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Zusammenfassung des wissenschaftlichen Inhaltes
(PD Dr. Fred Liihder / Prof. Dr. Holger Reichardt)

Glukokortikoide werden seit mehr als zwei Jahrzehnten weitverbreitet zur Behandlung von
Patienten mit Multipler Sklerose (MS) eingesetzt. Bislang wurde angenommen, dass das
Auslosen von Zelltod hierbei von entscheidender Bedeutung sei. Dies ist, wie in der
vorliegenden Arbeit nachgewiesen werden konnte, aber nicht der Fall. So waren
Glukokortikoide in einem Mausmodell fiir MS selbst dann wirksam, wenn die fiir die
Krankheit besonders wichtigen T-Lymphozyten gegeniiber Zelltod resistent waren. Dem
gegeniber erwies sich das Wanderungsverhalten dieser Zellen als besonders kritisch. T-
Lymphozyten werden durch Botenstoffe, die sogenannten Chemokine, zu ihren jeweiligen
Zielorganen dirigiert.



Interessanterweise verstarken Glukokortikoide die Fahigkeit der T-Lymphozyten in Richtung
des Chemokins CXCL12 zu wandern, einem Botenstoff, der in vielen peripheren
lymphatischen und nicht-lymphatischen Organen, unter anderem in Leber und Lunge,
gebildet wird. Dies hat zur Folge, dass die T-Lymphozyten anstatt zum zentralen
Nervensystem (ZNS) zu wandern von diesem weggelenkt werden, und so ihre schadigende
Wirkung geringer ist. Hemmt man hingegen den Rezeptor von CXCL12, so fihrt dies im
Mausmodell zu einer verminderten Behandlungseffizienz der Glukokortikoide. Die Wirkung
der Therapie scheint somit darauf zurlickzufihren zu sein, dass die
krankheitsverursachenden Immunzellen vom ihrem Ziel, namlich dem ZNS, weggelenkt
werden.

Auch wenn die meisten Beobachtungen zur Glukokortikoid-Wirkung in Tiermodellen
gemacht wurden, konnten die wesentlichen Erkenntnisse bei MS Patienten bestatigt
werden. So zeigte sich, dass es bei der Schubtherapie und der damit verbundenen Milderung
der Krankheitssymptome auch bei Patienten zu einer verstirkten Wanderung der T-
Lymphozyten in Richtung CXCL12 kommt. Es ist daher davon auszugehen, dass nicht wie
bislang angenommen die Induktion von Zelltod, sondern die Veranderung des
Wanderungsverhaltens der T-Lymphozyten fiir die Therapie von MS mittels Glukokortikoiden
verantwortlich ist. Hierdurch ergeben sich interessante neue Ansatzpunkte fir die
Entwicklung von Medikamenten, die gezielt an dieser wichtigen Eigenschaft der
Immunzellen angreifen.
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Abstract Glucocorticoids (GCs) are the standard ther-
apy for treating multiple sclerosis (MS) patients suffering
from an acute relapse. One of the main mechanisms of GC
action is held to be the induction of T cell apoptosis lead-
ing to reduced lymphocyte infiltration into the CNS, yet our
analysis of experimental autoimmune encephalomyelitis
(EAE) in three different strains of genetically manipulated
mice has revealed that the induction of T cell apoptosis is
not essential for the therapeutic efficacy of GCs. Instead,
we identified the redirection of T cell migration in response
to chemokines as a new therapeutic principle of GC action.
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GCs inhibited the migration of T cells towards CCL19
while they enhanced their responsiveness towards CXCL12.
Importantly, blocking CXCR4 signaling in vivo by applying
Plerixafor® strongly impaired the capacity of GCs to inter-
fere with EAE, as revealed by an aggravated disease course,
more pronounced CNS infiltration and a more dispersed
distribution of the infiltrating T cells throughout the paren-
chyma. Our observation that T cells lacking the GC receptor
were refractory to CXCL12 further underscores the impor-
tance of this pathway for the treatment of EAE by GCs.
Importantly, methylprednisolone pulse therapy strongly
increased the capacity of peripheral blood T cells from MS
patients of different subtypes to migrate towards CXCL12.
This indicates that modulation of T cell migration is an
important mechanistic principle responsible for the efficacy
of high-dose GC therapy not only of EAE but also of MS.
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Introduction

Administration of synthetic glucocorticoids (GCs) is an
integral part of multiple sclerosis (MS) therapy. Experi-
mental autoimmune encephalomyelitis (EAE) is a valu-
able tool with which to investigate the pathomechanism of
MS and has substantially helped to develop new therapeu-
tic regimens [42]. In addition, EAE has been instrumental
in dissecting how GCs exert their beneficial effects in the
treatment of neuroinflammatory diseases [40]. It has been
long known that GCs increase T cell apoptosis in the CNS
and peripheral lymphoid organs and indeed this function
is currently thought to play a pivotal role for their thera-
peutic efficacy [31, 35]. However, GCs also reduce the
expression of cytokines and adhesion molecules, modulate
macrophage and microglia functions and tighten the blood—
brain barrier (BBB). While there are a variety of cell types
that are potential targets of GC therapy of EAE, recent find-
ings suggest that T lymphocytes are the most critical ones
[50, 51].

Directed T cell migration is guided by chemokines,
many of which have been implicated in the pathogenesis
of EAE and MS [17]. Inflammatory chemokines such as
CCL2 and CCLS5 are generally up-regulated during EAE
while constitutively expressed ones such as CXCLIO,
CXCL12, CCL19, CCL20 and CCL21 are expressed by
endothelial cells of the BBB as well as other areas of the
CNS under steady state conditions [1, 10, 27, 33, 43].
Although the importance of chemokine pathways in EAE
and MS is well established, little is known concerning
their regulation by GCs. It has been found that CXCL10
and CCL20, two chemokines involved in the migration of
Thl and Th17 cells to the CNS, were reduced in human
patients after GC application [21, 25]. Furthermore, the
diminished numbers of peripheral blood T cells after
physical stress correlated with high cortisol levels and an
increased migratory capacity towards CXCL12 [30]. This
suggested an involvement of CXCR4 in T cell redistribu-
tion. Indeed, GCs were found to increase surface expres-
sion of the chemokine receptor CXCR4 on different cell
types [8, 28] and to augment signaling by CXCR4 in cell
culture [15]. We, therefore, hypothesized that there could
be a link between the modulation of chemokine signaling,
in particular the CXCL12/CXCR4 pathway, by GCs and
their efficacy in the treatment of EAE and MS.

GCs mediate the majority of their functions via the
cytosolic GC receptor (GR). Upon hormone binding, the
GR translocates into the nucleus, where it modulates gene
expression by two major modes of action [4]. It can either
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dimerize and bind to regulatory DNA elements found in
many genes, or it can interact as a monomer with tran-
scription factors such as NF-kB thereby leading to gene
repression. GRY™ mice carry a point mutation in the
DNA-binding domain of the GR which interferes with
dimerization but not with protein—protein interaction [34].
Consequently, repression of pro-inflammatory cytokines
such as IFNy or TNFa by GCs is unaffected in GRY™
mice while induction of T cell apoptosis for instance is
abrogated [34, 36].

Here, we provide surprising evidence that induction
of T cell apoptosis is dispensable for the therapeutic effi-
cacy of the synthetic GC dexamethasone (Dex) in EAE
therapy and that GCs acting via the monomeric GR,
which is unable to transactivate gene expression and to
induce apoptosis, are sufficient to ameliorate the disease.
In addition, we found that GCs profoundly change the
responsiveness of T cells to chemokines, and that in par-
ticular it is the increased migration of CXCR4-express-
ing T cells that is crucial for the beneficial effect of GC
therapy. Our analysis of MS patients of different ages and
disease courses confirmed that after methylprednisolone
(MP) therapy peripheral blood T cells migrated more
efficiently towards CXCL12 than did T cells isolated
before treatment. The combined studies in animal models
and MS patients, therefore, indicate that GCs redirect T
cells away from the CNS and thereby reduce the deleteri-
ous inflammatory foci found in the CNS in both EAE and
MS. This adds an additional important mechanism to the
current model of how GCs interfere with neuroinflamma-
tory diseases.

Materials and methods
Animal experimentation

Wildtype C57B1/6 and Balb/c mice were purchased from
Harlan (Borchen, Germany). The following mutant mouse
strains were bred in our animal facility in Gottingen:
GRI¥X control mice (designated GR™) on a C57B1/6
background, GRIo¥fox mice crossed with 1ckCre mice (des-
ignated GR'*) on a C57Bl/6 background and GRYm™dim
mice (designated GRY™) on either a C57Bl/6 or a Balb/c
background [37, 47, 51]. Breeding efficacy of GRYm
mice on a C57Bl/6 background was very poor, result-
ing in 1-2 % of homozygous offspring. This phenomenon
was not observed on the Balb/c background, where 20—
25 % of homozygous offspring were obtained. GR1Vdim
mice crossed with IckCre mice (designated GR'*4™) were
generated by intercrossing GR'** and GRY™ mutants on a
C57Bl/6 background, resulting in mice in which only T
cells express the GRY™ receptor, whereas all other cells



Acta Neuropathol

are heterozygous for the GRY™ allele and thus resemble
wildtype cells [3]. GR1¥4m mice without Cre recombinase
did not show any phenotype and served as controls. For
EAE induction mice were used at an age of 10-12 weeks.
Vav-Bcl-2 transgenic mice (designated Bcl-2tg) were pre-
viously described and bred in our animal facility in Inns-
bruck [29].

Bone marrow chimeric vav-Bcl-2 transgenic or G
mice were generated according to established protocols
[48]. In brief, the bone marrow was isolated by flushing
the femurs of 8-12-week-old mice. In parallel, CD45.1
congenic C57B1/6 mice (Jackson laboratory, Bar Harbor,
USA) were y-irradiated at 10 or 11.5 Gray. Subsequently,
2 x 10° bone marrow cells were resuspended in 200 pl
PBS and injected i.v. or retro-orbitally. The reconstituted
mice were kept in individually ventilated cages for 3 weeks
with neomycin-supplemented water (Sigma, St. Louis,
MO). After 6 weeks, the mice were analyzed for successful
reconstitution by flow cytometry and subjected to the EAE
experiments.

All animal experiments were performed in accordance
with accepted standards of animal welfare and approved
by the responsible German authorities in Lower Saxony
(LAVES) or the Austrian Ministry of Education, Science
and Research.

Rhscdim

EAE induction, treatment and analysis

C57B1/6 mice were immunized with 50 pg myelin oli-
godendrocyte glycoprotein peptide 35-55 (MOG;s_s5) in
CFA and treated twice with 400 ng pertussis toxin in total
as described [51]. C57B1/6 chimeric mice were immu-
nized in a similar manner with the exception that pertussis
toxin was applied only once at a dose of 200 ng. Balb/c
mice were immunized with 50 g proteolipid protein pep-
tide 180-199 (PLP,g,_,99) in CFA and treated twice with
600 ng pertussis toxin in total as described [22]. Animals
were weighed daily and scored for clinical signs of the dis-
ease on a scale from O to 10 depending on severity; scores
were as follows: 0, normal; 1, reduced tone of tail; 2, limp
tail, impaired righting; 3, absent righting; 4, gait ataxia; 5,
mild paraparesis of hindlimbs; 6, moderate paraparesis; 7,
severe paraparesis or paraplegia; 8, tetraparesis; 9, mori-
bund; 10, death. Treatment with Dexamethasone-dihy-
drogen-phosphate (Dexa-ratiopharm®, Ratiopharm) was
performed by i.p. or i.v. injection at a dose of either 100
or 4 mg/kg, starting once the mice had reached an aver-
age clinical score of 2-3 [51]. Blockade of CCR7 was
achieved by i.v. injection of 50 pwg of an anti-CCR7 anti-
body (eBioscience, Frankfurt, Germany) on two consecu-
tive days. In some cases mice were killed on the day after
the last Dex treatment and the peripheral lymphoid organs
or the spinal cord prepared.

Implantation of osmotic minipumps and administration
of Plerixafor®

Alzet Osmotic Pumps (Model 1002; Durect Corpora-
tion, Cupertino, CA) were implanted s.c. near the spine of
C57/B16 mice under sterile conditions at day 8 after induc-
tion of EAE. The pumps were filled with Plerixafor® (IBL
International, Hamburg, Germany) to allow a constant
release of 4 mg/kg/day. Mice of the control groups were
sham operated since preliminary tests had revealed that
implantation of osmotic pumps with PBS did not interfere
with EAE.

Isolation of infiltrating cells from the spinal cord
and purification of T cells by magnetic cell sorting

Lymphocytes were isolated from the spinal cord by density
centrifugation following perfusion of the mice with NaCl
as described [46]. In brief, the dissected tissue was homog-
enized and resuspended in a three-layer Percoll gradient.
After centrifugation the lymphocytes were harvested at
the interphases between the layers, washed with PBS and
analyzed by flow cytometry. Single cell suspensions from
lymph nodes and spleens were prepared by passing the
cells through a 40 pm Nylon mesh. T cells were purified
using the Pan T Cell Isolation Kit II and the autoMACS
system (both from Miltenyi Biotech, Bergisch Gladbach,
Germany); their purity was assessed via FACS analysis for
BTCR, B220, CD4 and CDS8a and routinely greater than
95 %.

Flow cytometry

All antibodies and reagents were obtained from BiolLeg-
end (London, UK): anti-mCD3 (145-2C11), anti-mCD4
(RM4-5), anti-mCD8 (53-6.7), anti-mCD11b (M1/70),
anti-mCD25 (PC61), anti-mCD44 (IM7), anti-mMHC
class II (H2°, AF6-120.1), anti-mMac-3 (M3/84), anti-
mGITR (DTA-1), anti-hCD3 (HIT3a), anti-hCD4 (OKT4),
anti-hCD8 (HIT8a), anti-hCD19 (HIB19), AnnexinV and
7-AAD. Stainings were performed as previously described
[51]. Analysis was carried out using a FACSCanto II device
(BD Biosciences, Heidelberg, Germany) in combination
with FlowJo software (Treestar, Ashland, OR, USA).

Immunohistochemistry

Histological analysis of PFA-fixed paraffin-embedded tis-
sue sections for T cell infiltration was performed as previ-
ously described [51]. In brief, 3 wm cross-sections were
stained with a rat anti-humanCD3 antibody (1:200; Serotec,
Diisseldorf, Germany) followed by incubation with a bioti-
nylated rabbit anti-rat antibody (1:200; Vector Laboratories,
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Burlingame, CA). Antigen unmasking was achieved by
pre-treating the sections in 1 mM EDTA, pH 8.0 for 30 min
in a microwave oven at 850 W. The peroxidase-based ABC
detection system (Dako, Hamburg, Germany) and DAB
were used for visualization. Quantification was achieved
by taking pictures with an Olympus BX51 microscope at
a 200-fold magnification and counting individual cells with
Imagel (http://rsb.info.nih.gov/ij/).

Fluorescent immunohistochemical staining was per-
formed wusing a rabbit anti-humanCXCL12 antibody
(1:200; Peprotech, Hamburg, Germany) and a rat anti-
humanCD3 antibody (1:200) which were developed with
a FITC-labeled goat anti-rabbit (1:750) and a Cy3-labeled
goat anti-rat (1:500) secondary antibody (Dianova, Ham-
burg, Germany), respectively. DAPI served as a counter-
stain. Analysis was performed using a Zeiss fluorescent
microscope Axio Observer Z1 and AxioVision software.

In vitro apoptosis assay

Splenocytes were isolated from untreated mice and put
in culture with different concentrations of Dex for 24 h.
Kinetic analysis was performed by FACS staining with
AnnexinV-Cy5 and 7-AAD as described [44].

In vitro T cell migration assay

Single cell suspensions were prepared from lymph nodes
and spleens and used for negative MACS isolation with
the Pan T Cell Isolation Kit II (Miltenyi Biotec). Puri-
fied T cells were either kept for 3 h in 0.5 % fatty acid-
free BSA under serum-starved conditions or addition-
ally treated with 10~7 M Dex. Subsequently, 1 x 10°
T cells were added to the upper chamber of a transwell
insert with a pore size of 5 pm (Corning Life Sci-
ences, Acton, MA) and allowed to migrate. The mouse
chemokines CXCL12 (PeproTech, Hamburg, Germany)
or CCL19 (Biomol, Hamburg, Germany) were added to
the lower chamber at different concentrations. T cells in
the lower chamber were counted after 3 h by flow cytom-
etry using Calibrite Beads (BD Bioscience). Effects on
CD47CD44" memory T cells were assessed by FACS
analysis of total T cells. In some assays, 50 ng/ml recom-
binant murine IFNy and 5 ng/ml recombinant murine
IL-17A (both from ImmunoTools, Friesoythe, Germany)
were added to the migration assays.

Proliferation assay and cytokine ELISA
Splenocytes were harvested on the day after the last Dex
application from EAE mice and restimulated in the pres-

ence of 20 png/ml of MOGs;s_s5 peptide as described [50].
Supernatants were collected after 72 h and cytokine levels
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were determined by commercially available ELISA Kkits for
IFNy, IL-10 (BD Bioscience), GM-CSF and IL-17 (R&D
Systems, Wiesbaden, Germany) according to the manufac-
turers’ instructions. T cell proliferation was assessed after
a total of 64 h of incubation time using a >[H]-thymidine
incorporation assay as previously described [50].

Analysis of peritoneal macrophages

Mice were injected i.p. with 1 ml 4 % thioglycolate solu-
tion 4 days prior to the isolation of peritoneal exudate cells
by repeated flushing with PBS as described [39]. Follow-
ing centrifugation, the cells were seeded in 48-well plates
in RPMI medium with 10 % FCS and standard antibiotics
and incubated for 3 h. Non-adherent cells were removed by
repeated washings with PBS/0.1 % BSA and the adhered
macrophages used for experimentation. Purity of the prep-
arations was usually around 90 % as determined by flow
cytometry based on CD11b staining.

Western blot analysis

T cells were centrifuged, lysed in a denaturing sample
buffer for 1.5 h on ice, boiled at 95 °C for 5 min and sepa-
rated on a 7.5 % SDS-PAGE gel. After transfer to a nitro-
cellulose membrane (Hybond-ECL, Amersham, Freiburg,
Germany) the proteins were stained with the indicated pri-
mary antibodies followed by incubation with an HRP-con-
jugated secondary antibody. For visualization, H,0, was
used as an oxidizing agent in combination with an ECL
plus substrate (Thermo Scientific, Bonn, Germany); chemi-
luminescence was detected using the ChemilLux Imager
(Intas, Gottingen, Germany). Densitometric quantification
of the band intensities was achieved using GelPro analyz-
ing software (Media Cybernetics, Bethesda, MD, USA);
the specific background was individually subtracted in each
case. The following antibodies were used: anti-phospho-
Focal Adhesion Kinase-Tyr397 (P-FAK, Cell Signaling,
Danvers, MA, USA), anti-ERK (Santa Cruz, Heidelberg,
Germany) and goat anti-rabbit-IgG-HRP (Pierce, Bonn,
Germany).

RNA isolation and quantitative RT-PCR

Total RNA from CNS infiltrating lymphocytes was iso-
lated using the Quick-RNA MiniPrep kit (Zymo Research,
Irvine, CA, USA) and reverse transcribed into cDNA by
the help of the iScript kit (Bio-Rad, Munich, Germany).
Quantitative real-time PCR was performed on an ABI 7500
instrument (Applied Biosystems, Darmstadt, Germany)
using SYBR green mastermix from the same company
according to the manufacturer’s instruction. The results
were normalized to the mRNA expression of HPRT and
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evaluated using the AAC, method. The primer sequences
are available upon request.

Human T cell preparation and migration

All experiments using human cells were approved by the
local ethics committee. Buffy coats were obtained from
healthy male and female human donors (Department of
Hematology and Oncology, University of Goéttingen Medi-
cal School). Initially, the cells were subjected to a Ficoll
density gradient (Biochrom, Berlin, Germany) to obtain
PBMCs, and monocytes were subsequently depleted by
means of a 46 % Percoll gradient (GE Healthcare, Munich,
Germany). Further purification of the T cell subset was
achieved by magnetic cell sorting through negative deple-
tion with the EasySep Human T cell Enrichment Kit (Stem-
cell Technologies, Grenoble, France). FACS analysis with
antibodies against CD3, CD4, CD8 and CD19 indicated
that the purity was >95 %.

T cells from healthy blood donors were kept for 3 h in
0.5 % fatty acid-free BSA under serum-starved conditions
or additionally treated with 1077 M Dex. Subsequently,
1 x 10° T cells were subjected to a transwell assay using
a pore size of 5 pm (Corning Life Sciences) and allowed
to migrate for 3 h against a gradient of 50 ng/ml human
CXCL12 (ImmunoTools). Quantification of migrated cells
was achieved by flow cytometry using Calibrite Beads (BD
Bioscience).

Blood samples from MS patients were obtained with
informed consent immediately before high-dose pulse
therapy with MP (1 g/day) as well as 24 h later. T cells
from MS patients were isolated by Ficoll density gradient
in combination with the EasySep Human T cell Enrich-
ment Kit (Stemcell Technology). Purified T cells were
directly subjected to a transwell assay against CXCL12 as
described above.

Statistical analysis

Analysis of all animal experiments where more than two
EAE groups had to be compared was done using the
Kruskal-Wallis test followed by Dunn’s multiple com-
parison test (Prism Version 5.0, GraphPad Software, La
Jolla, USA) [13]. To determine differences referring to
the disease course, the whole curves rather than indi-
vidual time points were compared between experimen-
tal groups. Strictly speaking, statistical analysis was per-
formed from the day after the first Dex treatment until the
end of the observation period. All other analyses were per-
formed by unpaired ¢ test except for human samples that
were analyzed using the paired ¢ test. Data are depicted as
mean + SEM; p values above 0.05 were considered as non-
significant (ns); *p < 0.05, **p < 0.01, ***p < 0.001.

Results

Induction of T cell apoptosis and GR dimerization are
dispensable for high-dose GC therapy of EAE

To test the role of apoptosis induction in T cells for the
therapeutic efficacy of GCs we evoked EAE in mice that
overexpress Bcl-2 in T cells. Similarly to wildtype con-
trols, the Bcl-2 transgenic mice were fully susceptible to
EAE induction by immunization with MOG3s_s5 (Fig. 1a).
Surprisingly, Dex ameliorated the disease in Bcl-2 trans-
genic mice to a similar extent as in wildtype control ani-
mals (Fig. 1a), although T cells from the transgenic mice
were refractory to GC-induced apoptosis (supplemental
Fig. 1a, b). To confirm these results we employed GR!*x4im
mice that express a dimerization-defective GR in T cells.
Notably, the monomeric GR allows only transrepression
but not transactivation of genes, an effect that is required
for GC-induced cell death [34]. Indeed, CD4™" T cells from
GR!k4m mice were refractory to apoptosis induction by
Dex (supplemental Fig. 2a), while expectedly, induction
of B cell apoptosis and down-regulation of MHC class II
levels on peritoneal macrophages by Dex were unaffected
(supplemental Fig. 2b, c¢). The disease course of EAE
was similar in GR'*YI™ and control mice and Dex treat-
ment efficiently ameliorated it regardless of the genotype
(Fig. 1b).

To exclude that apoptosis induction in cells other
than T cells might account for the therapeutic GC
effects, we analyzed mice that ubiquitously express the
dimerization-defective GRY™ receptor. Immunization
with MOGs;s_s5 resulted in a similar disease course and
a comparable efficacy of Dex treatment in GRY™ and
control mice (Fig. 1c). Similar findings were made in
GRY™ mice on a Balb/c background immunized with
PLP,50_,99 peptide (supplemental Fig. 3). To test how the
clinical findings were reflected at the cellular level, we
analyzed splenocytes and CNS infiltrating leukocytes in
GRY™ and control mice immunized with MOG;s_s5 on
the day after the last Dex application. Flow cytometric
quantification revealed that GC treatment of wildtype
mice strongly diminished total splenocyte and splenic
CD4™" T cell numbers by inducing apoptosis while this
did not happen in GRY™ mice expressing only a mon-
omeric GR (Fig. 2a). In contrast, the total number of
CNS infiltrating leukocytes, in particular the number
of Mac3™ myeloid cells and CD4" T cells in the spinal
cord, were strongly diminished after Dex treatment in
mice of both genotypes (Fig. 2a). Hence, inhibition of
leukocyte infiltration into the CNS by GCs is independ-
ent of their capacity to reduce T cell numbers in second-
ary lymphoid organs, which suggests that GCs act via
different mechanisms.
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Distinct requirements of GR dimerization for the control
of cytokine release

The retained therapeutic efficacy of GCs observed in GRY™
mice could have been explained by their impact on the pro-
liferation and cytokine secretion of pathogenic T cells or
by the expansion of regulatory T (Treg) cells. To test these
functions, we used GRY™ bone marrow chimeric mice on
a C57BI/6 background (designated GR™%™), an approach
taken to overcome the poor breeding efficiency of GRY™
mice on the C57Bl/6 background (see “Materials and
methods”).

@ Springer

4 Fig. 1 GC-induced T cell apoptosis and GR dimerization are dis-

pensable for the treatment of EAE with Dex. EAE was induced by
immunization with MOGs;5_ss peptide. After reaching a clinical score
of about 3, mice of each genotype were randomly divided into two
groups, one of which was treated on three consecutive days with
100 mg/kg Dex and the other one with PBS as a control (indicated by
arrows). The start of the treatment was defined as day 0. The follow-
ing types of mice were used: a chimeric mice reconstituted with bone
marrow from Bcl-2 transgenic or control mice; data are pooled from
two independent experiments, N = 5-6. b GR'**%™ mijce expressing
the GRU™ receptor exclusively in T cells or the respective GRIVdim
littermate controls; data are pooled from two independent experi-
ments, N = 5-6. ¢ GRY™ mice and phenotypically normal GR*/4im
control mice; data are pooled from three independent experiments,
N = 11-12. All values are depicted as mean + SEM. Statistical anal-
ysis was performed by comparing the disease courses starting on day
1 after the beginning of the treatment until the end of the observation
period using the Kruskal-Wallis test followed by Dunn’s multiple
comparison test

EAE induced in GR™Y™ chimeras could be efficiently
ameliorated by Dex treatment although splenic CD4" T
cell numbers were unaffected (supplemental Fig. 4a, b).
These findings confirm that GR™*™ mice behave similarly
in EAE experiments as GRY™ mice (Figs. lc, 2a). The pro-
liferation rate of wildytpe and GR™™ gplenocytes after
restimulation with MOG;5_s5 peptide ex vivo was compara-
ble and unaffected by GC therapy (Fig. 2b). Dex treatment
of wildtype as well as GR™™ mice led to a significantly
reduced secretion of the pro-inflammatory cytokines IFNy
and IL-17 by splenocytes of both genotypes after antigen-
restimulation ex vivo. In contrast, the GM-CSF release was
only reduced in cultures from Dex-treated wildtype but not
from GR™™ mice (Fig. 2b). Of note, the mRNA expres-
sion of IL-17 and GM-CSF in CNS infiltrating cells fol-
lowed a similar pattern as their secretion by splenocytes
(supplemental Fig. 4c). Furthermore, GC therapy led to an
increased release of the anti-inflammatory cytokine IL-10
by splenocytes after restimulation with MOG;s_s5 peptide
ex vivo, an effect which was independent of the genotype
of the mice (Fig. 2b). In agreement with previous findings
[51], Dex treatment did not alter the percentage of Treg
cells in the spleen of EAE mice (Fig. 2b). Collectively, these
experiments indicate that GCs acting via the monomeric GR
are able to modulate IFNy, IL-17 and IL-10 secretion albeit
they neither inhibit T cell proliferation nor induce Treg
cells nor globally suppress all relevant pro-inflammatory
cytokines. These findings, therefore, stimulated our search
for other potential mechanisms of GC action in EAE.

GCs repress T cell migration towards CCL19 in vitro
but blockade of its receptor CCR7 does not impact the
therapeutic effect of Dex on EAE in vivo

To explore other potential therapeutic mechanisms of
GCs, we analyzed their effects on the responsiveness of



Acta Neuropathol

a Total splenocytes Splenic CD4+ T cells AxV+ CD4+ T cells
— — n.s
% 1.0 *k M oo 20 — % 30
= < &)
= g = 20
é 05 é 10 g
2 3 o 10
: HC 5 : m
8 o 3 ® 0
PBS Dex PBS Dex PBS Dex PBS Dex PBS Dex PBS Dex
control GRdim control GRdim control GRdim
Total CNS infiltrating cells CD4+ T cells (CNS) Mac3+ cells (CNS)
* %
—~ 5> 2 r 1 ~ 10 * %
% 8.0 * *k Lré * % * r 1
x — | 3 f ! = —
~ 20 E CT)
3 g1 s s
IS
3 - 1 80 8 o [
PBS Dex PBS Dex PBS Dex PBS Dex PBS Dex PBS Dex
control GRdim control GRdim control GRdim

b Proliferation IFNYy secretion IL-17 secretion
x 6 60 5 *
% n.s. n.s . * =,
.S. = | | *
= 4 f ! € 40 * £ |
c B | 2 3
S 2 £
® = ~ 2
> 2 = 20 0 i
sl P SRR EN Im
S =
a 0 0 0
PBS Dex PBS Dex PBS Dex PBS Dex PBS Dex PBS Dex
control GRbhscdim control GRhscdim control GRbhscdim
GM-CSF secretion IL-10 secretion GITR+ CD25+ Treg cells
*%
= 3 — 40 » 12
S = ©
£ 3 n.s.
g 5 % 30 p<0 06 = 9 — n.s.
I £ 2 % 6
3 2 o
7 T10 o 3
= = e}
& 0 [ ] 0 )
PBS Dex PBS Dex PBS Dex PBS Dex PBS Dex PBS Dex
control GRhscdim control GRhscdim control GRhscdim

Fig. 2 Differential requirements of the dimerized GR for the modula-
tion of EAE by Dex. a EAE was induced in GRY™ as well as GR*/4m
control mice by immunization with MOG;s_s5 peptide followed by
treatment with 100 mg/kg Dex on three consecutive days or PBS as
a control. Analysis was performed on the day after the last treatment.
The spleens were removed and analyzed by FACS. The total number
of splenocytes, the number of splenic CD4™ T cells (N = 6-8, pool
of two independent experiments) and the percentage of apoptotic
AnnexinVT CD4% T cells in the spleen (N = 3) are depicted in the
upper panel. In addition, infiltrating leukocytes were isolated from
the spinal cord by density gradient centrifugation and analyzed by
FACS. The total number of CNS infiltrating cells, the number of
CD4* T cells and Mac3™ myeloid cells in the spinal cord are depicted
in the lower panel (N = 4-6, pool of two independent experiments).

b EAE was induced in chimeric mice reconstituted with bone mar-
row either from GRY™ (GR"d™) or GR*4™ (control) mice followed
by treatment with 100 mg/kg Dex or PBS on three consecutive days.
Splenocytes were isolated on the day after the last treatment and
restimulated in vitro with MOGs;5_s5 peptide for 72 h. The prolifera-
tion rate is shown as the index of proliferation in the presence of the
antigen divided by proliferation in its absence (N = 3-5). Levels of
IFNy, IL-17, GM-CSF and IL-10 in cell culture supernatants were
determined by ELISA (N = 3-8, pool of two independent experi-
ments). The percentages of GITRTCD25TCD4" Treg cells in the
spleen were analyzed by flow cytometry immediately after dissec-
tion (N = 5-9, pool of two independent experiments). The values in
all panels are depicted as mean £ SEM. Statistical analysis was per-
formed using the unpaired 7 test
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Fig. 3 Dex represses CCL19-directed T cell migration in vitro »

while blocking CCR7 in vivo has no significant effect on EAE.
a Total T cells were isolated from spleens and lymph nodes of
C57B1/6 mice, pretreated for 3 h with or without Dex and tested in
a transwell assay for their capacity to migrate towards 100 ng/ml
mouse CCL19 during a 3-h period without further presence of Dex.
Cell numbers were determined by FACS using reference beads (left
panel, N = 8). Results for CD44% CD4" T cells were calculated
by FACS analyses of transwell assays of total T cells (right panel,
N = 3). All values are depicted as mean = SEM. Statistical analy-
sis was performed using the unpaired ¢ test. b C57Bl/6 mice were
immunized with MOG;;_ss peptide and either treated with 100 mg/
kg Dex i.v. on three consecutive days (dashed arrows) or 50 pg
anti-CCR7 antibody i.v. on two consecutive days (arrows) after
reaching an approximate clinical score of 2. Application of PBS
served as a control; the onset of the treatment was defined as day 0
(N = 4-5). ¢ EAE was induced in C57B1/6 mice followed by treat-
ment either with 4 mg/kg Dex i.p. (dashed arrows), a combination
of 4 mg/kg Dex i.p. and 50 pg anti-CCR7 antibody i.v. (arrows)
or PBS as a control (N = 5-6). All values in b and ¢ are depicted
as mean = SEM. Statistical analysis was performed by comparing
the disease courses between days 1 and 6 after the beginning of the
treatment using the Kruskal-Wallis test followed by Dunn’s multi-
ple comparison test

T cells to various chemokines. Initially, we investigated
CCL19 which is one of the main ligands of CCR7 and
expressed by endothelial cells of the BBB [1]. CCL19
enhanced T cell migration in a transwell assay while pre-
incubation with Dex reduced this effect. The diminished
responsiveness to CCL19 was observed irrespectively
of whether total T cells or CD44TCD4" memory T cells
were studied (Fig. 3a). Of note, CCR7 surface levels on
T lymphocytes were unaltered by Dex (supplemental
Fig. 5a), suggesting that GCs interfere with intracellu-
lar CCR7 signaling rather than its expression on the cell
surface.

To investigate whether modulation of the CCL19/CCR7
chemotactic pathway plays any role in vivo, we induced
EAE in C57Bl/6 mice and injected them with an anti-
CCR7 antibody, either alone or in combination with
Dex (Fig. 3b, c¢). While GC therapy strongly ameliorated
the disease at a high dose and moderately at a low dose
as expected, inhibition of CCR7 alone had no impact on
EAE. Administration of anti-CCR7 in combination with a
low dose of Dex improved the disease slightly more than
Dex alone but without reaching statistical significance.
The lack of therapeutic potency was not because CCR7
had been insufficiently blocked, as T cells from mice
treated with the anti-CCR7 antibody in vivo were sig-
nificantly impaired in migrating towards CCL19 in vitro
(supplemental Fig. 5b). Taken together, our findings sug-
gest that repression of CCL19-directed migration by GCs
does not significantly contribute to their therapeutic effi-
cacy, which encouraged us to investigate other chemokine
receptor signaling pathways which potentially could be
more important.
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The monomeric GR is both necessary and sufficient
for CXCL12-directed T cell migration and its enhancement
by GCs

We then tested the effect of GCs on the responsive-
ness of T cells to CXCL12, which is also constitutively
expressed in the CNS and whose receptor CXCR4 is pre-
sent on both naive and memory T cells [23]. T cells from
C57Bl/6 mice efficiently migrated towards CXCLI12 in
a transwell assay. However, in contrast to CCL19, Dex
enhanced rather than diminished the migratory capac-
ity of total and CD447CD4" memory T cells (Fig. 4a).
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Fig. 4 CXCLI12-directed T cell migration is enhanced after Dex
treatment. a Total T cells were isolated from spleens and lymph nodes
of C57B1/6 mice, pretreated for 3 h with or without Dex and tested
in a transwell assay for their capacity to migrate towards 50 ng/ml
mouse CXCL12 during a 3-h period without further presence of Dex.
Cell numbers were determined by FACS using reference beads (left
panel, N = 15). Results for CD44™ CD4™ T cells were calculated by
FACS analyses of transwell assays using total T cells (right panel,
N = 3). All values are depicted as mean + SEM. Statistical analy-
sis was performed using the unpaired ¢ test. b Isolated T cells from
spleens and lymph nodes of GRY™ or GR!* mice, both on a C57B1/6
background, were tested in a transwell assay for their capacity to
migrate towards 50 or 100 ng/ml mouse CXCLI12. The cells were
pretreated for 3 h with or without Dex and subsequently allowed to
migrate for another 3 h without further presence of Dex. Cell num-
bers were determined by FACS using reference beads (N = 6-8 for
GRY™ T cells, N = 10-12 for GR'* T cells). All values are depicted
as mean + SEM. Statistical analysis was performed using the
unpaired ¢ test

The potentiating effect of Dex could be confirmed in T
cells from Balb/c mice (supplemental Fig. 6a) and was
not influenced by the addition of IFNy and IL-17A (sup-
plemental Fig. 7). We conclude that the changes in pro-
inflammatory cytokine secretion caused by Dex therapy
of EAE (see Fig. 2b) were unrelated to the observed
migratory phenotype.
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Fig. 5 Treatment of T cells with CXCL12 and Dex leads to the acti-
vation of FAK. a Isolated T cells from spleens and lymph nodes of
C57BI/6 wildtype (wt) or GR'** mice were treated with 1077 M Dex,
100 ng/ml mouse CXCL12 (C12) or a combination of both (D + C)
for 15 min or left untreated (con). Protein lysates were analyzed by
western blot using antibodies against p-FAK and ERK as a loading
control. One representative example out of three is depicted. b West-
ern blots were quantified by densitometry followed by normalization
of p-FAK to ERK. Protein levels of p-FAK in wt control cells were
set equal to 1 and all other values were calculated accordingly. N = 3.
The values are depicted as mean = SEM. Statistical analysis was per-
formed using the unpaired 7 test

To evaluate the requirements of GR signaling for
CXCR4 function, we isolated T cells from GRY™ mice and
tested their migration towards CXCL12. Interestingly, the
enhancing effect of Dex treatment was retained in these
cells, indicating that the loss of apoptosis induction by GCs
in GRY™ mice is uncoupled from their retained ability to
potentiate CXCL12-directed T cell migration (Fig. 4b). The
same held true for T cells from GRY™ mice of the Balb/c
background (supplemental Fig. 6b). Surprisingly, T cells
isolated from GR'* mice, i.e., cells that completely lack the
GR, did not migrate along a CXCL12 gradient at all and
Dex had no effect on their migration (Fig. 4b). Thus, the
monomeric GR is sufficient but also necessary to endow T
cells with the capacity to migrate towards CXCL12.

The modified T cell migration in response to Dex could not
be explained by altered CXCR4 surface levels (supplemental
Fig. 8a), suggesting that GCs might impact CXCL12-directed
migration by enhancing CXCR4 signaling. Indeed, we found
evidence that GCs influence focal adhesion kinase (FAK),
which is involved in the rearrangement of the cytoskeleton,
facilitates T cell migration and is part of the CXCR4 signaling
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Fig. 6 The CXCR4 signaling pathway is a target of GCs in the treat- »

ment of EAE. a At day 8 after immunization with MOGg;5_s5 peptide,
C57BI1/6 mice were implanted with an osmotic minipump under their
back skin which delivered Plerixafor® over a 14-day period (indicated
by a bar) or sham operated as a control (con). After the onset of first
disease symptoms, mice receiving Plerixafor® and sham-operated
controls were divided into two groups, one receiving 100 mg/kg Dex
on three consecutive days and the other one PBS as a control (indi-
cated by arrows). N = 6-9 (pool of two separate experiments). All
values are depicted as mean £ SEM. Statistical analysis was per-
formed by comparing the disease courses starting on day 1 after the
beginning of the treatment until the end of the observation period
using the Kruskal-Wallis test followed by Dunn’s multiple compari-
son test. Spinal cords were dissected at the end of the experiment
(a) and analyzed by immunohistochemistry using an anti-CD3 anti-
body. Quantification of infiltrating cells per square millimeter (mm?)
was performed separately for the white (b) and the gray (c¢) matter;
N = 4-7. The values are depicted as mean £ SEM. Statistical analy-
sis was performed using the unpaired ¢ test

pathway [20, 38]. Treatment of total T cells with CXCL12,
Dex or a combination of both led to a marked increase in FAK
phosphorylation (Fig. 5a, b) which mirrors the increased T
cell migration after CXCL12 treatment and its enhancement
by Dex (see Fig. 4a). The basal phosphorylation level of FAK
was higher in T cells from GR* mice but it was hardly altered
by addition of CXCL12 or Dex (Fig. 5a, b). This observation
is in line with the inability of GR'® T cells to migrate towards
CXCL12, suggesting that the GR is essential for the function-
ing of the CXCL12/CXCR4 signaling pathway.

CXCRA4 is critical for GC therapy of EAE

To evaluate whether the modulation of T cell migration
towards CXCL12 plays a role for GC therapy of EAE in
vivo, we applied Plerixafor® to C57B1/6 mice after induc-
tion of EAE. Plerixafor® is a potent and specific CXCR4
antagonist [14] that is also active in the mouse system
(supplemental Fig. 8b). Permanent in vivo application was
achieved by implanting osmotic minipumps at day 8 after
immunization which resulted in the release of a constant
dose of the inhibitor over a 14-day period. Plerixafor® alone
had no significant impact on clinical symptoms, whereas
Dex treatment of control mice, as predicted, ameliorated the
disease course (Fig. 6a). Blocking CXCR4 by Plerixafor®
significantly diminished the therapeutic effect of GC ther-
apy, although it did not completely abolish it (Fig. 6a).
CXCL12 is highly expressed in the meninges of the CNS,
for which reason T cells expressing its receptor CXCR4 were
found to be retained in the perivascular space during EAE
[23, 41]. In addition, CXCL12 is expressed by secondary
lymphoid and non-lymphoid organs and redirects CXCR4-
expressing T cells away from inflammatory lesions [28].
Histological studies revealed that Dex strongly reduced the
total number of infiltrating T cells in control mice but only
slightly in mice additionally receiving Plerixafor® (Figs. 6b,
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7). Furthermore, Plerixafor® application (with or without the
addition of Dex) resulted in a more dispersed distribution of
the infiltrating T cells throughout the parenchyma including
the gray matter, which is different from the focal lesions that
are predominantly found in close proximity to the meninges
and the blood vessels in control mice (Figs. 6¢c, 7). These
findings were corroborated by fluorescent immunohisto-
chemical analysis. Regardless of the treatment with Dex,
T cells in Plerixafor®-treated mice were located remotely
from the CXCL12-positive endothelial cells and diffusely
distributed throughout the spinal cord parenchyma (Fig. 8).
Taken together, blocking of CXCR4 during Dex therapy
results in an increased T cell homing to the CNS and a more
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Fig. 7 Immunohistochemical
analysis of T cell infiltration
after treatment of EAE with or
without Dex and/or Plerixafor®.
C57B1/6 mice were immu-
nized with MOGg;;_s5 peptide
and at day 8 they were either
implanted with an osmotic
minipump which delivered
Plerixafor® over a 14-day
period or sham operated as a
control. After the onset of first
disease symptoms mice receiv-
ing Plerixafor® and control
mice were further randomly
divided into two groups: one
of them received 100 mg/kg
Dex on three consecutive days
and the other one received PBS
(corresponding to the experi-
ment shown in Fig. 6a). Spinal
cords were obtained at the end
of the experiment and analyzed
by immunohistochemistry using
an anti-CD3 antibody. One rep-
resentative staining out of four
of each group is depicted as an
overview of the whole spinal
cord (left side) and an enlarged
picture taken from the upper
middle part (right side). The
length of the bar corresponds to
500 or 200 pm, respectively

Plerixafor / PBS control / PBS

control / Dex

Plerixafor / Dex

pronounced parenchymal invasion of the infiltrated T cells,
and both effects presumably contribute to the reduced thera-
peutic efficacy of GCs after Plerixafor® administration.

GC treatment enhances CXCL12-directed migration
of human T cells in vitro

To confirm that the newly identified mode of GC action
was indeed of clinical relevance we initially analyzed
peripheral blood T cells from healthy human donors. Puri-
fied T lymphocytes consisting of a mixture of CD4" and
CDS8™ cells (ratio 2:1) strongly migrated towards CXCL12

in a transwell assay and Dex further enhanced their migra-
tory capacity significantly (Fig. 9a). Thus, the potentiating
effect of GC treatment on CXCL12-directed T cell migra-
tion also applies to humans, which suggests that T cell redi-
rection through the CXCR4/CXCL12 axis might occur dur-
ing GC therapy of MS patients.

MP pulse therapy enhances T cell migration
towards CXCL12 in MS patients

To investigate whether the well-known beneficial effect
of MP pulse therapy correlated with an enhanced T cell
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Fig. 8 T cell infiltrates in the spinal cord are more dispersed after
treatment with Plerixafor®. C57Bl/6 mice were immunized with
MOG;s 55 peptide and at day 8 they were either implanted with an
osmotic minipump which delivered Plerixafor® over a 14-day period
or sham operated as a control. After the onset of first disease symp-
toms mice receiving Plerixafor® and control mice were further ran-
domly divided into two groups: one of them received 100 mg/kg
Dex on three consecutive days and the other one received PBS (cor-
responding to the experiment shown in Fig. 6a). Spinal cords were
obtained at the end of the experiment and analyzed by fluorescent
immunohistochemical analysis with an anti-CXCL12 antibody that

migration towards CXCL12 in MS patients, we performed
a longitudinal study using purified T cells obtained from
peripheral blood immediately before and 24 h after MP pulse
therapy. We included adult patients with a relapsing-remit-
ting (RRMS) and a primary progressive (PPMS) disease
course as well as children suffering from RRMS. The clini-
cal characteristics of the patients are summarized in Table 1.
Importantly, migration of purified peripheral blood T cells of
MS patients towards CXCL12 was significantly enhanced
after MP pulse therapy as compared to T cells isolated before
the treatment (Fig. 9b). In fact, a qualitatively similar effect
was seen in every single patient irrespective of the disease
course or the age of the patient (Fig. 9c). In summary, stand-
ard MP pulse therapy strongly enhances T cell migration
towards CXCL12 and thus might provide a plausible expla-
nation for the therapeutic effects of GCs in MS patients.

Discussion

This study is focused on the therapeutic effects of GCs
in CNS autoimmunity. In our previous work, we showed
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Plerixafor

was developed with a FITC-conjugated secondary antibody, an anti-
CD3 antibody that was developed with a Cy3-conjugated second-
ary antibody and DAPI as a counterstain. Representative images of
spinal cord sections of one control mouse (upper left), one mouse
treated only with Dex (lower left), one mouse receiving exclusively
Plerixafor® (upper right) and one mouse co-treated with Dex and
Plerixafor® (lower right) are depicted (N = 4). The large arrows
point towards structures positively staining for CXCL12, presumably
endothelial cells of blood vessels, whereas the small arrows indicate
infiltrating T cells. The length of the bar corresponds to 100 pm

that it is primarily the GCs’ action on peripheral T cells
which is essential for ameliorating EAE [51]. In particu-
lar, we had found a massive induction of T cell apoptosis,
a down-regulation of adhesion molecules [51] and lower
amounts of IFNy and IL-17 [50] after treatment of EAE
with either GCs or the selective GR ligand CpdA. The
overall consequence was a reduced influx of autoreactive
T cells into the CNS [51]. In this study, we now concen-
trated on one of these potential mechanisms, namely apop-
tosis induction, to determine whether and to what extent it
was required for the successful therapy of EAE by GCs.
Apoptosis of immune cells, both in the periphery and in
the CNS, is widely held responsible for the beneficial
effects of GCs [31, 35], and in support of this hypothesis
we found dramatically reduced T cell numbers in second-
ary lymphoid organs after high-dose Dex treatment [51].
However, our data presented here argue against GCs acting
solely by inducing cell death. We show that full therapeutic
efficacy can be achieved even when T cells are completely
refractory to apoptosis induction by Dex. This was initially
shown in a model where overexpression of Bcl-2 in hemat-
opoietic cells did not impede the therapeutic efficacy of
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Fig. 9 Migration of human T cells towards CXCL12 is enhanced by »

GCs in vitro and in vivo. a Purified T cells from peripheral blood of
healthy human donors were pretreated for 3 h with or without 10~" M
Dex and tested in a transwell assay for their capacity to migrate
towards 50 ng/ml human CXCL12 during a 3-h period without fur-
ther presence of Dex. A transwell assay without CXCL12 served as
a control (w/o0). Cell numbers were determined by FACS using ref-
erence beads. T cells from individual human donors were tested in
quadruplicates (N = 4/6); each symbol represents a single donor.
Statistical analysis was performed using the paired ¢ test. a, b T cells
were purified from the peripheral blood of patients with diagnosed
MS (for clinical details see Table 1), both immediately before (pre
MP) and 24 h after high-dose MP pulse therapy (post MP). After-
wards the T cells were subjected to a transwell assay to test their
capacity to migrate towards 50 ng/ml human CXCLI12 during a 3 h
period. A transwell assay where CXCL12 was omitted (w/o) served
as a control. Cell numbers were determined by FACS using refer-
ence beads. b The percentage of migrated cells in each condition is
collectively depicted for all patients irrespective of their clinical sub-
type. Each symbol represents one MS patient. Statistical analysis was
performed using the paired 7 test (N = 10). ¢ In addition, the change
in the T cells’ migratory capacity in response to CXCL12 following
MP therapy is depicted individually for each patient. In this case, the
patients were classified according to their MS disease course, namely
RRMS in adults (N = 4) and children (N = 3) as well as PPMS in
adults (N = 3)

GCs in EAE. Further evidence was obtained in GRY™ mice
which carry a point mutation that prevents GR dimeriza-
tion and consequently gene transactivation and apoptosis
induction [34]. When we induced EAE in mice express-
ing the GRY™ receptor specifically in T cells, the thera-
peutic effect of GC application was similar to that seen in
wildtype mice. To rule out any effect GCs could have on
other cell types in this model, we used mice ubiquitously
expressing the GRY™ receptor but obtained similar results.
Importantly, CNS infiltration in GRY™ mice was strongly
reduced albeit peripheral T cell numbers remaining unal-
tered. This meant that GCs acting via the monomeric GR
were either able to alter cytokine production by pathogenic
T cells, which would dampen the pro-inflammatory milieu
required for their entry into the CNS, or they directly
impacted T cell migration. In fact, repression of IFNy and
IL-17 was retained in GRY™ mice, indicating that it was
mediated by the monomeric GR. However, neither IFNy
nor IL-17 alone is essential for the pathogenic potential of
effector T cells [12, 16] but rather GM-CSF seems to be a
crucial factor in EAE [6, 11, 24]. Yet, this cytokine was not
repressed in GRU™ T cells by Dex. GCs could also act by
up-regulating anti-inflammatory cytokines such as IL-10
[49] or by expanding Treg cells [2]. Indeed, we observed
increased IL-10 levels in response to Dex in our model
irrespective of the genotype. However, while GC treat-
ment of EAE had been previously reported to increase the
percentage and potency of Treg cells [5], this phenomenon
could neither be reproduced in a former [51] nor in the
current study.
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In view of the ambivalent findings concerning the regu-
lation of pro-inflammatory cytokines and Treg cells by Dex,
we searched for other mechanisms that might be important
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Table 1 Clinical characteristics

; Age Gender Disease Immunomodulatory Time since last
of MS patients analﬁed for . duration (years) medication GC pulse
the migratory capacity of their
peripheral blood T cells after RRMS adult
methylprednisolone pulse #1 29 Male 1 Copaxone® 10 months
therapy

#2 31 Female None NA NA

#3 33 Female 1 Rebif® 10 months

#4 36 Male 6 Betaferon® 6 months
PPMS adult

#1 43 Female 10 None 3 years

#2 59 Male 10 None 3 months

#3 67 Male 2 None 10 weeks
RRMS children

#1 11 Female None 10 weeks

#2 15 Female Rebif® 6 months

#3 17 Female Rebif® 5 months

for GC therapy. Due to the fact that chemokine/chemokine
receptor interactions were suggested to be involved in the
modulation of EAE [1, 10, 23, 41], we investigated whether
GCs could directly influence chemokine-induced T cell
migration. As a matter of fact, T cell responsiveness to
CCL19 was significantly reduced by Dex. However, if this
played a role in vivo, blockade of its main receptor CCR7
should also interfere with neuroinflammation. Administra-
tion of an anti-CCR7 antibody alone as well as in combi-
nation with Dex did not significantly ameliorate EAE. It
is, therefore, unlikely that the inhibitory effect of Dex on
CCL19-directed migration contributes to the therapeutic
efficacy of GCs in a relevant manner.

Intriguingly, the effect of Dex on T cell migration
towards CXCL12 was opposite of that towards CCL19.
Total and CD4TCD44" memory T cells migrated signifi-
cantly better along a CXCL12 gradient when pretreated
with Dex, and this effect was independent of the levels
of pro-inflammatory cytokines such as IFNy and IL-17,
which are modulated by GC therapy of EAE. While
the latter population comprises antigen-specific T cells
responsible for the autoimmune attack, naive T cells are
recruited to the CNS as bystander cells and help sustain
the inflammatory response [45]. Thus, both cell types
contribute to the pathogenesis of EAE and are subject to
GC action during therapy. Furthermore, the monomeric
GR expressed in GRY™ mice alone was fully capable of
enhancing CXCL12-directed T cell migration, which
is compatible with the retained ability of these mice to
respond to GC therapy of EAE. The fact that the potenti-
ating effect of GC treatment on CXCL12-directed migra-
tion was also found in human T cells from healthy donors
as well as MS patients undergoing high-dose MP pulse
therapy argues for its clinical relevance. Increased T cell
migration towards CXCL12 in response to GCs could have

@ Springer

at least two consequences. First, CXCL12 is constitutively
expressed in peripheral lymphoid and other solid organs
such as liver, lung and bone marrow [9, 28]. Enhanced
migration could, therefore, lead to a redirection of auto-
reactive and bystander T cells away from inflammatory
CNS lesions towards peripheral tissues. This would be in
line with the observation that humans systemically treated
with GCs show a reduction in the number of circulating
T cells within hours, and that T cells are found instead
sequestered within lymphoid organs and the bone mar-
row [32]. Second, T cells having an improved capacity to
respond to CXCL12 might be trapped in the perivascular
space of the CNS where CXCL12 is highly expressed, and
thereby be prevented from entering the CNS parenchyma
[23, 41]. Inhibition of CXCR4 strongly impaired the thera-
peutic effect of Dex on EAE, and indeed we found some
evidence for both aforementioned mechanisms. CNS infil-
tration by T cells in general was markedly increased after
the combined treatment with Dex and Plerixafor®, arguing
that redirecting the T cells away from the inflamed CNS
was crucial for the efficacy of GC therapy. Furthermore, in
the presence of Plerixafor® infiltrating T cells were distrib-
uted over the whole CNS parenchyma including the gray
matter. This indicates that the blockade of CXCR4 inter-
feres with the accumulation of T cells in close vicinity to
CXCL12-secreting endothelial cells, which might contrib-
ute to the therapeutic Dex effect. However, we do not have
any direct evidence that T cells indeed become trapped
within the perivascular space of CNS blood vessels after
Dex therapy. CXCR7, which is expressed at the BBB, has
been recognized as an alternative receptor for CXCL12
that scavenges CXCLI12 and thereby facilitates T cell
entry into the CNS parenchyma [7]. Blockade of CXCR7
ameliorates EAE and impedes leukocyte entry into the
CNS due to the increase in CXCL12. Thus, increased



Acta Neuropathol

responsiveness to CXCL12 after Dex treatment (our data)
and higher CXCL12 levels after inhibition of CXCR7 [7]
may have similar effects. Collectively, our data indicate
that the CXCL12/CXCR4 chemokine/chemokine receptor
pair plays an important role for the progression of EAE
and MS.

Further support for our model that CXCR4 is of major
importance for GC therapy of EAE comes from the obser-
vation that GR ablation abrogates both CXCL12-directed
T cell migration and enhanced phosphorylation of FAK.
This implies that the GR per se is essential for CXCR4
signaling. It was previously shown that CXCR4 physically
associates with the TCR after CXCL12 stimulation and
that it uses ZAP-70’s ITAM motif for signal transduction
[19]. Dex enhances CXCR4 signaling by increasing ZAP-
70 phosphorylation through interference of the GR with
the TCR complex [15]. It was also found to enhance FAK
phosphorylation in adenocarcinoma cells [18], which is in
line with our findings for primary T cells. The aforemen-
tioned data from the literature suggest that CXCR4 and
the TCR form a complex involving the GR after CXCL12
exposure that leads to the activation of FAK, the rearrange-
ment of the cytoskeleton and enhanced T cell migration
[26]. In the absence of the GR, none of these events occur
and T cells fail to migrate along a CXCL12 gradient, which
might explain why mice lacking the GR in T cells develop
a severe EAE and are refractory to GC therapy [51].

Our clinical study of MS patients of different subtypes
including adults with RRMS and PPMS as well as chil-
dren with RRMS provides evidence that the alteration in
T cell migration as a newly identified mechanism of GC
action might be of considerable clinical relevance. Standard
high-dose MP pulse therapy of MS patients from all three
groups resulted in enhanced migration of peripheral T cells
towards CXCL12 within 24 h. This effect was robust as it
occurred in every patient and was independent of the age
and the particular disease course. In our view, this obser-
vation indicates that the altered T cell migration mediated
via the CXCL12/CXCR4 axis could be a plausible expla-
nation for the beneficial effects of GC therapy. This brings
about several important consequences. First, the search for
improved GC derivatives to be used as MS therapeutics
should concentrate on those that act via the DNA-binding-
independent function of the GR as they can be expected
to efficiently redirect T cells away from the CNS while
having less side effects. Second, research on new drugs
should consider that actively redirecting T cells away from
the inflamed CNS seems to ameliorate disease symptoms
in MS patients regardless of their disease course and age.
Third, new biomarkers are needed that help to predict the
efficacy of MP administration in RRMS and to decide upon
escalating therapy. We believe that there might be a corre-
lation between the responsiveness of the patients’ T cells

towards CXCL12 and the clinical outcome of MP ther-
apy. Therefore, prospective studies should be conducted
to determine whether this feature could indeed serve as a
biomarker.

In summary, our results have uncovered T cell migra-
tion as a process in the pathogenesis of EAE that is signifi-
cantly influenced by therapeutic and, most likely, endog-
enous GCs as well. Based on our findings for human T
cells, we expect that this regulatory principle also applies
to the treatment of MS patients. While the observed effect
presumably acts in concert with the suppression of T cell
effector functions and the induction of apoptosis, the latter
is per se dispensable for therapeutic efficacy of GCs.
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Supplemental Fig. 1 Bcl-2-overexpressing T cells are resistant to apoptosis induction by Dex treatment.

(a) Splenic CD4+ or (b) CD8* T cells were isolated from chimeric vav-Bcl-2 transgenic and control mice by
magnetic cell sorting and incubated for 20 hours without (control) or with ascending concentrations of Dex
(10-9 - 10-7 M) in vitro. Survival was determined by flow cytometry using AnnexinV in combination with 7-AAD.
N = 3-4. The values are depicted as mean + SEM. Statistical analysis was performed by unpaired t-test.
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Supplemental Fig. 2 Selective disruption of GR dimerization and gene transactivation in T cells but not

in other cells of GRIckdim mice. (a,b) Splenocytes from GRIckdim and control mice were incubated for

20 hours without (control) or with ascending concentrations of Dex (10-9 - 10-7 M) in vitro followed by flow
cytometric analysis of cell survival using AnnexinV in combination with fluorescently labeled monoclonal
antibodies. (a) The relative survival of CD4+ T cells and (b) B cells is depicted as the mean + SEM; control
cultures were set to 100 %. N = 3-6. (c¢) Peritoneal macrophages were cultured in the presence of 10-7 M
Dex for 24 hours followed by FACS analysis of MHC class |l surface expression. N = 3-4. The mean
fluorescence intensity (MFI) is depicted as the mean + SEM; Statistical analysis was performed by unpaired
t-test.
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Supplemental Fig. 3 Dex administration efficiently ameliorates EAE in GRdim mice on a Balb/c background.
EAE was induced in GRdim and Balb/c control mice by immunization with 50 ug PLP1gg.199 peptide. Mice
were treated with 100 mg/kg Dex or PBS as a control on three consecutive days (arrows). The first day of
treatment was defined as day 0. N = 5-8 (pool of two independent experiments). All values are depicted as
mean + SEM. Statistical analysis was performed by comparing the disease courses starting on day 1 after
the beginning of the treatment until the end of the observation period using the Kruskal-Wallis Test followed
by Dunn’s Multiple Comparison Test.



a Treatment success b Splenic CD4* T cells
*%k% n.s
g 10 KKk .I_I ;\? 150 * '_|
» 64 oo = 100 T
S 2] e 8, ° 8
° (]
© . o E
2 E17S . 2 90 T
2 y =
c -6 o 0
PBS Dex PBS Dex PBS Dex PBS Dex
control GRhscdim control GRhscdim
c CNS infiltrating cells CNS infiltrating cells
5 n.s <ZE 2.0 n.s
< . .
z 4 ns. — X 15 — —
x 3 — S
€ L 1.0
~ 2 92
51 PR
0 'll o 0
PBS Dex PBS Dex PBS Dex PBS Dex
control GRbhscdim control GRbhscdim

Supplemental Fig. 4 Characteristics of GC therapy of EAE in chimeric GRhscdim mice and regulation
of cytokine mMRNA expression in CNS infiltrating cells. EAE was induced in GRhscdim and control mice
and treated with 100 mg/kg Dex after the appearance of first disease symptoms. (a) Treatment efficacy
is depicted as the difference in clinical scores between the day of the first Dex application and the day
after the last Dex application. N = 7-12 (pool of three independent experiments). Each dot represents a
single mouse and the horizontal line indicates the mean. (b) Splenocytes were isolated on the day after
the last Dex treatment, enumerated and analyzed by flow cytometry. The total number of splenic CD4+
T cells is depicted as mean + SEM; N = 5-9 (pool of two independent experiments). (¢) The spinal cord
was isolated following perfusion with sodium chloride on the day after the last Dex treatment and the
infiltrating lymphocytes were eluted by density gradient centrifugation. RNA was extracted and analzyed
by quantitative RT-PCR. Relative mRNA levels are depicted as mean + SEM; N = 4-8. Statistical analysis
was performed by unpaired t-test in all panels.
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Supplemental Fig. 5 CCR7 surface expression on T cells is unaffected by Dex and CCL19-directed

T cell migration ex vivo is significantly reduced after anti-CCR7 administration to EAE mice. (a) Total T

cells were isolated from the spleens and lymph nodes of C57BI/6 wildtype mice and treated with 10-7 M

Dex or PBS as a control for 5 hours in vitro. The mean fluorescence intensity (MFI) of CCR7 was measured
by FACS analysis. N = 3-5. (b) Total T cells were isolated from the spleens and lymph nodes of C57BI/6
wildtype mice that had been treated with an anti-CCR?7 antibody in vivo twice on two consecutive days.

Their capacity to migrate along a mouse CCL19 gradient (100 ng/ml) was tested in a transwell assay ex vivo.
N = 4. All values are depicted as mean + SEM. Statistical analysis was performed by unpaired t-test.
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Supplemental Fig. 6 Migration of T cells isolated from Balb/c wildtype and GRdim mice along a
CXCL12 gradient is enhanced by Dex treatment in vitro. (a) Total T cells were purified from the spleens
and lymph nodes of wildtype Balb/c mice or (b) GRdim mice on a Balb/c background and subjected to
a transwell assay in the absence of an added chemokine or employing a gradient of either 50 ng/ml or
100 ng/ml mouse CXCL12. T cells were preincubated with Dex at a concentration of 10-7 M for three
hours or left untreated (PBS). After an additional three hours of migration T cell numbers in the lower
chamber were enumerated by flow cytometry. N= 4-6. All values are depicted as mean + SEM.
Statistical analysis was performed by unpaired t-test.
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Supplemental Fig. 7 Impact of pro-inflammatory cytokines on GC-induced T cell migration along a
CXCL12 gradient. Total T cells were purified from the spleens and lymph nodes of C57BI/6 wildtype

mice and subjected to a transwell assay employing a gradient of 50 ng/ml mouse CXCL12 in the absence
or presence of 5 ng/ml IL-17A and 50 ng/ml IFNy. Prior to the transwell assay the T cells were either
preincubated with 10-7 M Dex for three hours or left untreated (PBS). After an additional three hours of
migration T cell numbers in the lower chamber were enumerated by flow cytometry. N=8 (pool of two
independent experiments). All values are depicted as mean £+ SEM. Statistical analysis was done by

unpaired t-test.
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Supplemental Fig. 8 Surface expression of CXCR4 on T cells is unaffected by Dex, and Plerixafor®
prevents CXCL12-directed T cell migration in vitro. (a) Total T cells were isolated from the spleens and
lymph nodes of C57BI/6 wildtype mice and treated with 10-7 M Dex or PBS as a control for 5 hours in vitro.
The mean fluorescence intensity (MFI) of CXCR4 was measured by FACS. N = 3-5. (b) Total T cells were
isolated from the spleens and lymph nodes of C57BI/6 wildtype mice and tested in a transwell assay for
their capacity to migrate along a mouse CXCL12 gradient (100 ng/ml) in the presence of 50 pg/mli
Plerixafor®. N = 4. All values are depicted as mean + SEM. Statistical analysis was performed by

unpaired t-test.
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Zusammenfassung des wissenschaftlichen Inhaltes

Glukokortikoide werden seit mehr als zwei Jahrzehnten weitverbreitet zur Behandlung von
Patienten mit Multipler Sklerose (MS) eingesetzt. Bislang wurde angenommen, dass das
Auslésen von Zelltod hierbei von entscheidender Bedeutung sei. Dies ist, wie in der
vorliegenden Arbeit nachgewiesen werden konnte, aber nicht der Fall. So waren
Glukokortikoide in einem Mausmodell fir MS selbst dann wirksam, wenn die fir die
Krankheit besonders wichtigen T-Lymphozyten gegeniber Zelltod resistent waren. Dem
gegenlber erwies sich das Wanderungsverhalten dieser Zellen als besonders kritisch. T-
Lymphozyten werden durch Botenstoffe, die sogenannten Chemokine, zu ihren jeweiligen
Zielorganen dirigiert.

Interessanterweise verstarken Glukokortikoide die Fahigkeit der T-Lymphozyten in Richtung
des Chemokins CXCL12 zu wandern, einem Botenstoff, der in vielen peripheren
lymphatischen und nicht-lymphatischen Organen, unter anderem in Leber und Lunge,
gebildet wird. Dies hat zur Folge, dass die T-Lymphozyten anstatt zum zentralen
Nervensystem (ZNS) zu wandern von diesem weggelenkt werden, und so ihre schadigende
Wirkung geringer ist. Hemmt man hingegen den Rezeptor von CXCL12, so fuhrt dies im
Mausmodell zu einer verminderten Behandlungseffizienz der Glukokortikoide. Die Wirkung
der Therapie scheint somit darauf zurickzufihren zu sein, dass die
krankheitsverursachenden Immunzellen vom ihrem Ziel, namlich dem ZNS, weggelenkt
werden.

Auch wenn die meisten Beobachtungen zur Glukokortikoid-Wirkung in Tiermodellen gemacht
wurden, konnten die wesentlichen Erkenntnisse bei MS Patienten bestétigt werden. So
zeigte sich, dass es bei der Schubtherapie und der damit verbundenen Milderung der
Krankheitssymptome auch bei Patienten zu einer verstarkten Wanderung der T-
Lymphozyten in Richtung CXCL12 kommt. Es ist daher davon auszugehen, dass nicht wie
bislang angenommen die Induktion von Zelltod, sondern die Verédnderung des
Wanderungsverhaltens der T-Lymphozyten flr die Therapie von MS mittels Glukokortikoiden
verantwortlich ist. Hierdurch ergeben sich interessante neue Ansatzpunkte fir die
Entwicklung von Medikamenten, die gezielt an dieser wichtigen Eigenschaft der Immunzellen
angreifen.
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