observations with 
TH17 cells in MS pathogenesis, CNS tissue specimens of MS 
white matter lesions were assessed for the presence of MCAM+ 
lymphocytes (Fig. 8, A–F). Even though there is recent evi-
dence for the expression of MCAM on TC17 cells (Dagur et al.,  
2014), the MCAM+ cells were shown to be CD8 (Fig. 8 G–I),  
CD68 (Fig. 8 J), and GFAP (Fig. 8 K). MCAM+ cells could 
also be detected in gray matter of MS patients (Fig. 8, L–O) 
with isolated cells in direct apposition to blood vessel walls 
(Fig. 8, N and O). Quantification of MCAM+ lymphocytes 
resulted in an average of 16 ± 4.6 cells/mm2 in active MS 
white matter lesions (Fig. 8, P and Q).

the possibility to investigate CSF-derived cells of two MS  
patients by flow cytometry and found that the percentage  
of MCAM+ cells of CD3+CD4+CD45RA cells was much 
higher in a LTNT patient when compared with a stable MS 
patient without natalizumab treatment (19.8 vs. 3.2%), suggest-
ing a prevalence of TH17 cells in the CSF of LTNT patients. 
These TH17 cells, as shown above for whole CD4+ T cells in 
Fig. 2 C, also did not express CD49d in LTNT patients (Fig. 7). 
There was no enhanced in vitro rolling of healthy controls’ 
MCAM+ cells and blockade of CD49d did not influence cap-
turing (Fig. 6 B). PSGL-1 blockade abrogated rolling in both 
populations (Fig. 6 C). By blocking CD11a in addition to 
CD49d, we could reduce adhesion of TH17 cells (Fig. 6 D). Fi-
nally, we had the opportunity to block their signature molecule 
MCAM in vitro with an antibody developed for a potential 
clinical application (i.e., blocking the function of TH17 cells 
in vivo to interfere with autoimmune processes). Immuno-
cytochemistry showed that laminin 4, a ligand of MCAM, 
was present on the cultured HBMECs (Fig. 6 E). MCAM 

Figure 3. Natalizumab treatment induces up-regulation of PSGL-1 on T cells. (A) Surface expression level of PSGL-1 on either healthy controls 
(HD, n = 36), patients before (MS [naïve], n = 20), or after long-term natalizumab therapy (18–80 natalizumab infusions; n = 252) on CD4+ T cells. 
(B) Time course of PSGL-1 expression during natalizumab treatment (n = 312) for CD4+ T cells when compared with healthy controls (HD, n = 36) and 
patients before natalizumab treatment (MS [naïve], n = 20). (C) Surface expression level of PSGL-1 on either healthy controls (HD, n = 33), patients before 
(MS [naïve], n = 26) or after long-term natalizumab therapy (18–80 natalizumab infusions, n = 217) on CD T cells. (D) Time course of PSGL-1 expression 
during natalizumab treatment (n = 292) for CD8 T cells when compared with healthy controls (HD, n = 33) and patients before natalizumab treatment 
(MS [naïve], n = 26). *, P ≤ 0.05; ***, P ≤ 0.001.
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endothelial cells are low, but also explain why TH17 cells can 
still migrate to the CNS during VLA-4 blockade.

Over time, the continuous blockade of CD49d was asso-
ciated with a strong and persistent up-regulation of PSGL-1 
on peripheral T cells. As there was no transcriptional connection 
between CD49d and PSGL-1, it is tempting to speculate that 
this up-regulation might be a selection process, favoring T cells 
with higher PSGL-1 expression over PSGL-1 low-expressers 

DISCUSSION
Our data suggest that PSGL-1 supports extravasation of CD4+ 
T cells into the CNS in conditions where VLA-4-mediated 
processes are blocked. Furthermore, we could show for the 
first time that TH17 cells can use MCAM together with VLA-4 
to mediate adhesion to human brain endothelium. These data 
suggest that TH17 cells have a migratory advantage during 
homeostasis and early inflammation when VCAM-1 levels on 

Figure 4. Expression of VCAM-1 and P-selectin on possible routes of entry in MS CNS tissue specimen and control tissue. VCAM-1 (A) and  
P-selectin (B) expression in the parenchymal (lesion area), choroid plexus, and meningeal blood vessels. The inset shows 100× magnification. DAB was used  
as chromogenic substrate and hematoxylin was used for counter stain.
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HBMECs expressed functionally relevant amounts of P-selectin 
in vitro, allowing us to assess both VLA-4 and PSGL-1–mediated 
effects in our model. The shear-flow experiments showed that 
a chemokine-triggered CD49d/VCAM-1 interaction is man-
datory for the adhesion of CD4+ T cells in healthy controls, con-
firming previous studies (Campbell et al., 1998; Bauer et al., 
2009). The PSGL-1 up-regulation associated with natalizumab 
treatment enhances the ability of patients’ CD4+ T cells to roll 
over P-selectin. As expected, natalizumab treatment in vitro 
blocks firm adhesion to inflamed endothelial cells, but did not 

over time. The fact that both VLA-4 and PSGL-1 are important 
for early steps of extravasation (Kerfoot et al., 2006) might sug-
gest the PSGL-1 up-regulation is a compensatory mechanism 
of T cells during the treatment with natalizumab. We used two 
models of cell interaction under shear-flow conditions to assess 
the functional relevance of our observations: coated glass capil-
laries were used to answer questions of specific molecular inter-
actions (Zarbock et al., 2007), whereas primary HBMECs were 
used to more closely mimic the in vivo setting (Schwab et al., 
2012a; adapted to shear-flow conditions). We could show that 

Figure 5. Influence of natalizumab 
treatment on rolling and adhesion of CD4+ 
T cells to the ligands of CD49d and PSGL-1  
(i.e., VCAM-1/P-selectin). (A) Adherent 
CD4+ T cells/field of view of a VCAM-1–coated 
capillary flow chamber with and without  
SDF-1 and with and without natalizumab  
(n = 4). (B) Adherent CD4+ T cells of natalizumab- 
treated patients and controls/field of view on 
a VCAM-1–coated capillary flow chamber 
with and without SDF-1 (n = 4). (C) Captured 
CD4+ T cells of healthy controls and natali-
zumab-treated patients/field of view on  
P-selectin coated capillary flow chambers (n = 4).  
(D) qPCR data of P-selectin expression in cul-
tured primary human brain endothelial cells 
(n = 3). Adherent (E) or rolling (F) CD4+ T cells/
field of view on parallel plate flow chambers 
coated with either noninflamed or TNF-inflamed 
primary endothelial cells with and without 
addition of natalizumab (n = 4). Adherent  
(G) or rolling (H) CD4+ T cells of natalizumab-
treated patients and controls/field of view on 
parallel plate flow chambers coated with  
either noninflamed or TNF-inflamed primary 
endothelial cells with and without PSGL-1 
blocking antibodies (n = 4). *, P ≤ 0.05.
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fact that inflammation is necessary even though there is expres-
sion of VCAM-1 on resting endothelium is consistent with 
murine findings that the endothelium needs to secrete and 

interfere with rolling, proving that this step in the migration 
cascade does not involve VLA-4, which has previously only 
been shown in the murine system (Coisne et al., 2009). The 

Figure 6. TH17 cells can use MCAM for firm adhesion to primary human brain endothelium CD4+CD45RO+MCAM+/ T cells on parallel plate 
flow chambers coated with TNF inflamed primary endothelial cells. (A) Adherent cells/field of view with and without addition of natalizumab 
(n = 3). (B) Rolling cells/field of view with and without addition of natalizumab (n = 3). (C) Rolling cells/field of view with and without blockade of PSGL-1 
(n = 3). (D) Adherent cells/field of view with and without addition of natalizumab and blockade of CD11a (n = 3). (E) 4 laminin staining on cultured pri-
mary endothelium. Bar, 20 µm. (F) Rolling cells/field of view with and without blockade of MCAM (n = 3). (G) Adherent cells/field of view with and with-
out blockade of MCAM (n = 3). (H) Adherent cells/field of view with and without addition of natalizumab and blockade of MCAM (n = 3). *, P ≤ 0.05.
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Although the inverted CD4/CD8 ratio in the cellular CSF 
compartment could be expected in our patient cohort (Stüve 
et al., 2006a), the surprisingly high percentage of CSF mono-
cytes shows that these cells are potentially not dependent on 
VLA-4–VCAM-1 interactions to enter the CSF and might 
even be considered immunoregulatory, as they are also pres-
ent in healthy CSF material. Accordingly, the CSF T cell rep-
ertoire in LTNT patients was shifted toward EM cells, similar 
to the healthy CSF composition, but showed a reversed EM/
CM ratio when compared with RRMS patients without natali-
zumab treatment. Together with published data (Stüve et al., 

present inflammation-induced chemokines (e.g., SDF-1) for 
successful CD49d/VCAM-1 interactions (Piccio et al., 2002). 
Blockade of PSGL-1 completely abrogates subsequent firm 
adhesion, suggesting that PSGL-1–mediated rolling is a pre-
requisite for any (integrin-mediated) firm adhesion in our sys-
tem. Lastly, patients’ CD4+ T cells show functional enhancement  
of PSGL-1–mediated rolling, consistent with our hypothesis 
that PSGL-1 up-regulation is a compensatory mechanism, ul-
timately allowing for an enhanced migration of immune cells 
expressing alternative integrins other than CD49d to subse-
quently adhere firmly to the endothelium.

Figure 7. Long-term natalizumab-treated MS patient shows a putative enrichment of TH17 (MCAM+) cells in the CSF. Flow cytometry stain-
ings of one stable MS patient without therapy (A) and one stable MS patient under long-term natalizumab therapy (B).
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Histological stainings of autopsy tissue showed that there 
is ubiquitous but varying degrees of expression of VCAM-1 
on endothelial barriers in vivo, whereas P-selectin is only se-
lectively expressed. There was no P-selectin expression on ves-
sels in the white matter, very weak expression on meningeal 
vessels, and strong expression on the endothelium of choroid 
plexus vessels. This could suggest that cells with an enhanced 
PSGL-1 expression would selectively migrate over the choroid 
plexus and not via the deep tissue postcapillary venules. Po-
tentially, TH17 cells may also migrate over the leptomeningeal 
barrier or even the deep vessels in the parenchyma, where the 
higher PSGL-1 expression in natalizumab-treated individuals 
might be sufficient to support successful PSGL-1/P-selectin 

2006b) and our own observations that the CSF T cell count is 
strongly reduced in natalizumab-treated patients, one might 
speculate that CSF entry of CM cells is specifically blocked 
by natalizumab, whereas (some) EM cells are still able to migrate 
into the CSF space. As both EM and CM cells express CD49d 
to similarly high amounts (unpublished data), this might suggest 
that there is at least one subset of EM cells, which does not 
require CD49d to cross into the CSF. Also consistent with this 
theory is the observation that CSF T cells completely lack 
CD49d expression in LTNT patients; this is a specific obser-
vation for LTNT, as CSF T cells are usually exclusively mem-
ory cells with very high expression levels of CD49d (Barrau 
et al., 2000; and unpublished data).

Figure 8. MCAM+ lymphocytes are found in active MS lesions. Individual examples of active white matter lesions from three MS patient autop-
sies. (A–F) with MCAM shown in green and DAPI shown in blue. C (LFB) and D (PLP) stainings illustrate the location of the white matter lesion shown in 
A+B. To exclude the possibility of MCAM+CD8+ lymphocytes, G-I show a double staining for MCAM (green) and CD8 (red) with DAPI counter staining, 
showing the prominent MCAM expression of endothelial cells and less intense expression on MCAM+ lymphocytes. J shows MCAM (green) and CD68 (red) 
with no double-positive cells, K shows MCAM (red) and GFAP (green) with no double-positive cells. L-O show examples of MCAM+ cells in gray matter 
from three MS patient autopsies. MCAM+ lymphocytes are marked with asterisks. P shows quantification of three MS patients’ active white matter lesion 
(MCAM+ lymphocytes per field of view = 0.074 mm2; n = 10 each). Q shows calculated amount of MCAM+ lymphocytes per mm2 in active white matter 
MS lesions (n = 3).
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pathology (Kebir et al., 2007) but also in CNS immune sur-
veillance (Axtell and Steinman, 2009). Alternatively, the pres-
ence of TH17 cells alone without the presence of TH1 cells may  
not be sufficient to mediate pathology in MS, unlike in EAE 
where TH17 cells have been shown to induce EAE symptoms 
(Rothhammer et al., 2011). This could be the reason why 
some patients exhibit strong relapses after cessation of natali-
zumab treatment (Melis et al., 2013), as TH1 cells can again 
gain entry into the CNS and the TH17 cells, which are already 
in situ, could exacerbate tissue damage and clinical symptoms. 
This dataset suggests that a blockade of VLA-4 and MCAM 
together might be an even stronger treatment than VLA-4 
blockade alone or could be an efficient treatment alternative in 
cases where the blockade of TH1 migration is insufficient to 
alleviate clinical symptoms (e.g., cases with a strong TH17- 
biased presentation such as neuromyelitis optica; Varrin-Doyer 
et al., 2012; Kieseier et al., 2013). One more speculative point 
concerns progression and gray matter atrophy in MS: our data 
are consistent with the hypothesis that TH17 cells might medi-
ate residual progression under natalizumab, as we also find 
these cells in gray matter and their entry is not blocked by the 
treatment. If that holds true in further studies, there is a possi-
bility that progression in secondary progressive MS and pri-
mary progressive MS might also have a TH17 component and 
that a combined blockade of VLA-4 and MCAM could turn 
out to be a valid treatment option for these diseases. Collec-
tively, our data concerning lymphocyte trafficking into the 
human CNS under VLA-4 blockade provide an explanation 
for “compensatory” mechanisms of specific immune cell sub-
sets and suggest preferred trafficking routes. This could have 
implications for the immune surveillance under homeostatic, 
as well as inflammatory conditions and once again underlines 
the importance of the blood–CSF barrier of the choroid 
plexus in the context of immune surveillance and pathology.

MATERIALS AND METHODS
Patients and healthy controls. 381 patients with the diagnosis of clinically 
definite active RRMS according to the 2005 revised McDonald diagnostic 
criteria (Polman et al., 2005) were enrolled in this study. These MS patients 
had been treated continuously with natalizumab for up to 80 mo and were 
stable by assessment of clinical and MRI parameters. 21 patients in this cohort 
underwent analysis of CSF in parallel to assessment of peripheral blood. 39 
age- and sex-matched healthy donors (HD) with no previous history of neu-
rological or immune-mediated diseases served as controls. Furthermore, 49 
natalizumab-naive MS patients, 32 patients with noninflammatory neurolog-
ical diseases, and 14 patients without neurological diseases served as controls.

The study was approved by the local ethics committee (Ethik-Kommission 
der medizinischen Fakultät der Universität Würzburg, registration number 
155/06; Ethik-Kommission der Ärztekammer Westfalen-Lippe und der Med-
izinischen Fakultät der Westfälischen Wilhelms-Universität, registration num-
ber: 2010–245-f-S) and informed written consent was obtained from all 
participants. This study was performed according to the Declaration of Helsinki.

Biomaterials and flow cytometry. PBMCs were isolated by density gradi-
ent centrifugation using lymphocyte separation medium (PAA Laboratories) 
as previously described (Schwab et al., 2010). Flow cytometry analysis of CSF 
was performed as described previously (Schwab et al., 2012a). Ex vivo isolated 
or cultured cells were washed with PBS supplemented with 0.1% BSA and 
stained with fluorescence-labeled mAbs together with blocking mouse IgG 

interactions even in the case of low P-selectin expression. This 
would be consistent with our hypothesis that in the human 
system specific immune subpopulations such as monocytes or 
T cells with a specific EM phenotype (e.g., TH17 cells) are 
able to use a CD49d-independent mechanism to migrate into 
the CNS, or more specifically, the CSF space. It seems reasonable 
that if this process is dependent on PSGL-1–mediated rolling 
over P-selectin expressing endothelium, cells that express more 
PSGL-1 have a migratory advantage in the migration over 
the choroid plexus into the CSF space.

It has previously been shown in animal studies that some 
subpopulations of T cells (i.e., TH17 cells) do not need CD49d 
to specifically migrate over the choroid plexus into the  
CSF space, but do depend on LFA-1–ICAM-1 interactions 
(Rothhammer et al., 2011, 2014). Our study supports the  
relevance of these findings in the human system as MCAM+ 
memory cells (TH17 cells; Flanagan et al., 2012; Larochelle et al., 
2012) could still adhere to endothelium under CD49d-blocking 
conditions. An additional blockade of LFA-1 could abrogate 
this adhesion, in accordance with previously published data, 
suggesting that LFA-1 is important for the CNS infiltration 
of all T cells (Rothhammer et al., 2011). Interestingly, the 
blockade of both VLA-4 and MCAM impaired adhesion of 
MCAM+ cells, suggesting that TH17 cells use both VLA-4 and 
their signature molecule MCAM to mediate firm adhesion to 
endothelium, introducing MCAM as part of the migratory 
cascade into target tissue, specifically for TH17 cells. The relative 
timing and contribution of MCAM versus LFA-1 and -4 
integrin to the adhesion cascade has not yet been established. 
MCAM binds to a laminin isoform produced by endothelial 
cells (laminin 4), and is part of the subendothelial basement 
membrane. However, the binding partner on the endothelial 
side remains unclear, as there is no evidence yet of laminin 4 
expression on the luminal surface of endothelial cells in vivo. 
Binding to MCAM on TH17 cells could therefore be facili-
tated by laminin 4, homophilic MCAM interaction (Wang 
and Yan, 2013), or a yet unknown binding partner. We could 
show a mean of 16 ± 4.6 MCAM+ lymphocytes/mm2 in  
active white matter MS lesions, which is in accordance with 
the seminal work of Lucchinetti et al. (2000), who counted 
between 133 and 145 T cells/mm2 in pattern II/III lesions, 
therefore suggesting that between 11 and 12% of infiltrating 
T cells in these MS lesions might be TH17/MCAM+ cells. 
This would also be in agreement with data from Larochelle  
et al. (2012) who could show that >8% of CD4+CD45RO+ 
cells express MCAM in CSF specimens of MS patients.

It is clear that TH17 cells have additional adhesive mecha-
nisms that permit CNS entry even in the presence of natali-
zumab. LFA-1 is likely to play an important role, consistent 
with the findings of Rothhammer et al. (Rothhammer et al., 
2011) in EAE using conditional 4 integrin knockout mice 
and potentially also MCAM/laminin, which is consistent with 
the results from Flanagan et al. (2012) and (Larochelle et al. 
(2012). We hypothesize that the cells that are still able to enter 
the CSF in natalizumab-treated patients are most likely to be 
TH17 cells, suggesting a role for this population not only in 
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FCS and Hepes). Cells were perfused through the parallel plate flow chamber 
(Glykotech) at a constant shear stress of 0.25 dyne/cm2 for 8 min. Cells were 
observed using an inverted microscope (Nikon TS-100) equipped with a 
10×/0.25 NA objective and a digital camera. Videos were recorded using 
CamWare software (PCO Ag) and rolling and adherent cells per field of view 
were analyzed.

Statistical analysis. Statistical significance of differences between two 
groups was determined using unpaired Student’s t test except for compari-
sons between peripheral blood and CSF of the same patient, where the paired 
Student’s t test was used. Differences were considered statistically significant 
with the following p-values: *, P < 0.05; **, P < 0.01; and ***, P < 0.001. 
Software for statistical and correlation assessment was Prism 5 (GraphPad).
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