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Inhibiting the �4 subunit of the integrin heterodimers �4�1 and �4�7

with the monoclonal antibody natalizumab is an effective treatment
for multiple sclerosis (MS). However, the pharmacological action of
natalizumab is not understood conclusively. Previous studies sug-
gested that natalizumab inhibits activation, proliferation, or extrav-
asation of inflammatory cells. To specify which mechanisms, cell
types, and �4 heterodimers are affected by the antibody treatment,
we studied MS-like experimental autoimmune encephalomyelitis
(EAE) in mice lacking the �1-integrin gene either in all hematopoietic
cells or selectively in T lymphocytes. Our results show that T cells
critically rely on �1 integrins to accumulate in the central nervous
system (CNS) during EAE, whereas CNS infiltration of �1-deficient
myeloid cells remains unaffected, suggesting that T cells are the main
target of anti-�4-antibody blockade. We demonstrate that �1-integrin
expression on encephalitogenic T cells is critical for EAE development,
and we therefore exclude �4�7 as a target integrin of the antibody
treatment. T cells lacking �1 integrin are unable to firmly adhere to
CNS endothelium in vivo, whereas their priming and expansion
remain unaffected. Collectively, these results suggest that the pri-
mary action of natalizumab is interference with T cell extravasation
via inhibition of �4�1 integrins.

EAE � T lymphocyte � mouse genetics

Multiple sclerosis (MS) is a neurological autoimmune disease
that is initiated by activated, self-reactive CD4� T lympho-

cytes that recognize components of the myelin sheath, which
surrounds and insulates nerve fibers. T cells enter the central
nervous system (CNS) through postcapillary venules and are reac-
tivated by antigen-presenting cells in the perivascular space. These
steps are followed by the recruitment of additional inflammatory
cells, such as macrophages, which cause inflammation, edema and,
eventually, destruction of the myelin sheath (1).

The �4-integrin subunit can form a dimer with the �1 or the �7
subunit. In rodent experimental autoimmune encephalomyelitis
(EAE), the widely used animal model for human MS, it was shown
that antibodies directed against the �4-integrin subunit prevent the
development of the disease (2). Subsequently, a beneficial effect of
�4-integrin blockade has been demonstrated in many animal mod-
els as well as in clinical trials with MS patients. Based on these
findings, natalizumab (marketed as Tysabri), a humanized mono-
clonal antibody directed against the �4-integrin subunit has been
approved for treating relapsing-remitting MS (3).

Natalizumab is a very effective treatment for MS and signifi-
cantly reduces the number and severity of clinical relapses (4).
However, the exact mechanism of action of this drug remains
unclear. Because �4 integrins can mediate both rolling and arrest of
T cells on endothelial cells (5), it has been proposed that natali-
zumab prevents the interaction of �4 integrins on T cells with
counterreceptors, such as vascular cell adhesion molecule-1
(VCAM-1), on inflamed endothelial cells, and thereby blocks the
extravasation of encephalitogenic T lymphocytes into the CNS (6).

It is also conceivable, however, that the antibody interferes with
processes other than T cell extravasation. �4 integrins are expressed
on most hematopoietic cells and play a role in several immunolog-
ical tasks, including the activation of myeloid cells (7) and/or naïve
T and B lymphocytes (8, 9), polarization of effector T cells into the
TH1 or TH2 lineage (10), retention of memory T cells in their niches
(11), and localization of hematopoietic stem cells (12). Recently,
progressive multifocal leukoencephalopathy (PML), a rare but fatal
demyelinating disease caused by JC virus infection in immunode-
ficient patients, has been associated with natalizumab use, raising
the possibility that the antibody has a broader systemic immuno-
suppressive or immunomodulatory effect (13, 14). Finally, it is also
not resolved whether both �4�1 and �4�7 integrins have a function
during EAE development. Theoretically, natalizumab could block
�4�1 as well as �4�7, and both integrins are expressed on enceph-
alitogenic T cells (15). Studies addressing this question led to
controversial results, with some suggesting that the �7 subunit has
no role in EAE development (15, 16), whereas others identified a
beneficial influence of the blockade of �4�7 or its counterreceptor
mucosal addressin cell adhesion molecule-1 on the course of EAE
(17, 18).

In the present paper we used mouse genetics to identify the role
of �4�1 integrins during pathogenesis of EAE. The results of our
study show that T lymphocytes require �4�1 integrins to elicit EAE.
Furthermore, we demonstrate that the loss of �4�1 impairs T cell
extravasation without affecting antigen-dependent proliferation
and polarization.

Results
Integrin �1

�/� Bone Marrow Chimeras (BMCs) Develop Normal EAE.
Treatment with blocking anti-�4 antibodies is neither specific for a
certain cell type, nor specific for an �4-integrin heterodimer.
Therefore, we undertook a genetic approach to test how the courses
of EAE and MS might be affected by natalizumab treatment. We
conditionally deleted the gene encoding the �1-integrin subunit
(19). This approach restricts our findings to the loss of �4�1 integrins
and excludes potential effects caused by abrogating �4�7 function.

To directly compare the fate and the functional properties of
control and �1-integrin-deficient T cells within the same animal, we
established a genetic setting in which Cre-mediated deletion of the
�1-integrin gene occurred in approximately half of the T cells. This
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was achieved by using the inducible Mx1 promoter-driven Cre
recombinase transgene. Because Mx1-Cre-mediated gene deletion
is efficient in hematopoietic stem cells and most of their progeny but
also occurs in many other cell types, including vascular endothelial
cells, we generated BMCs to restrict the ablation of the �1-integrin
gene to hematopoietic cells. Bone marrow (BM) from mice carrying
floxed �1-integrin alleles and an Mx1-Cre transgene (�1

fl/f l/
MxCre�) was transferred into lethally irradiated WT B6SJL mice.
BM from �1fl/fl/MxCre� mice served as control. After reconstitu-
tion of the recipient mice with donor BM, polyinosinic-polycytidylic
acid [poly(IC)] was injected, causing IFN-� and IFN-� production,
which in turn promotes the expression of Mx1-Cre and the disrup-
tion of the �1 gene exclusively in the donor-derived hematopoietic
cells (20). Recipient- and donor-derived cells were distinguished by
the expression of Ly-5.2 (donor) or Ly-5.1 (recipient) surface
antigens on all hematopoietic cells. Around 9 weeks after poly(IC)
injection, Mx1-Cre-mediated deletion occurred in �60% of T cells
and 95–98% of all other hematopoietic cells as determined by
Southern blot analysis of genomic DNA (Fig. 1A). The presence of
�1-integrin-positive T cells is likely due to absent Mx1-Cre trans-
gene expression in thymic and long-lived peripheral T cells (21). To
test the role of �1 expression on hematopoietic cells for EAE
development, active EAE was induced in the BMCs by immunizing
them with the myelin oligodendrocyte glycoprotein (MOG)-
peptide MOG35–55.

Actively immunized �1
fl/fl/MxCre� BMCs (called �1�/� BMCs)

developed EAE with kinetics of weight loss and clinical scores
similar to control BMCs (Fig. 1B). Histology of diseased animals
revealed no qualitative difference in leukocyte infiltration in the
CNS (Fig. 1C). Infiltrating inflammatory cells were stained with
antibodies to Ly5.2 to highlight all hematopoietic cells, to CD4 to
mark CD4� T cells, or to Mac-1 to stain granulocytes and macro-
phages. In control and �1

�/� BMCs, comparable amounts of
inflammatory cells could be detected both subarachnoidal and in
the parenchyma of the spinal cord white matter. These findings
suggest that (i) loss of �1-integrin expression on the myeloid and B
cell lineage did not influence the development of the disease, and
that (ii) a halved pool of naïve T cells carrying �1 integrin was
sufficient to trigger EAE.

�1-Deficient T Lymphocytes Do Not Accumulate in the CNS. To assess
the cell-autonomous roles of �1 integrins, we quantified the amount
of �1-integrin-deficient immune cells within the diseased CNS
tissue. To this end, we isolated the infiltrating leukocytes from the
CNS of animals at the peak of EAE by density gradient centrifu-

gation and determined the cellular composition of the infiltrates by
flow cytometry. In line with the similar clinical course, the total
number of isolated leukocytes was not altered between control and
�1�/� BMCs (Fig. 2A). Furthermore, the population sizes of
isolated CD4� and CD8� T cells, macrophages, and granulocytes
were comparable in control and �1�/� BMCs (Fig. 2B). We next
took advantage of our internally controlled system and determined
the contribution of �1-deficient cells to the inflammatory infiltrates.
In �1

�/� BMC mice, Ly-5.1negGr-1medMac-1� infiltrating macro-
phages and Ly-5.1negGr-1highMac-1� granulocytes were uniformly
�1-deficient (Fig. 2C), indicating that they were recruited into the
CNS in a �1-integrin-independent manner. In contrast, CD4� and
CD8� T cells isolated from the CNS of �1

�/� BMC mice were
almost entirely �1-integrin-positive (Fig. 2C). Thus, despite a 60:40
ratio of �1-integrin-negative to �1-integrin-positive peripheral T
cells, an almost pure population of �1-positive cells was found in the
inflamed CNS. These data strongly suggest that T cells but not
myeloid cells require �1 integrins to infiltrate the CNS.

EAE Development Is Impaired in �1
fl/fl/CD4Cre� Mice, and �1

�/� T Cells
Cannot Transfer EAE. To further corroborate our findings, we used
the CD4-Cre transgene (22) to specifically ablate the �1-integrin
gene on T cells. Mice carrying floxed �1-integrin alleles and the
CD4-Cre transgene (named �1

fl/fl/CD4Cre�) had a 90% deletion
efficiency on naïve splenic T cells as determined by flow cytometric
analysis of �1 expression (Fig. 3A). Upon active immunization,
these mice exhibited a significant delay in the onset of clinical EAE
symptoms (Fig. 3 B and C). Interestingly, these animals eventually
developed clinical symptoms, which were accompanied by an influx
of �1-integrin-expressing T cells into the CNS that escaped CD4-
Cre-mediated deletion (Fig. 3 D and E). These findings indicate that
a loss of �1-integrin expression on 90% of the peripheral T
lymphocyte population delays the development of EAE, but the
presence of only 10% of �1-integrin-expressing T cells is sufficient
to eventually trigger the disease. Because CD4-Cre does not ablate
the �1-integrin gene in �� T cells, however, it cannot be excluded
that they are among the �1-integrin-expressing T cells contributing
to EAE development in the �1

fl/fl/CD4Cre� mice.
To assess the encephalitogenic potential of a homogenous pop-

ulation of �1-deficient T lymphocytes, we purified such cells and
induced EAE by passive T cell transfer. To this end, we intercrossed
�1

fl/fl/MxCre� mice with a transgenic strain expressing a MOG35–55
peptide-specific T cell receptor (TCR) (23) and isolated T cells
from their offspring. These cells were restimulated in vitro with
MOG35–55-loaded dendritic cells (DCs), all �1-integrin-positive

Fig. 1. Theclinical courseofEAEisnotaltered in�1
�/�

BMCs. (A) Knockout efficiency for the indicated total
and magnetically activated, cell-sorted populations
was determined by Southern blotting. The number of
samples for each population is given in each bar. Bars
represent medians and interquartile ranges. (B) The
relative weight normalized to day 0 and the clinical
disease scoreofcontroland �1

�/� BMCswithactiveEAE
are shown. Data points indicate means of 13 mice from
3 independent experiments. Around day 16, mice were
killed for histological and flow cytometric analyses. (C)
Immunostaining of the spinal cord white matter of
control and �1

�/� BMCs with ongoing active EAE (clin-
ical score 3) and healthy control mice. Infiltrating
leukocytes were stained with Ly5.2, CD4, or Mac-1
antibodies (red), blood vessels were stained with a
pan-laminin antibody (green), and nuclei were stained
with DAPI (blue). (Scale bar, 100 �m.)
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cells were depleted, and the remaining encephalitogenic �1
�/� T

cell blasts were transferred into sublethally irradiated WT mice.
Although transferred control T cells caused EAE symptoms in the
recipients, none of the mice that received �1

�/� T lymphocytes
developed EAE (Fig. 3F) or contained inflammatory cell infiltra-
tions in the spinal cord [supporting information (SI) Fig. S1]. Taken
together, these experiments show that �1-integrin expression by
encephalitogenic T cells is required for the pathogenesis of EAE,
whereas �1 integrin is dispensable on inflammatory bystander cells.

�1
�/� T Cells Show Normal Proliferation and Cytokine Responses. The

lack of �1-deficient T cells in the brain of �1�/� BMCs and their
failure to transfer EAE could be due to impaired activation,
proliferation, or extravasation into the CNS. To test T cell activation
and proliferation, we intercrossed �1

fl/fl/MxCre� mice with trans-
genic animals expressing MHC II-restricted TCRs specific for the
ovalbumin (OVA) peptide OVA323–339 (OT-II.2) (24). Two to three
months after knockout induction by poly(IC) injection, naïve CD4�

T cells were purified, labeled with carboxyfluorescein diacetate
succinimidyl ester (CFSE), and injected intravenously into WT
recipients. LPS-matured, OVA323–339-loaded DCs were intrave-
nously coinjected, and after 3 days cells were isolated from the
spleen and their proliferative response tracked by dye dilution.
�1

�/� and control T cells showed comparable proliferation and
division indices (Fig. 4 A and B). The percentage of cells that
divided was not altered between control and �1

�/� T cells. These

findings indicate that T cells do not require �1 integrins for priming
and proliferation.

Antibodies directed against integrin �4 affect the T helper cell
TH1/TH2 polarization of the T cell response (10). Because the
cytokine polarization of T helper cells, particularly a shift toward
IL-17-expressing TH17 cells, is crucial for the generation of auto-
immune responses (25), we tested whether a lack of �1 expression
on T cells affects their cytokine secretion pattern. Intracellular
cytokine staining and subsequent flow cytometric analysis of in vivo
antigen-stimulated OT-II.2 cells revealed similar cytokine re-
sponses between �1-deficient and control cells (Fig. 4C). Together,
these findings indicate that the lack of �1-integrin-deficient T cells
in the EAE lesions is not due to impaired activation.

�1
�/� T Cells Cannot Firmly Adhere to CNS Endothelium in Vivo. To

investigate whether �1 integrins are required for T cell infiltration
into the CNS, we used both an in vitro and an in vivo approach to
assess the interaction of �1-integrin-deficient T cells with inflamed
CNS endothelium. We isolated T cells from poly(IC)-induced,
OT-II.2-transgenic �1

fl/fl/MxCre� or control BMCs and triggered
their proliferation by coculturing them with OVA323–339-loaded
DCs. For further analysis, T cell blasts were sorted into �1-integrin-
positive and �1-integrin-negative populations. Flow cytometry of
the surface integrins showed high expression of �4, �1, and �7
subunits on control cells. On knockout cells, expression of the
�1-integrin subfamily was lost, whereas expression of the �L�2
integrin and the �7 subunit was slightly increased (Fig. 5A). First, we
tested the static adhesion of �1-integrin-deficient T cell blasts to the
TNF-�-stimulated brain endothelioma cell line bEnd5 and ob-
served no difference in binding between �1-positive and �1-negative
T cells at room temperature (Fig. 5B). Because the adhesion was
likely due to a predominant interaction between �L�2 integrin and
endothelial intercellular adhesion molecule-1 (ICAM-1), we also
performed adhesion assays on the ICAM-1�/� endothelioma cell
line bEndI1.1, which revealed a significant impairment of �1�/� T
cell adhesion (Fig. 5B). The adhesion of �1�/� T cells was even
further impaired when the assays were performed at 4°C (Fig. S2),
which selectively abrogates �L�2-mediated adhesion (26). These
findings suggest that T cells adhere to activated endothelial cells
by binding VCAM-1 with �4�1 integrin and ICAM-1 with �L�2
integrin.

Because the �1-deficient T cell blasts express �L�2 but cannot
accumulate in the CNS in vivo, we performed intravital fluores-
cence video microscopy (IVM) of the spinal cord white matter
microvasculature to test directly whether binding of integrin �L�2
to ICAM-1 plays a compensatory role for the adhesion of �1-
deficient T cells to inflamed brain endothelium in vivo. Control or
�1-deficient, OVA323–339-specific T cell blasts were injected via a
carotis catheter into WT mice with mild EAE symptoms (clinical
score of 1 to 2). The EAE causes an up-regulation of adhesion
molecules on the endothelial cells, which enables control T cell
blasts to adhere readily to the microvasculature. We observed that
adhesion of OVA323–339-specific, �1-deficient T cells to white matter
microvessels of the cervical spinal cord was significantly diminished
in comparison with control T cells (Fig. 5C). Because it has been
shown that besides firm adhesion, �4 integrins can mediate the
events during the initial contact of T cells to the CNS endothelium,
we analyzed T cell rolling and capture; that is, their abrupt transient
stop (5, 27). Both events were not significantly impaired, suggesting
that this �4-integrin function can be compensated by (an)other,
unknown adhesion molecule(s) (Fig. 5D). We obtained similar
results when we performed the experiment with �1-deficient,
MOG35–55-specific T cells (23) (Fig. S3). These data indicate that
the dramatic reduction of T cell adhesion is due to their inability to
establish a firm contact with the endothelial cells of the blood–brain
barrier without �1 integrins (see Movie S1 and Movie S2). The data
further suggest that the interaction of �4�1 integrin with endothelial
VCAM-1 is the critical molecular interaction for the stable adhe-

Fig. 2. T lymphocytes depend on �1 integrins to enter the CNS. (A) Leukocytes
andmicrogliacellswere isolatedfromthebrainandspinal cordofcontrolor�1

�/�

BMCs with ongoing active EAE. Shown is the median number of isolated cells per
CNS (average clinical score � 3, n � 5). (B and C) The isolated leukocytes were
analyzed by flow cytometry. In B, the relative numbers of CD4� T cells (CD4�),
CD8� T cells (CD8�), macrophages (Mac), and granulocytes (Gr) are shown (con-
trols n � 8, �1

�/� n � 9). (C) The �1 expression of the 4 leukocyte subsets was
analyzed.Microglia cellsaremainlyhost cell-derivedandwereexcludedbasedon
their cell surface expression of Ly-5.1. Each bar represents at least 5 mice. Bars in
all panels represent medians and interquartile ranges.
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sion of activated T cells to the brain vasculature, because increased
expression of �4�7 integrins on the �1-deficient T lymphocytes
could not rescue the adhesion defect.

Discussion
Inhibition of �4 integrins with a blocking antibody (natalizumab)
has become a powerful therapy for MS. Almost all hematopoi-
etic cells express the 2 �4 integrins (�4�1 and �4�7) (15). Both
integrins can potentially regulate blood cell extravasation into
inflamed tissues, as well as differentiation, priming, and prolif-
eration of T cells. To elucidate how the anti-�4 integrin blockade
exerts its beneficial effect on the MS course, we deleted the
�1-integrin gene in specific hematopoietic cell populations of
mice and subsequently studied the development of EAE, a
widely used model for MS. Because deletion of the �1 gene
abrogates �4�1 but not �4�7 integrin expression, our studies
permit us to draw several important conclusions.

First, our genetic experiments suggest that �1-integrin-expressing
T cells are the main target of natalizumab treatment. �1 integrins
are expressed on almost all mammalian cell types, including the
hematopoietic lineages that are crucial for the pathogenesis of EAE
and MS (11). We observed that deletion of the �1-integrin gene in
antigen-presenting cells or granulocytes and macrophages affected
neither the development of the disease nor the ability of these cells
to accumulate in the CNS, indicating that they can be excluded as
targets of the natalizumab treatment. In contrast, �1-deficient T
cells failed to accumulate in the CNS when EAE was induced in
mice possessing both �1-positive and �1-negative T cells, indicating
that T lymphocytes depend on �1-integrin expression to infiltrate
the brain and spinal cord of diseased animals. Furthermore,
deletion of the �1-integrin gene on �90% of the T cells delayed but
did not abolish development of active EAE, whereas deletion of �1
integrins on the entire encephalitogenic T lymphocyte population
prevented their ability to induce disease development. These find-
ings suggest that (i) the beneficial therapeutic effects of natalizumab
are due to a direct effect on the T cell lineage and that (ii) the
efficacy of natalizumab therapy critically depends on a complete

Fig. 3. �1 Integrin on T cells is important for EAE development. (A) Splenocytes from control (ctrl), �1
fl/fl/MxCre�, or �1fl/fl/CD4Cre� mice were stimulated unspecifically

in vitro. Isotype control staining (iso) and �1-integrin expression of CD4� T cells were analyzed by FACS. Shown are the medians and interquartile ranges of at least 5
animals. (B) The median day of disease onset of control and �1

fl/fl/CD4Cre� mice with active EAE is shown. (C) The clinical disease score of control and �1
fl/fl/CD4Cre�

mice with active EAE is shown. Data points indicate means of 7 mice from 3 independent experiments. (D) Leukocytes and microglia cells were isolated by density
gradient centrifugation from the CNS of control (n � 2) and �1

fl/fl/CD4Cre� (n � 3) mice with ongoing active EAE at day 31. The �1 expression of CD4� and CD8� T cells
that were isolated from the CNS was quantified. Bars represent medians and interquartile ranges. (E) Shown are representative histograms of those T lymphocytes or
of unspecifically stimulated splenocytes isolated from the same mice. Blue and red histograms represent control and �1

�/� T cells, respectively. Isotype control stainings
are shown in shaded gray histograms. (F) The clinical disease score of WT mice injected with encephalitogenic control or �1

�/� MOG35–55-specific T cells is shown. Data
points indicate means (controls n � 11, �1

�/� n � 8; 4 independent experiments). The number of animals with EAE symptoms was compared by the Fisher exact test
for each day (days 14–16: P � 0.05, days 17 and 18: P � 0.01, days 19 and 20: P � 0.005).

Fig. 4. �1 Deficiency does not influence T cell proliferation and polarization. (A)
Proliferation of control (ctrl) or �1

�/� T cells was analyzed by flow cytometry. The
division and proliferation index and the percentage of dividing cells were calcu-
lated from the generation sizes (n � 6). (B) CFSE stainings from 1 representative
control and �1�/� sample are shown. Light gray-shaded histograms represent
control animals that received DCs without OVA323–339 peptide. (C) Shown are the
percentages of cytokine-expressing T cells. The intracellular cytokine expression
ofcontroland �1

�/� T lymphocyteswasanalyzedbyFACS.Bars representmedians
and interquartile ranges (controls n � 4, �1

�/� n � 5). ns, not significant.
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blockade of �4 integrins on encephalitogenic T cells. The latter
findings may explain the results of a recent study reporting that
blocking antibodies against �4 integrins failed to inhibit EAE
development in a mouse model (28). Furthermore, they also show
that an efficient and selective inhibition of T cell accumulation in
the brain of MS patients is likely sufficient to retard or halt the
disease course, and thus underscore the notion that autoreactive
CD4� T cells within the CNS represent the trigger of the disease (1).
We did not directly investigate the reason for the development of
PML as a rare side effect of natalizumab treatment, but it has been
shown that that the cellular immune response by CD4� and CD8�

T cells is critically required to contain JC virus infection (29).
Therefore, we speculate based on our results that inefficient
immune surveillance of the CNS by T cells facilitates the replication
of JC virus.

Second, our investigations resolve the controversy over whether
the anti-�4 antibodies exert their main effect through integrin �4�1,
�4�7, or both. Antibody-blocking studies against the �4 subunit
cannot distinguish between the 2 integrin heterodimers, and studies
in which �7-integrin protein was inhibited or the �7-integrin gene
was ablated revealed opposing results (15–18). Our system of
deleting the �1-integrin gene, and therefore the �4�1-heterodimer,
offered the possibility to address this question. We found that
�1-deficient T cell blasts were incapable of accumulating in the CNS
of EAE mice, although their integrin �4�7 expression levels were
even higher than on control cells. These results indicate that the
beneficial effects of the anti-�4 antibody on T cells are largely, if not
exclusively, mediated by interfering with �4�1 and not with �4�7
binding. Because loss of �1-integrin subunit expression results in the
ablation of several �x�1-integrin heterodimers in addition to �4�1,
it is possible that in our mouse model, their absence also contributes
to the T cell adhesion defect.

Third, adhesion assays and IVM revealed that �4�1 integrins are
essential for T cell adhesion to inflamed brain endothelial cells,
whereas priming and proliferation of T cells is unaffected by loss of
�4�1. The ability of �4�1 integrins to mediate T cell adhesion to
endothelial cells is well-established. However, it has also been
reported that �4�1 integrins are recruited into the immunological
synapse, where they control T cell priming and proliferation (10).
We observed that antigen-specific T cell proliferation was unaf-
fected by the lack of �1 expression on encephalitogenic T cells, sug-
gesting that immunosuppressive effects of the treatment are unlikely.

Finally, we also excluded a defect in the induction of TH17 cells.
There is increasing evidence that the development of EAE and MS
depends on the induction of TH17 cells (30, 31), which represents
a T cell subset that differs from classical TH1 T cells and is
characterized by the expression of cytokines, such as IL-17 and
TNF-� (32). The expression of a normal cytokine profile by
antigen-stimulated, �1-deficient T lymphocytes excludes such a
possibility.

In summary, our findings indicate that treatment of MS
patients with natalizumab compromises �4�1-mediated T cell
adhesion to inflamed brain endothelial cells. Consequently, an
antibody specifically targeting �4�1 integrins on encephalito-
genic T lymphocytes should be sufficient to inhibit EAE and,
presumably, MS development.

Materials and Methods
Animals. Mice carrying a floxed �1-integrin gene (19) were intercrossed with mice
carrying an Mx1 promoter (20) or a CD4 promoter-driven Cre recombinase
transgene (22). To obtain TCR-transgenic, �1-deficient T cells, �1

fl/fl/MxCre� mice
were intercrossed with OVA-specific (referred to as OT-II.2) (24) or MOG-specific
(referred to as 2D2) TCR transgenic mice (23). BMCs were made as described
previously (33). Mice were kept on a mixed 129Sv/C57BL/6 genetic background
and bred in the animal facilities at the Max Planck Institute of Biochemistry. All
animal studies were performed with the license of the government of Oberbay-
ern (permission number 68/05). Female C57BL/6 mice (8–10 weeks) for IVM were
purchased from Harlan. All IVM experiments were performed in accordance with

Fig. 5. In vivo firm adhesion of �1
�/� T lymphocytes to the spinal cord

microvasculature is dramatically reduced. (A) Integrin expression of prolifer-
ating control (blue) and �1

�/� T lymphocytes (red) was analyzed by FACS.
Isotype control stainings are shown in shaded gray histograms. Histograms are
representative of 3 independent experiments. (B) Adhesion of T cell blasts to
the endothelioma cell lines bEnd5 (WT) and bEndI1.1 (ICAM-1�/�) at room
temperature. Graphs show medians and interquartile ranges of adherent T
cells per field of view (fov) (n � 4). (C) Firm adhesion of control and �1

�/� T cell
blasts to the spinal cord microvascular wall was analyzed by IVM in WT mice
with ongoing active EAE. Firm adhesion was analyzed 10 min, 30 min, and 1 h
after infusion of T cells. Bars represent medians and interquartile ranges (n �
6). (D) Initial contact events of T cell blasts with endothelial cells were analyzed
by IVM. From 6 experiments with control and �1

�/� T cells, 46 and 30 vessels
were analyzed, respectively. Shown is the percentage of rolling or captured T
cells among the total number of T cells passing through a given venule during a
1-min observation period. Each dot represents one vessel, and the red line
indicates the median. ns, not significant.
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the requirements of the local government in Bern, Switzerland (permission
numbers 55/04 for EAE experiments and 104/04 for IVM).

Induction and Evaluation of Active and Transfer EAE. Active EAE was induced
exactly as described previously (33). Transfer EAE was induced by transferring 2 �
106 encephalitogenic T cells intravenously into WT sex-matched C57BL/6 mice
irradiated with 3.5 Gy. A detailed description of the generation of encephalito-
genic T cells and information regarding all used antibodies are supplied as SI
Materials and Methods and Table S1.

Southern Blot Analysis. Cre-mediated gene ablation efficiency was assessed by
Southern blotting as described previously (12, 21).

Histological Analysis. The spinal cord was rapidly dissected and in part frozen
unfixed in optimal cutting temperature compound. Cryosections (10 �m) were
stained for immunofluorescence according to standard protocols. After blocking
unspecific binding with a streptavidin/biotin blocking kit (Vector Laboratories),
Cy3-conjugated streptavidin was used to detect biotinylated primary antibodies.
Images were taken with a DMIRE2 confocal microscope (Leica).

Flow Cytometry. Mononuclear cells were isolated from the CNS by Percoll density
gradient centrifugation of the dissected brain and spinal cord (33). Single-cell
suspensions of hematopoietic organs and staining for FACS analysis were pre-
pared as described previously (33). Biotinylated antibodies were detected with
Cy5-conjugated streptavidin (Jackson ImmunoResearch). Dead cells or residual
host cells were excluded from the analysis by staining with propidium iodide (2.5
�g/mL; Sigma) or Ly-5.1 CyChrome, respectively. Measurements were done on a
FACSCalibur (BD Biosciences) and analyzed using FlowJo software (TreeStar).

Cell Culture. DCs were generated from murine BM cells as described previously
(33). Activated T cells for adhesion assays and IVM experiments were generated
in vitro from �1

fl/fl/OT-II.2�/MxCre� mice as described in the SI Materials and
Methods. For unspecific stimulation, single-cell suspensions of splenocytes were
stimulated after ACK-lysis for 2 days with 50 ng/mL phorbol-12-myristate-13-
acetate (PMA) and 500 ng/mL ionomycin (both Calbiochem).

Proliferation Assays. Sorting of T cells, in vivo proliferation assays, and FACS
analysis were performed as described previously (33). Proliferation parameters

were analyzed by using the proliferation platform of the FlowJo software. The
proliferation index indicates the average number of divisions that a dividing cell
undergoes, and the division index indicates the average number of divisions all
cells undergo. For intracellular cytokine stainings, splenocytes were stimulated
after isolation for 4 h with 50 ng/mL PMA, 500 ng/mL ionomycin, and 10 �g/mL
brefeldin A (Sigma). The stainings were performed with the Leucoperm kit
according to the manufacturer’s guidelines (AbD Serotec).

Adhesion Assays. Adhesion assays to the endothelioma cell lines bEnd5 and
bEndI1.1 were carried out as described previously (34). A total of 2 � 104 endo-
thelioma cells per well were plated. A total of 1 � 105 cultured, MACS-sorted,
OT-II.2 transgenic T cell blasts were allowed to adhere per well, either at room
temperature or at 4°C. All conditions were performed in duplicates. After fixa-
tion, 2 pictures were acquired from each well with an Axiovert 200M microscope
(Zeiss), and the number of adherent T cells was quantified by using the Meta-
Morph software (Molecular Devices).

IVM. Surgical preparation of the spinal cord window, IVM, and quantitative
analysis of the spinal cord white matter microcirculation were performed exactly
as described previously (27, 35). A detailed description is provided in the SI
Materials and Methods.

Statistical Analysis. All statistical analysis was performed by using the GraphPad
Prism software (version 5.00). Data are presented as medians with interquartile
ranges. Mann–Whitney U statistics were used for comparisons between different
datasets. Asterisks in Figs. 3 and 5 indicate significant differences (*, P � 0.05; **,
P � 0.01; and ***, P � 0.005). For analysis of adherent T cells in the IVM analysis,
mean values were calculated from the values in each animal, and the 2 groups
were compared by using a Mann–Whitney U test.
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