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Summary. Peripheral nerve sheath tumors are in most
cases slowly growing neoplasms that can be adequately
cured by surgical resection. However, facing the risk of a
neurosurgical intervention and the trend of multiple
relapses of nerve sheath tumors the development of
additional therapy strategies seems to be favourable, and
therefore substantiated knowledge of molecular and
cellular mechanisms in nerve sheath tumors should be
achieved.

Here, we firstly describe the expression of the
chemokines CXCL12 (SDF-1) and CX3CL1 (fractal-
kine) and their respective receptors CXCR4, CXCR7
and CX3CRI in different entities of human nerve sheath
tumors and normal control tissues. Both ligands and
their receptors are expressed in high to moderate levels
on mRNA and protein level in benign and malignant
nerve sheath tumors. While CXCL12 was mainly found
in schwannoma cells (S100%) in situ, its receptor CXCR4
is also partly found on CD11b-positive macrophages /
microglia and its alternative receptor CXCR7 is also
expressed by endothelial cells and macrophages.
CX3CL1 is expressed by parts of the schwannoma and
endothelial cells, whereas its receptor CX3CR1 is
expressed by nearly all tumor cells and macrophages,
but not by endothelial cells.

Taken together, we could show the presence of
CXCL12 and CX3CLI1 and their respective receptors in
benign and malignant human nerve sheath tumors.
Further investigations may show their functional role in
health and disease.
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Introduction

Primary tumors of the peripheral nerve sheath are
neoplasms derived from cells within the nerve sheath or
from cells differentiating towards a corresponding cell
type. Most peripheral nerve sheath tumors in human are
benign schwannomas. They are slow growing, mostly
encapsulated and show the molecular and ultrastructural
characteristics of Schwann cells (Scheithauer et al.,
1997). They typically express the calcium-binding
protein S100 (Weiss et al., 1983). Based on their
localization, schwannomas can be subdivided
into intracranial, spinal, peripheral and visceral
schwannomas (Greenberg, 2006). Intracranial
schwannomas account for about 8% of all intracranial
tumors and predominantly originate from the Schwann
cells accompanying the vestibular branch of the 8t
intracranial nerve (Tos and Thomsen, 1984). Despite
their benign character these vestibular schwannomas
(VS) can cause clinical symptoms by compression of the
nerve and neighbored brain structures ranging from
unilateral hearing loss and vertigo to severe compression
syndromes of the brainstem. Spinal schwannomas (SPS)

Abbreviations. IHC, immunohistochemistry; FNCLCC, Federation-
Nationale-des-Centres-de-Lutte-Contre-le-Cancer; MPNST, malignant
peripheral nerve sheath tumor; NCN, normal cranial nerve; NSN, normal
spinal nerve; RT-PCR, reverse-transcription polymerase chain reaction;
SPS, spinal schwannoma; VS, vestibular schwannoma; WHO, World
Health Organization
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represent about 25% of all primary intradural neoplasms
of the spinal cord (Dorsi and Belzberg, 2004; Celli et al.,
2005). Depending on size and localization of the tumors
clinical symptoms range from mild back pain to severe
neurological deficiencies. Schwannomas can occur
sporadically or in the course of genetic disorders e.g.
neurofibromatosis (NF) type 1 and 2 (Halliday et al.,
1991). Studies on NF2 patients revealed mutations of the
tumor suppressor NF2 gene which encodes for the
schwannomin / merlin protein, and a lack of intact
schwannomin / merlin protein was also observed in
about 50% of sporadic VS (Roche et al., 2008).

Most peripheral nerve sheath tumors are benign
according to their histopathological characteristics.
However, malignant peripheral nerve sheath tumors
(MPNST) form a group of highly malignant soft tissue
sarcomas originating from or differentiating to nerve
sheath cells (Gupta et al., 2008). They grow within and
along nerves, may invade surrounding tissue, tend to
multiple recurrences and may eventually cause
metastasis by haematogenous and perineural spreading
(Patil et al., 2007). MPNST can arise spontaneously in
adult patients, but up to 40% of all MPNST are
associated to neurofibromatosis type 1 (Evans et al.,
2002), and rare cases of malignant progression of benign
nerve sheath tumors have been described (e.g. Woodruff
et al., 1994). The formation of MPNST is often
associated with mutations / deletions of the p53 and
Ink4a genes and deregulation of signaling pathways
(Menon et al., 1990; Kourea et al., 1999).

However, as described for many types of tumors
tumorigenesis of peripheral nerve sheath tumors seems
to be massively influenced by deregulation of
intracellular signaling pathways. The signaling
substances include growth factors (e.g. Ammoun et al.,
2012; Badache and DeVreis, 1998), cytokines (Weerda
et al., 1998) and also chemokines (Mori et al., 2004;
Held-Feindt et al., 2008).

Chemokines play an important role in
immunological as well as developmental processes, and
they are sometimes referred to as the third mayor
signaling system in the brain - apart from neuro-
transmitters and neuropeptides (Adler et al.,
2006).

The chemokine family is comprised of about 50
small mostly secreted peptide mediators (about 8 - 12
kDa) and is subdivided into four subgroups depending
on conserved cysteine motifs. Chemokines bind to a
class of 7TMD G-protein coupled receptors, and
remarkably, in most cases one chemokine can bind to
more than one receptor, and most chemokine receptors
can also be activated by several chemokines (Murphy,
2002). They were initially described as chemotactic
cytokines attracting different subsets of leukocytes to
sites of inflammation, but soon were proved to influence
a broad spectrum of physiological processes, including
angiogenesis (Strieter et al., 1995), haematopoiesis
(Broxmeyer and Kim 1999) and development (Dambly-

Chaudiere et al., 2007; Hattermann et al., 2008).
However, chemokines can also play important roles in
pathologies, and among these in tumor initiation,
survival and progression (O’Hayre et al., 2008;
Vandercappelen et al., 2008).

In particular, the chemokine CXCL12 (also termed
SDF-1, stromal cell-derived factor-1) and its two
receptors CXCR4 and CXCR7 seem to play an
important role for tumor survival and metastasis. The
first described functional role of CXCL12 in tumor
progression was to drive metastasis of CXCR4-positive
breast cancer cells to sides of high CXCL12 expression
(Miiller et al. 2001). This report was followed by
numerous studies in further tumor models e.g. prostate
cancer and glioblastomas (reviewed by Zlotnik et al.,
2011). The chemokine receptor CXCR7, which was later
discovered to be an additional receptor for CXCL12
(Balabanian et al., 2005; Burns et al., 2006) has also
been described to essentially promote progression and
survival of multiple tumor types, e.g. breast and lung
tumors (Miao et al., 2007), prostate cancer (Wang et al.,
2008) and glioblastomas (Hattermann et al., 2010, 2012)
by activation of intracellular pathways, modulation of
cell adhesion and cell migration and protection from
chemically induced apoptosis.

Apart from direct effects that chemokines may exert
on tumor cells, they may also influence the tumor stroma
by attracting or stimulating non-tumor cells like
invading leukocytes and endothelial cells. One example
is CX3CL1 / fractalkine / neurotactin attracting and
activating different subsets of leukocytes in the tumor,
e.g. T cells in hepatocellular carcinomas (Tang et al.,
2007) and macrophages / microglia in glioblastomas
(Held-Feindt et al., 2010). Among the chemokines,
CX3CL1 has a unique multi-domain structure composed
of the chemokine domain, a mucin-like stalk region, a
transmembrane domain and an intracellular tail. It can be
constitutively or inducibly released by shedding
processes mediated by distinct matrix-metalloproteinases
(Ludwig und Mentlein, 2008). The chemokine domain
binds to the chemokine receptor CX3CRI1 that is
expressed by monocytes, dendritic cells and lymphocyte
subsets (reviewed by Ludwig and Weber, 2007). Apart
from cytokine-induced CX3CL1 expression and release
in inflammatory diseases like atherosclerosis and colitis,
the CX3CL1 / CX3CR1 axis has been described for
different tumor types, including epithelial ovarian cancer
(Gaudin et al., 2011), prostate cancer (Jamieson et al.,
2008) and pancreatic adenocarcinoma (Marchesi et al.,
2008).

The role of CXCL12 and its two receptors CXCR4
and CXCR7, and CX3CLI1 and its only receptor
CX3CR1 for tumor formation, progression and survival
has been elucidated for many types of tumors yielding
promising targets for therapy strategies. However, in
benign and malignant tumors of the nerve sheath little is
known about the expression and role of chemokines, in
particular about CXCL12 and CX3CL1 and their
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respective receptors. The purpose of this study was to
describe the mRNA and protein expression of CXCL12 /
CXCR4 / CXCR7 and CX3CL1 / CX3CR1 in human
benign and malignant nerve sheath tumors and to
characterize the ligand and / or receptor expressing cells
in situ.

Materials and methods
Tumor specimens

Tumor samples were obtained from 18 patients who
underwent surgery in the Department of Neurosurgery,
Kiel, Germany. In the operating room, the samples were
snap-frozen within 15 min and permanently stored in
liquid nitrogen or at -80°C until usage. As the
Department of Neurosurgery Kiel is certificated by a
quality management system (DIN EN ISO 9001:2008),
the procedures of tissue sampling and storage are strictly
controlled and the quality of the samples should be
optimal. In total, 6 vestibular schwannomas (VS; 3
females 47.7+5.7 y, 3 males 53.7+19.2 y), 6 spinal
periphery schwannomas (SPS; 3 females 55.7+159 y, 3
males 56.3+£18.8 y) and 6 malignant peripheral nerve
sheath tumors (MPNST; 1 female 58 y, 5 males
62.8+10.5 y) as diagnosed by a neuro-pathologist were
included in this study. All tumors were diagnosed
according to the WHO classification of tumors of the
central nervous system (Louis et al., 2007), and included
tumors were not of special types. For the diagnosis of
malignant peripheral nerve sheath tumors (MPNSTSs)
rhabdomyosarcoma, leiomyosarcoma and synovial
sarcoma were carefully ruled out. All MPNSTs were
sporadic, 4 of them were FNCLCC grade II (WHO grade
III), and 2 of them were FNCLCC grade III (WHO grade
Iv).

Control tissue from 3 normal spinal nerves (NSN)
and 2 normal 8th cranial nerves (NCN) were obtained
from autopsies in the Department of Pathology. All
samples were obtained in accordance with approved
ethical standards of the ethics committee of the
University of Kiel and the Helsinki Declaration of 1975.
If enough material was available matched probes were
used for different experiments.

Real-time RT-PCR

Tumor tissue and normal tissue samples were
homogenized in TRIZOL Reagent (Invitrogen, Carlsbad,
CA), and RNA was isolated following the
manufacturer’s instructions. Genomic DNA was digested
by RNase-free DNase (1 U/ul, Promega, Madison, WI),
and cDNA was synthesized using random hexamer
primers, dNTP mix and RevertAid™ H Minus M-MuLV
Reverse Transcriptase (200 U/ul, all Fermentas, St.
Leon-Rot, Germany). Quantitative PCR was performed
in triplicate in a total volume of 20 ul comprising 10 pl
2x TagMan Universal Master Mix (Applied Biosystems,

Forster City, CA), 7 ul sterile DNase-free H,O bidest, 1
ul of 20x Assay-on-Demand™ Gene Expression Assay
Mix (Applied Biosystems) and 10 ng or 100 ng template
cDNA in 2 pl. Identification numbers of Gene
Expression Assays were: GAPDH Hs99999905_m1;
CXCL12 Hs00171022
_ml; CXCR4 Hs00607978_s1; CXCR7 Hs00602736
_s1; CX3CL1 Hs00171086_m1; CX3CR1 Hs00365842.
Thermal cycling protocol (2 min 50°C, 10 min 95°C, 40
cycles: 15 s 95°C, 1 min 60°C) was performed with the
MyiQ™ Single Color Real-Time PCR Detection System
(Bio-Rad, Munich, Germany) and fluorescence data
were collected. Transcription of the respective gene of
interest was normalized to Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) yielding AC; values: AC =
C; (gene) - CT (GAPDH). Due to logarithmic
amplification, an increase of the AC value by 3.3 (3.3
cycles later exceeding the fluorescence threshold)
corresponds to a 10-fold lower gene expression.

Immunohistochemistry

For immunohistochemistry, 10 gm sections of fresh-
frozen tissues were fixed for 30 min with 4%
paraformaldehyde (PFA), Tris-buffered saline was used
as rinsing buffer. Sections were blocked for unspecific
peroxidase activity with 3% H,0, in 0.3% Triton-
X100/TBS and for unspecific protein recognition with
appropriate 10% normal blocking serum (Jackson
ImmunoReseach Laboratories, Suffolk, UK). Primary
antibodies were diluted in 0.3% Triton-X100/TBS with
appropriate 2% normal serum, applied to the sections
and incubated at 4°C over night: anti-CXCL12 (rabbit
polyclonal sc-28876, 2 pug/ml, Santa Cruz
Biotechnology, Santa Cruz, CA), anti-CXCR4 (rabbit
polyclonal ab7199, 3 ug/ml, Abcam, Cambridge, MA),
anti-CXCR7 (mouse monoclonal 11G8, 3 pg/ml,
generously provided by M.E.T. Penfold, Chemocentryx,
Mountain View, CA), anti-CX3CL1 (mouse monoclonal
MAB3651, 2.5 ug/ml, R&D Systems, Wiesbaden,
Germany), anti-CX3CRI1 (rabbit polyclonal sc-30030, 1
pg/ml, Santa Cruz). For secondary antibody controls,
isotype controls of respective species were used.
Biotinylated secondary antibodies (Horse anti-mouse,
0.75 ug/ml, Vector Labs, Burlingame, CA; Donkey anti-
rabbit, 0.75 pug/ml, Jackson ImmunoResearch
Laboratories) were diluted in 1.5% normal blocking
serum in TBS and applied to the sections for 60 min at
room temperature. Amplification of the signal was
achieved with the ABC Vectastain® Kit (Vector Labs),
and peroxidase activity was detected by incubation with
0.06% 3,3 diaminobenzidine-tetrahydrochloride (DAB,
Sigma-Aldrich, Munich, Germany) in 0.003% H,0,/ 0.1
M Tris for 3 min. Negative controls were performed by
omitting the primary antibodies, and serum-controls and
isotype-controls were included for each antibody using
concentrations corresponding to secondary antibody
concentrations. The sections were counterstained with
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Meyer’s Hemalum (Carl Roth GmbH, Karlsruhe,
Germany) for 60 s and rinsed with tap water for 10 min.
Afterwards, sections were dehydrated, cleared in
RotiClear and mounted with RotiMount (both Carl Roth
GmbH). For immunohistochemical stainings, tissue
slides were employed that were obtained in the range of
up to 100 gm (10 slides distinct) from the respective
hematoxylin-eosin stained slides. Slides were viewed
and images were taken with a Zeiss microscope and
Zeiss digital camera (Zeiss, Oberkochen, Germany).

Immunofluorescence

Cryostat sections from fresh-frozen vestibular and
spinal schwannoma and control nerve specimens were
fixed with an icecold mixture of acetone / methanol (1:1)
for 10 min, rinsed with washing buffer Tris-buffered
saline plus 0.1% Tween 20 (TBS-T, 3x), incubated in
20%, then 70% ethanol (2 min each) and blocked with
1% Sudan black (in 70% ethanol) for 10 min to block
lipid autofluorescence. Slides were washed dye-free in
70% ethanol, then in 20 % ethanol (2 min). Unspecific
bindings were blocked with 0.1% bovine serum albumin
(BSA) / 0.2% glycine in TBS for 60 min, then primary
antibodies were applied and incubated over night at 4°C.
Primary antibodies for cellular markers were anti-S100
(rabbit polyclonal, 1:5000, Sigma-Aldrich s2644), anti-
von-Willebrand factor (vWF; mouse monoclonal,
1:1000, Santa Cruz Biotechnology, Santa Cruz, CA) and
anti-CD11b (mouse monoclonal, 1:100, Santa Cruz),
antibodies against chemokines and receptors as
described above except for anti-CX3CR1 (rabbit
polyclonal, 1:5000, Biomol, Hamburg, Germany). For
secondary antibody controls, primary antibodies were
omitted.

After washing, secondary antibodies were applied in
TBS-T for 60 min at 37°C. If co-stainings were
performed with two antibodies from the same species,
incubations were performed successively with an
additional blocking step with FAB fragments (1:1000,
Dianova, Hamburg, Germany) in between. Secondary
antibody for cellular markers was donkey anti-mouse
Alexa Fluor 488 (green, 1:1000; Invitrogen, Karlsruhe,
Germany) and for chemokines donkey anti-mouse or
anti-rabbit Alexa Fluor 555 (red, 1:1000; Invitrogen).
Nuclei were counterstained with 4”,6-diamidino-2-
phenylindole (DAPI, 1:30 000; Invitrogen) for 30 min at
room temperature and slides were embedded using
Immu-Mount (Shandon, Pittsburgh, PA, USA).

Statistical analysis

For statistical analysis, Student’s t-test with
independent samples (comparison of each tumor entity
to its respective control tissue) and bivariate correlation
analysis (Pearson correlation coefficients) were
performed. Significance was indicated by asterisk
(* p<0.05 and ** p<0.01).

Results

Expression of CXCL12 / CXCR4 / CXCR7 and CX3CL1 /
CX3CR1 in human nerve sheath tumors and control nerve
tissue

Initially, we investigated the transcription of
chemokine - receptor axes CXCL12 - CXCR4 and
CXCR7 and CX3CL1 - CX3CR1 in homogenates of
different human nerve sheath tumors, malignant
peripheral nerve sheath tumors (MPNST) and spinal
schwannomas (SPS) in comparison to normal spinal
nerve (NSN) tissue representing almost exclusively
Schwann cells. Vestibular schwannomas (VS) were
compared to tissue of the normal 8™ cranial nerve
(NCN). As shown in Fig. 1, both ligands CXCL12 and
CX3CLI are transcribed in moderate to high levels in
nerve sheath tumors, the mean AC.. values for CXCL12
were 1.16 (SPS), -2.21 (MPNET) and 1.93 (VS)
reaching nearly the transcription level of GAPDH, and
for CX3CL1 6.15 (SPS), 3.60 (MPNST) and 7.15.
Remarkably, in our sample collection CXCL12 and
CX3CL1 mRNA levels were even around 10 to 100-fold
higher in normal spinal nerves (NSN), with AC.. values
of -3.99 and -0.26, respectively. In normal cranial nerves
(NCN), CXCL12 was only slightly lower (AC; 3.96)
than in VS, whereas CX3CL1 mRNA was more highly
expressed (AC; 4.16) than in VS. Comparing both
schwannoma entities SPS and VS, expression levels are
about equal. Regarding the CXCL12 receptor CXCR4,
mRNA levels differed little between tumor specimen and
respective control tissue. However, transcription was
moderate with AC; values of 4.01 (NSN), 4.74 (SPS),
5.48 (MPNST), and 6.84 (NCN) and 5.29 (VS). In
contrast, the CXCR7 mRNA level was altered
resembling the expression level of its ligand CXCL12.
In SPS (ACy. 0.40) and MPNST (ACy. 0.27) CXCR7 was
approximately 10-fold lower transcribed than in normal
control tissue (NSN, ACT -2.51), and in VS significantly
higher (AC; 1.81) than in NCN (AC; 3.57), and again
SPS and V§ had almost the same expression level.

The CX3CLI1 receptor CX3CR1 was expressed at
moderate levels, and with mean expression levels of
peripheral tumors (SPS, AC; 1.04; MPNST, AC, 5.59)
not significantly different f—gom normal control tissue
(NSN, 2.49). However, variation within the sample
groups was quite substantial. In VS, CX3CRI1
expression was approximately 10-fold higher (AC; 1.56)
than in control tissue (NCN, AC 5.01), contrasting the
above described significantly lower transcription of the
ligand CX3CL1.

To discover correlations between the alterations of
ligands and their respective receptors we performed a
bivariate Pearson correlation analysis. Each ligand was
compared to its respective receptor(s) regarding each
tumor entity and the group of all nerve sheath tumors.
Graphics and resulting correlation coeffients are shown
in Fig. 2. Positive correlation was shown for CXCL12
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and CXCR4 in vestibular schwannomas (VS), and
negative correlation for CXCL12 and CXCR7 in VS and
for CX3CL1 and CX3CRI1 in all investigated tumor
specimens.

To confirm mRNA data at protein level we analysed
tumor and normal tissue entities by immunohisto-
chemistry and light microscopy. As shown in Fig. 3, all
tumor specimens showed immunoreactivity for CXCL12
and CX3CL1 and their respective receptors CXCR4 and

CXCR7, and CX3CR1. Red arrows mark positive
stained tumor cells or tumor cell aggregates (in case of
MPNST, SPS and VS), or comparable non-malignant
Schwann cell regions (in control nerve tissues). To allow
for better structural interpretation, DAB stainings are
shown together with respective isotype and serum
controls. Each sample was inspected in comparison to
hematoxylin-eosin stainings (examples in the bottom
row). Remarkably, some regions were more intensely
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Fig. 1. Transcription of CXCL12 and its receptors CXCR4 and CXCR7 (upper row) and CX3CL1 and CX3CR1 (lower row) in human nerve sheath
tumors and corresponding normal tissue. By quantitative RT-PCR mRNA levels of tumor and normal tissue samples were analysed and normalized to
GAPDH yielding AC; values. Single diamonds and triangles indicate one tissue sample; bold lines indicate the mean value of the respective group.
Undetectable values were not included in the mean calculation. Due to logarithmic amplification, differences between AC values of 3.33 correspond to
one magnitude. Medium to high expression levels were detected for both chemokines and their receptors in normal as well as in tumor tissue. Asterisks
indicate significant differences between normal and tumor tissue (* < 0.05, ** <0.01).
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stained than others, hinting at heterogeneity within
tumor and also normal tissue.

In situ expression of CXCL12 and CX3CL1 and their
receptors by cell entities

To investigate the expression of the chemokines
CXCL12 and CX3CL1 and their receptors on distinct
cell subsets within the nerve sheaths and tumors we
performed fluorescence immune-doublestainings of the
chemokines / receptors and cellular markers for
schwannoma cells (S100), endothelial cells (von
Willebrand-factor, vVWF) and macrophages / microglia
(CD11b) in different vestibular and spinal schwannoma
tissue sections and peripheral nerves. As shown in Fig. 4
(first row), CXCL12 was co-localized with the
schwannoma marker S100 expressed by tumor cells
(although not all tumor cells are immunopositive for
S100), but not produced by endothelial cells. CD11b
positive microglia showed infrequent immunoreactivity
for CXCL12, which may depict small portions of
receptor-bound or secreted peptide. However, S100
positive schwannoma cells seem to be the major source
for CXCL12. In normal nerve sheaths, CXCL12 was
comparably expressed by Schwann cells (indicated by
co-localization with the S100) but not expressed by
endothelial cells (Fig. 4, lower panel). In contrast to
schwannoma tissue, macrophages / microglia (indicated
by CDI11b) were hardly found in the normal tissue
samples. Lumina of endothelial formations could rarely
be recognized due to the use of cryostat sections (lumina
often collapsed). Staining of CXCL12 sometimes
occurred quite diffusely which is due to the fact that
CXCLI12 is secreted and may dispense throughout the
extracellular space. Its receptors CXCR4 and CXCR7
were also expressed by schwannoma cells and partly by
CDI11b positive macrophages, but not all CD11b

Relative expression CXCR4
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Relative expression CXCR7
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expressing cells were also receptor-positive. Tumor-
associated endothelial cells marked by vVWF were
negative for CXCR4, but some of them were
immunopositive for CXCR7 (Fig. 4, second row
CXCR4, third row CXCR7). Likewise, in normal
peripheral nerves, CXCR4 and CXCR7 were both found
on Schwann cells, whereas endothelial cells partly
expressed CXCR7 but not CXCR4 (Fig. 4, lower
panel).

Immuno-doublestainings of the chemokine CX3CL1
and its receptor CX3CR1 and cellular markers revealed
that most vestibular and spinal schwannoma cells
identified by S100 are co-stained for CX3CL1, although
its signal was partly weak, probably due to shedding
processes (Fig. 5, first row). Virtually all tumor cells also
expressed the receptor CX3CR1 (Fig. 5, second row).
While the ligand CX3CL1 was also co-localized with the
endothelial marker vWEF, these endothelial cells were
negative for the receptor, although CX3CR1 expression
was remarkably high in proximity to blood capillaries.
Macrophages / microglia cells that were stained with the
surface marker CD11b were mostly negative for
CX3CL1, but positive for its receptor CX3CR1.
However, not all CX3CR1 positive cells co-expressed
CDI11b. In normal peripheral nerves, CX3CLI1
expression was found in Schwann cell areas, although
sometimes no clear merge was observed (probably due
to different cellular localization; CX3CL1 membrane-
bound or secreted, S100 intracellular). Like in
schwannomas, CX3CL1 was co-localized with vWF
indicating endothelial cells, and the receptor CX3CR1
was found on S100-positive Schwann cells but not on
endothelial cells (Fig. 5, lower panel).

Taken together, we could observe mRNA and protein
expression of CXCL12 and its two receptors CXCR4
and CXCR7, as well as CX3CLI1 and its unique receptor
CX3CR1 in human nerve sheaths and benign and
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Fig. 2. Bivariate correlation analysis of chemokine / receptor pairs. AC; values of CXCL12 or CX3CL1 were plotted against their respective receptors,
and results of bivariate Pearson’s correlation analysis of tumor groups and all nerve sheath tumors are shown. Positive correlation was obtained for
CXCL12 / CXCR4 in vestibular schwannoma (VS), while negative correlation was observed for CXCL12 / CXCR7 in VS and for CX3CL1 / CX3CR1 in

the complete tumor group.
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"] Fig. 4. Immuno-
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] immunopositive
{J for CXCL12 as
well as for both its
receptors, CXCR4
- and CXCR7. The
marker von
] Willebrand-factor
(VWF) for
endothelial cells
did not coincide
with CXCL12 or
CXCR4 signals
but was partly
associated with
CXCR7.CD11b
positive
macrophages/mic
roglia were
¥ infrequently co-

4 stained with
J CXCL12, but were
| positive for
CXCR4 and partly
for CXCRY7. In
"I peripheral nerve
tissue, microglia
cells were hardly
3| observed (not
shown). Shown is
a choice of
different tumor
and nerve
il samples in
| original 630x
magnification,
scale bars
indicate 20 pym.
Inserts show clear
co-stainings or
clear single
il stainings to give a
better impression
of part co-
localization.
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x&u s100%§

Fig. 5. Immuno-double staining of CX3CL1 and its receptor CX3CR1 with cellular markers S100 VWF and CD11b in vestibular and spinal
schwannomas and peripheral nerves. The chemokine CX3CL1 is partly co-localized with the schwannoma marker S100, but not all tumor cells are
positive for this ligand, while in peripheral nerves CX3CL1 was massively found in Schwann cell areas. However, most tumor cells and some Schwann
cells express the receptor CX3CR1. Endothelial cells as indicated by immunoreactivity for vVWF are positive for CX3CL1 but not for its receptor in
tumors and in control tissue. In contrast, CD11b positive macrophages / microglia are mostly co-stained for CX3CR1, but not for the ligand CX3CL1;

they were not observed in normal nerve tissues. Again, sample images in 630x magnification are shown with scale bars representing 20 ym. Inserts
show clear co-stainings or clear single stainings to give a better impression of part co-localization.
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malignant nerve sheath tumors. In some cases, ligand
and receptor expression showed positive or negative
correlation in distinct tumor entities. While S100-
positive Schwann cells and tumor cells expressed both
chemokines, CXCL12 and CX3CL1, and their respective
receptors, tumor-associated endothelial cells and
macrophages / microglia showed distinct expression
patterns of ligands and / or receptors.

Discussion

In the nervous system, chemokines and their
receptors are involved in many processes in health and
disease. In our study, we firstly show the expression of
CXCL12 and its receptors CXCR4 and CXCR7 at
moderate to high levels in different nerve sheath tumors,
as well as in normal control tissue samples. In some
cases there were remarkably large variations between the
individual tumor samples of one sample group, which
might be due to different localization and, in case of
MPNST, also from the different genesis of the individual
tumors. However, whereas CXCR4 expression seemed
to be quite constant, CXCL12 and CXCR7 expressions
were reduced in peripheral nerve sheath tumors in
comparison to NSN. Comparing VS with NCN,
expression levels are slightly elevated, but in general the
results of VS are comparable to those of SPS.
Surprisingly, in NCN CXCL12 and CXCR7 levels are
remarkably lower than in NSN. Thus, the mean CXCL12
and CXCR?7 expression levels of all investigated nerve
sheath tumors (MPNST, SPS, VS) are almost equal.
However, the question if the difference between NCN
and NSN is due to micro environmental conditions, or a
random phenomenon of the limited sample number of
these raw tissue samples, cannot be answered. Regarding
cellular localization, Schwann cells / schwannoma cells
are the major source of CXCLI12 in nerve sheaths and
their tumors, and they also express the receptors CXCR4
and CXCR?7, probably enabling auto / parakrine effects.
In contrast to many other chemokines that are strongly
upregulated in inflammatory conditions, CXCL12 and
its receptors CXCR4 and CXCR7 are constitutively
expressed in various tissues, including the adult brain
(Stumm et al., 2002; Schonemeier et al., 2008).
Regarding nerve sheath building cells, the CXCL12 /
CXCR4 pair has been shown to contribute to
oligodendrocyte differentiation and remyelination
processes in a murine demyelination model (Patel et al.,
2010), and the receptor CXCR4 is regulated in Schwann
cells by tumor necrosis factor-alpha (Kiiry et al., 2003).
These interesting findings point to a functional role of
CXCLI12 and its receptors in inflammation and
regeneration processes. In many types of tumors,
including intracranial / nervous system tumors, CXCL12
can exert pro-tumoral effects, e.g. rescue from apoptosis
in glioblastomas (Hattermann et al., 2010, 2012),
proliferation in pituitary adenomas (Barbieri et al., 2008)
and meningiomas (Barbieri et al., 2006). On the other
hand, for less malignant low-grade astrocytomas,

downregulation of CXCL12 by promotor hyper-
methylation has been reported (Zhou et al., 2008). To
make it even more complex, stimulation of cultured
Schwann cells can activate different pathways via
CXCR4 and CXCR7, and both receptors are thought to
mediate different as well as common cellular effects
(Odemis et al., 2010). Thus, by overexpression of one
receptor, the effects of the other receptor may be
diminished as both receptors compete for CXCL12.
Indeed, scavenging CXCL12 to block CXCR4 activation
was initially supposed to be the main function of
CXCRT7 until CXCR7-signalling was doubtlessly
proved.

So the CXCL12 / CXCR4 / CXCR?7 axis which
underlies complex regulatory mechanisms probably
contributes to building and / or maintenance of
peripheral nerve sheaths and may be (partly) imbalanced
in benign and malignant nerve sheath neoplasms. This
hypothesis needs thorough evaluation by functional
investigations especially as specific antagonists for the
receptors CXCR4 (e.g. AMD3100, reviewed by De
Clerq, 2003) and agonists and antagonists for
CXCR7 (by Chemocentryx, Mountain View, CA) are
available.

Apart from the expression of CXCL12 and its
receptors, we firstly show the expression of CX3CLI1
and its receptor CX3CR1 in human nerve sheath tumors.
Regarding our sample collection, the chemokine
CX3CL1 is moderately expressed in all nerve sheath
tumor entities. However, expression is remarkably
reduced compared to control tissue. Compared to
CXCL12, CX3CL1 expression again is remarkably
lower in NCN than in NSN, and expression levels in
both schwannoma groups are almost equal. But here, in
contrast to CXCL12, there is a significant decrease of
CX3CL1 expression in neoplasms in intracranial as well
as extracranial samples. The receptor CX3CR1 is
slightly to significantly increased in benign
schwannomas but slightly decreased in MPNST.
However, the great variation among MPNST samples in
CX3CL1 and CX3CR1 expression is again probably due
to different genesis and origin. In sifu, schwannoma cells
express both ligand and receptor; endothelial cells only
produce CX3CL1 whereas on macrophages / microglia
only the receptor CX3CR1 is detectable. Whereas the
expression of CX3CL1 by endothelial cells (Bazan et al.,
1997) and of CX3CR1 by macrophages / microglia
(Hughes et al., 2002; Held-Feindt et al., 2010) has been
reported earlier, to our knowledge, this is the first report
on CX3CL1 and CX3CR1 expression in Schwann cells
and schwannoma cells that may influence nerves in
health and disease. CX3CL1 is known to have
neuroprotective effects by inhibition of microglia
activation in animal models of different neural diseases,
e.g. Parkinson’s disease and stroke (Cipriani et al., 2011;
Pabon et al., 2011). In tumorigenesis, it is described to
be a mediator for perineural spreading of tumor cells
(Marchesi et al., 2008). This effect might be interesting
to study in the invasion of MPNST as these have
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decreased CX3CL1 (and CX3CR1) levels but also
infiltrate perineurium and epineurium as well as the
surrounding tissues. In glioblastomas, CX3CL1 has been
reported to attract CX3CR1-expressing macrophages /
microglia in vitro (Held-Feindt et al., 2010). Here we
show that CX3CR1-expressing macrophages / microglia
are present in nerve sheath tumor entities whereas this
leukocyte population is very rare in normal control
tissues. Although the bulk of Schwann cells /
schwannoma cells are also CX3CR1-positive, these
invaded macrophages / microglia may contribute to
elevated CX3CRI1 levels in nerve sheath neoplasms.
However, whether the attraction of leukocytes to the
tumor is favourable or not regarding tumor growth and
progression surely depends on the tumor type and is still
under investigation. Additionally, recent investigations
have revealed a further relevance of CX3CL1 and its
receptor in tumor-stroma-interaction by promotion of
angiogenesis in hepatocellular carcinoma cells in vitro
and in vivo (Li et al., 2010).

The fact that CX3CL1 is expressed as a membrane-
bound molecule that can be shed by matrix-
metalloproteinases, especially ADAM10 and ADAM17
(Garton et al., 2001; Hundhausen et al., 2003), reveals a
powerful regulation mechanism apart from trans-
criptional regulation upon inflammatory cytokine
stimulation. By proteolytic cleavage, the transmembrane
CX3CLI1 loses its function as an adhesion molecule, and
the released soluble form may act as chemoattractant or
as para / autocrine stimulation factor.

Regarding these effects on leukocyte attraction,
angiogenesis and adhesion, further functional studies are
needed to reveal the role of the CX3CL1 / CX3CR1 axis
in healthy nerve sheaths and its deregulation in nerve
sheath tumors. Helpful tools may be neutralizing or
receptor-blocking antibodies, truncated CX3CL1 analogs
and non-specific antagonists (reviewed by D’Haese et
al., 2010) or inhibitors of CX3CLI1 proteolytic cleavage
(Ludwig et al., 2005).

Taken together, the comparably high expression
levels of the chemokines CXCL12 and CX3CL1 and
their respective receptors hint at a functional role in the
physiology of human nerve sheaths. In benign and
malignant nerve sheath tumors, the imbalanced
regulation of these chemokines may influence the
neoplastic cells and also contribute to tumor-stroma
interaction. Thus, CXCL12 and CX3CL1 and their
respective receptors may be interesting targets for further
functional studies on their role in the growth,
progression and environment interaction of human nerve
sheath tumors.
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