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CX3CR1/CX3CL1 axis negatively controls
glioma cell invasion and is modulated by
transforming growth factor-beta1
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The chemokine CX3CL1 is constitutively expressed in
the central nervous system by neurons and astrocytes
controlling neuronal survival and neurotransmission.
In this work, we analyzed the expression and function
of the chemokine CX3CL1 and its receptor, CX3CR1,
by human glioma cells. We show that both molecules
are expressed on the tumor cell plasma membrane and
that soluble CX3CL1 accumulates in the culture super-
natants, indicating that the chemokine is constitutively
released. We found that CX3CR1 is functional, as all
the cell lines adhered to immobilized recombinant
CX3CL1 and migrated in response to the soluble form
of this chemokine. In addition, the blockade of endogen-
ous CX3CL1 function by means of a neutralizing mono-
clonal antibody markedly delayed tumor cell
aggregation and increased their invasiveness. We also
show that CX3CL1 expression is potently modulated
by the transforming growth factor-betal (TGF-betal),
a key regulator of glioma cell invasiveness. Indeed,
both the treatment of glioma cells with recombinant
TGF-betal and the inhibition of its endogenous
expression by siRNA showed that TGF-betal decreases
CX3CL1 mRNA and protein expression. Overall, our
results indicate that endogenously expressed CX3CL1
negatively regulates glioma invasion likely by promoting
tumor cell aggregation, and that TGF-betal inhibition
of CX3CL1 expression might contribute to glioma cell
invasive properties.
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lioma is the most common primary brain tumor
Gin humans, characterized by a high invasion rate

that results in diffuse tumor infiltration through-
out the central nervous system (CNS). Malignant glioma
frequently overexpress transforming growth factor-
betal (TGF-betal) in its mature bioactive form, an
important immunoregulatory cytokine that can sustain
immune escape, angiogenesis, and favors acquisition of
a tumor invasive phenotype."? Glioma cell invasion
can be beneficed by TGF-betal ability to promote integ-
rin and metalloproteinase (MMP) expression as well as
expression of signaling components of the machinery
that regulate cell motility.>*

Chemokines are a family of structurally related leuko-
cyte chemoattractant cytokines that play a central role
during inflammation. CX3CL1 (also called fractalkine
or neurotactin) is a peculiar member of the chemokine
family, both because of its protein structure and its
cellular functions: this chemokine can be expressed as
a transmembrane protein mediating cell-cell adhesion,
and/or as a soluble mediator sustaining chemotaxis.’
In addition, it is becoming increasingly clear that
CX3CL1 not only mediates the recruitment/activation
of immune cells including monocytes, dendritic cells,
and lymphocyte subsets, but can also exert multiple
effects on nonimmune cells.*” Indeed, in the CNS,
CX3CL1 is prevalently expressed by neurons and astro-
cytes,®'” and displays a number of functions on micro-
glial cells that contribute to the control of neuronal
survival and neurotransmission.'' =

Members of the chemokine family including
CCL2, CCL3L1, CXCL8, CXCL16, and CXCL12,
and chemokine receptors can be expressed by glioma
cells and regulate glioma cell survival, migration, and
invasion.'®~2°

Increasing  evidence indicates that CX3CL1
expression in the CNS can regulate tumor growth.”!
Nevertheless, its direct effect on glioma cells and the
regulation of its functions by glioma cell-produced
TGF-betal has not been investigated so far.
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In this work, we analyzed the expression of the che-
mokine CX3CL1 by human glioma cells, and the regu-
lation of glioma cell functions mediated by the
CX3CL1/CX3CR1 ligand/receptor pair. Our data
show that the blockade of CX3CL1 activity provokes a
strong increase in glioma cell invasion that correlates
with delayed cell aggregation, suggesting that the
adhesive properties of CX3CL1 counteract the invasive
phenotype. Moreover, we observed that TGF-betal
negatively controls CX3CL1 production, mostly inter-
fering with CX3CL1 mRNA expression, thus facilitating
glioma cell detachment and dispersion.

Materials and Methods

Cell Culture and Transfection

U87MG, T98G, and U251 glioma cell lines were from
ATCC (ATTC, Rochville, Maryland) and maintained
in complete medium (modified eagle’s medium
[EMEM], with 10% fetal bovine serum [FBS],
0.15 mM sodium bicarbonate, 0.1 mM nonessential
amino acids, 1 mM sodium pyruvate, 1% penicillin—
streptomycin, and 2 mM L-glutamine). Glioma primary
cell cultures (WHO grade IV) were established from
tumor specimens of patients.”> All cell cultures were
maintained at 37°C, in a humidified 5% CO,
atmosphere.

U87MG or T98G cells were seeded in a 24 well-plate
(8 x 10* cells/well), and transfected with 0.5 pg of
plasmid DNA (pSuper vector) encoding TGF-betal
small interfering RNA or empty vector (kind gift of
Michael Weller, University of Tubingen, Tubingen,
Germany”?®) using LipofectAMINE 2000 (Invitrogen
Life Tecnologies). Stable clones were selected in com-
plete medium containing 1 pg/mL  puromicin
(Invitrogen Life Tecnologies) and used for further exper-
iments as bulk culture.

Real-time PCR

The total RNA was extracted using Trizol (Invitrogen
Life Tecnologies). One microgram of total RNA was
used for cDNA first-strand synthesis in a 25 pL reaction
volume.

Real-time PCR was performed using the ABI
Prism 7900 Sequence Detection system (Applied
Biosystems). ¢cDNA was amplified in triplicate with
primers for CX3CL1 (Hs00171086_m1) conjugated
with fluorochrome FAM, and beta-actin (4326315E)
conjugated  with  fluorochrome  VIC  (Applied
Biosystems).

The average of the threshold cycles was used to
interpolate standard curves and to calculate the tran-
script amount in samples using the Sequence Detector
v1.7 analysis software (Applied Biosystems). mRNA
amount of each sample, normalized with beta-actin,
was expressed as arbitrary units and referred to
untreated cells considered as calibrator.
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Immunofluorescence and Flow Cytometry

Two hundred fifty thousand cells/well and 1.2 x 10°
cells/well were seeded the day before analysis in 6 well-
plates for CX3CR1 and CX3CL1 staining, respectively.
Differences in plating conditions were chosen to opti-
mize detection of the molecules on the cell surface;
indeed, higher levels of CX3CL1 expression were
observed when cells were cultured at low density,
although higher cell density was required to detect
optimal levels of cell surface CX3CR1. Cells were then
detached using PBS containing EDTA 0.5mM, and 2 x
10° cells were stained with specific antibodies: an anti-
human CX3CL1 monoclonal antibody (mAb; Clone
MA 81506, R&D systems) or isotype control (IC,
mouse IgG1, clone MOPC-21, Sigma-Aldrich) at 4°C
for 45 minutes. Cells were washed, then stained with
Phycoerythrin (PE)-conjugated goat antimouse IgG sec-
ondary antibody (Ab; Jackson Immumoresearch
Laboratories), for 45 minutes at 4°C. For CX3CR1
staining, cells were incubated with goat serum for 10
minutes at RT to avoid nonspecific binding, and then
with PE-conjugate antihuman CX3CR1 mAb (Clone
2A9-1, MBL International) or with equivalent amount
of PE-conjugate mouse IgG2b (Pharmingen, Becton
Dickinson) for 45 minutes at 4°C. After washing, cells
were analyzed by flow cytometry using a FACscalibur
(Beckton Dickinson).

Enzyme-linked Immunosorbent Assay

TGF-betal concentration in glioma cell line super-
natants, generated by 18 hours incubation in serum-free
medium and acidified, was evaluated with the commer-
cial sandwich ELISA Kit (Duo Set ELISA
Development, R&D systems). Procedures were per-
formed according to manufacturer’s instructions.

Soluble CX3CL1 in glioma cell line supernatants,
generated with the 18 hours incubation in complete
medium, was evaluated with the commercial sandwich
ELISA Kit (Duo Set ELISA Development, R&D
systems) according to manufacturer’s instructions.
Working concentrations of capture and detection anti-
bodies were optimized to increase assay sensitivity.
Colorimetric analysis was performed using an Elisa
reader. Absorbance was obtained by subtracting read-
ings at 540 nm from readings at 450 nm.

Adbhesion Assay

Recombinant human CX3CL1 (chemokine domain,
Peprotech EC) or bovine serum albumin (BSA; 5 pg/
mL) was immobilized on high binding protein 96 well-
plates by overnight incubation at 4°C. Optimal
CX3CL1 concentration was established in preliminary
dose-response experiments. Cells were detached using
PBS/EDTA solution, and a single cell suspension was
obtained after repeated pipetting. Cells were washed
and resuspended in adhesion medium (EMEM, 0.5%
BSA) at the concentration of 2.5 x 10° cells/mL, and



cell suspension (100 pwL) was added in BSA- or
CX3CL1-coated wells, and incubated for the indicated
time periods. After removal of nonadherent cells by
PBS washing, cells were detached by addition of
100 pL of Trypsin/EDTA solution followed by neutral-
ization in 100 pL of FBS-containing medium. Adherent
cells were counted by FACS as previously described,”*
and adhesion was expressed as the percentage of input
cells. The specificity of CX3CL1 mediated adhesion
was determined in blocking experiments by incubating
the wells before the assay with anti-CX3CL1 or IC
mAD (40 pg/mL).

Chemotaxis Assay

Cell migration was assayed using a 48-well microcham-
ber (Neuroprobe, Cabin John, Maryland) as previously
described.” Briefly, cells were detached using PBS/
EDTA solution, washed and resuspended in migration
medium (MM: EMEM, 1% BSA, 10 mM Hepes) at
the concentration of 2 x 10° cells/mL. Cell suspension
(50 wL), was added to the top of each well, whereas
increasing doses of CX3CL1 in MM were added to the
bottom well in triplicate. Polycarbonate filters of
12 pm pore size (Neuro Probe, Inc.) were coated with
fibronectin by 2 hours immersion in PBS containing
5 wg/mL fibronectin at 37°C. The duration of the
assay was determined in preliminary experiments as
the 3 cell lines display different basal migration, with
U87MG cells being the most motile on fibronectin.
U87MG, U251, and T98G cells were incubated (37°C,
5% CO,) for 3, 6, and 12 hours, respectively.
Nonmigrating cells were removed from the upper side
by scraping, and the membranes were fixed and
stained with a Diff-Quik kit (Dade-Behring). The
number of migrating cells was determined by counting
6 fields at 400x magnification. Mean values were
calculated, and data are presented as fold variation
relative to the migration of cells in the presence of the
control vehicle (migration index) 4+ SD. Each exper-
iment was conducted in triplicate and repeated at least
S times.

Invasion Assay

Cell invasion was performed using Matrigel coated
Transwell (8 pm pore size; BD Biosciences) Transwells
were hydrated according to manufacturer’s instructions.
Cells (4 x 10° in T25 flask) were plated 24 hours before
the assay, detached by trypsin, and resuspended in
EMEM (1% FBS, 2 mM 1-glutamine) at the concen-
tration of 5 x 10° cells/mL. After incubation with the
anti-CX3CL1 (40 wg/mL) neutralizing or IC mAb, cell
suspension (100 pL) was added to the top of each well
whereas complete medium was added to the bottom
well. After 18 (U87MG and U251) or 36 hours
(T98G) incubation at 37°C, 5% CO,, noninvading
cells were removed using a cotton swab whereas invad-
ing cells were fixed with Diff-Quik solution. Data were
expressed as mean values of 8 randomly selected fields
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per transwell, counted at 400 x magnification. Mean
values were calculated, and data were presented as fold
variation relative to control (cells incubated with IC
mAD). Cells incubated in the presence of IC or in
medium behaved similarly.

Slow Aggregation Assay

A slow aggregation assay was performed as follows:
after detachment, cells were washed and incubated for
10 minutes in EMEM 0.5% BSA in the presence of an
antihuman CX3CL1 (40 pg/mL) or IC (40 pg/mL)
mADb. Ten thousand cells were transferred to a semisolid
agar gel in a 96-well plate. Evaluation of the aggregation
was done at the indicated time periods using an
Olympus BX51 microscope. Images were acquired and
analyzed using TAAS 2000 software at 40x magnifi-
cation. No differences in cell aggregation occurred
between IC or vehicle treated cells.

Results

Human Glioma Cells Express CX3CL1 and a
Functional CX3CR1

The abundant expression of CX3CL1 in the brain
suggests that it can play an important role during
glioma progression, and prompted us to analyze the
expression of this chemokine by 3 different human
glioma cell lines, T98G, U87MG, and U251, and
primary glioma cell cultures. To this purpose, we
initially analyzed CX3CL1 mRNA expression using
real-time PCR analysis. Our results show that
CX3CL1 transcript is detectable on all 3 cell lines,
with the U251 cell line expressing much higher
amounts of CX3CL1 mRNA than the T98G and
U87MG cells (Fig. 1, upper panel A). Expression of
the CX3CL1 transcript was revealed not only in the
established cell lines but also in 3 primary cultures of
glioblastoma cells (Fig. 1, lower panel A).

We then analyzed expression of the membrane-bound
form of the chemokine by immunofluorescence and
FACS analysis using an anti-CX3CL1 mAb, and we
found detectable levels of CX3CL1 on all 3 cell lines
(Fig. 1B).

Because of its known role in the regulation of cell-
cell interaction, we hypothesized that membrane-bound
CX3CL1 on human glioma cell lines contributes to
maintaining glioma cell interaction with CX3CR1-
expressing cells and regulating glioma positioning into
the CNS. On the other hand, CX3CL1 can also be
released by glioma cells and thus produce a concen-
tration gradient that may be capable of attracting
immune cells. We therefore analyzed whether CX3CL1
was released by human glioma cells by evaluating its
levels in the glioma cell supernatants by ELISA assay
after an 18 hour culture. Figure 1C shows that detectable
amounts of CX3CL1 are released under basal conditions
and that, in accordance with mRNA expression, the
U87MG and T98G cell lines released much lower
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Fig. 1. CX3CL1 is expressed by human glioma cells. (A) CX3CL1
mRNA was analyzed by RT-PCR on 3 glioma cell lines (upper
panel) and 3 primary glioma cell cultures (lower panel). Data are
expressed as CX3CL1/beta-actin mRNA ratio, and represent the
mean + SD of 3 independent experiments. (B) Cell surface
expression of membrane-bound CX3CL1 on glioma cell lines was
revealed by staining with a specific anti-CX3CL1 mAb. Shown are
the histogram plot overlays of anti-CX3CL1 mAb staining (empty
histogram) against IC mAb (grey histogram). Numbers in the
histograms indicate the average + SD of the geometric mean
fluorescence intensity (MFI) of at least 3 independent
experiments performed. MFI of control staining was always <3.
(C) Soluble CX3CL1 in glioma cell line supernatants after 18
hours culture, analyzed by sandwich ELISA assay. Histograms
represent the mean + SD of at least 5 independent experiments
performed.

amounts of the chemokine (200 4 50 and 310 + 42 pg/
10° cells, respectively) when compared with U251
(2100 + 300 pg/10° cells).

We also analyzed the surface expression of the
CX3CL1 receptor, CX3CR1, on T98G, U87MG, and
U251 cells by means of immunofluorescence staining fol-
lowed by flow cytometric analysis, and found evidence
of its expression on all 3 glioma cell lines (Fig. 2A).
This finding prompted us to study the function of
CX3CR1 on these cells. Chemokines can act in a para-
crine or autocrine fashion to control tumor growth
and invasiveness. We thus evaluated the ability of
glioma cell lines to adhere to human recombinant
CX3CL1 immobilized on plastic. As shown in Fig. 2B,
T98G, U251, and U87MG glioma cells adhered to
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Fig. 2. CX3CR1 is functionally expressed on glioma cell lines. (A)
CX3CR1 cell surface expression on glioma cell lines was revealed
by staining with a specific PE-labeled anti-CX3CR1 mAb. Shown
are the histogram plot overlays of anti-CX3CR1 mAb staining
(empty histogram) against IC mAb (grey histogram). Numbers in
the histograms indicate the average 4+ SD of the MFI of at least 3
independent experiments performed. MFI of control staining was
always <3. (B) Glioma cell adhesion was performed on CX3CL1
immobilized on plastic. Cells were allowed to adhere for 10, 20,
and 45 minutes. Adherent cells were collected after repeated
washings and quantified as positive events in 60 second
acquisitions by flow cytometric analysis. Adhesion to BSA was
subtracted and was always <5%. Data are expressed as percent
of input cells and represent the mean + SD of 3 independent
experiments. (C) In vitro chemotaxis assay was performed using
48 well-chemotaxis chamber. Increasing doses of CX3CL1 were
added in the lower well. Migration was quantified as the average
number of 6 randomly selected fields at 400x microscopy
magnification. Experiments were performed in triplicate. Results
presented are the mean + SD of 3 independent experiments.

CX3CL1, and adhesion progressively increased during
time. Adhesion to CX3CL1 was specific as shown by a
marked reduction of cell adhesion following pretreat-
ment with an anti-CX3CL1 blocking mAb (data not
shown).

We also analyzed in vitro glioma cell migration in
response to increasing doses of CX3CL1. The results
shown in Fig. 2C indicate that CX3CL1 causes a dose-
dependent induction of directional migration of the 3
cell lines, with a maximum response at 500 ng/mL



(migration index, MI= 1.4, 3, and 2.7 for U87MG,
T98G, and U251, respectively). The lower level of
U87MG cell chemotaxis and adhesion to CX3CL1
with respect to the other cell lines correlates with a
higher basal motility of these cells that might reduce
their ability to sense a CX3CL1 gradient and to bind
to the immobilized chemokine.

Our data indicate that CX3CL1 promotes the
adhesion and chemotaxis of CX3CR1-expressing
glioma cells in vitro, suggesting that CX3CL1 expressed
by other cells in the CNS contributes to the infiltrative
behavior of glioma cells in vivo.

Endogenous CX3CL1 Negatively Regulates Glioma
Cell Invasiveness

Next, we sought to determine the role of endogenously
produced CX3CL1 on glioma cell function. It has been
previously demonstrated that glioma-derived CXCL12
and CXCL1 can directly favor the tumor invasion
process.”®*” Because both CX3CL1 and CX3CR1 are
expressed on glioma cells, we hypothesized that they
play an autonomous role on glioma functions. To
study the contribution of the CX3CR1/CX3CL1 axis
to the invasion process, we analyzed the ability of
glioma cells to pass through an extracellular matrix
barrier (Matrigel) and direct toward a growing gradient
of FBS in the presence of CX3CL1 neutralizing mAb. We
observed that all glioma cell lines tested were able to
invade a matrigel barrier even though with different kin-
etics. This difference could be related to the intrinsic
basal motility of glioma cells, being T98G slower than
the other cell lines (data not shown). Surprisingly, we
observed that the disruption of CX3CR1/CX3CL1
interaction by means of an anti-CX3CL1 neutralizing
mAb enhanced glioma cell invasion (U87MG 2.1-fold,
T98G 3-fold, U251 5-fold), indicating that CX3CL1
inhibits glioma cell invasion (Fig. 3). These results
suggest that CX3CL1/CX3CR1 interaction has a
pro-adhesive function on glioma cells. To investigate
CX3CL1’s role on glioma intercellular adhesion, we per-
formed a slow aggregation assay in vitro at different time
points. Irrespective of the cell line analyzed, intercellular
contacts occurred during time and led to the formation
of small aggregates that were progressively integrated
in a single cellular mass by 24 hours (Fig. 4A).
However, when the assay was performed in the presence
of the anti-CX3CL1 neutralizing mAb, we observed a
marked delay in U§7MG and U251 cell aggregation as
compared with IC Ab-treated cells (Fig. 4A).
Irrespective of CX3CL1 blockade, all cells formed
similar aggregates after 48 hours (data not shown),
suggesting that CX3CL1 influences the speed of the
aggregation process rather then the final aggregation.
The observation that T98G cell aggregation is affected
by CX3CL1 blockade only at the earlier time point (3
hours) suggests that this chemokine plays a major role
in the initial phase of the T98G cell aggregation
process. We thus performed the same assay at earlier
times, enumerating free single cells or aggregates
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Fig. 3. CX3CL1 inhibits glioma cell invasion. In vitro invasion assay
was performed in 24 matrigel-coated wells. Anti-CX3CL1 mAb
(black columns) or IC mAb (white columns) was added together
with the cells in the upper chamber. Cell invasion was evaluated
at 18 hours for U87MG and U251, and at 36 hours for T98G
glioma cells. Invasion was quantified as the average number of
cells counted in 10 randomly selected fields at 400x
magnification. Experiments were performed in duplicate. Results
presented are the mean + SD of 3 independent experiments and
are expressed as fold increase in the invasion capacity of
anti-CX3CL1 Ab-treated cells vs that of IC-treated cells. Student's
t-test was performed by comparing invasion of IC-treated cells vs
anti-CX3CL1 mAb-treated cells. *P < .05. Invasion in the
absence or presence of IC mAb was similar.

containing 2 or more T98G cells. As shown in Fig. 4B,
at 1 hour we quantified a greater number of free single
cells and a reduced number of aggregates (>3 cells) in
the presence of anti-CX3CL1 neutralizing mAb as com-
pared with IC mAb. Similar results were obtained at 2
and 3 hours.

Collectively these data show that the CX3CL1/
CX3CR1 pair interferes with glioma cell invasion,
likely by promoting cell aggregation.

TGF-betal Regulates CX3CL1 Expression on Glioma
Cells

Both TGF-betal and its receptors are overexpressed in
high grade glioma and influence many aspects of
tumor progression including cell migration/invasion,
proliferation, and angiogenesis." Moreover, TGF-betal
can regulate chemokine production by bone marrow
and cancer cells.”®** Thus, we investigated whether
expression and function of the CX3CL1/CX3CR1 pair
in glioma cells could be affected by TGF-betal. At
first, we quantified TGF-betal secretion in our cell
culture conditions analyzing T98G, U87MG, and
U251 cell supernatants by ELISA; TGF-betal concen-
tration resulted 2.2ng/10° cells + 0.4, 1ng/10°
cells + 0.2, and 0.2ng/10° cells + 0.02, respectively
(Fig. SA).

The evidence that the higher CX3CL1-producing cell
line U251 secreted a much lower amount of TGF-betal
suggests that TGF-betal negatively regulates CX3CL1
expression in glioma cells. In accordance, we found
that treatment of all 3 cell lines for 18 hours with recom-
binant human TGF-betal led to a strong reduction of
CX3CL1 mRNA as compared with the untreated
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Fig. 4. CX3CL1 is involved in glioma cell aggregation. (A) Slow aggregation assay on agar substrate was performed in the presence of
40 pg/mL of anti-CX3CL1 or IC mAb in 96-well plates, at 37°C, 5% CO, as described in material and methods. Images shown were
collected at 40x magnification and indicate a representative experiment of 3 independent experiments performed. Scale bar: 100 pm
(B) Aggregation of T98G cells after 1 hour incubation in presence of 40 wg/mL of anti-CX3CL1 or IC mAb. Shown is a representative
field (25 000 pixel®) obtained using Image J software. Data were expressed as the percentage of the mean + SD of the number of single
cells or aggregates containing 2 or more cells relative to a total of 500 cells, counted in several central fields.

control (Fig. 5B). A similar decrease was observed by
analyzing the expression of membrane-bound CX3CL1
and accumulation of the soluble chemokine in the super-
natants following TGF-betal treatment (Fig. 5C and D).

The results obtained with glioma cell lines were also
confirmed using primary glioblastoma cell cultures that
were found to produce TGF-betal and CX3CL1 and
to reduce expression of CX3CL1 transcript upon treat-
ment with TGF-betal (Fig. 6A and B).

To better clarify the role of endogenous TGF-betal
on the CX3CL1/CX3CR1 axis affecting glioma cells,
we stably transfected T98G and U87MG cell lines
with a vector expressing siRNA specific for
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TGF-betal, or with an empty vector. ELISA performed
on the cell culture supernatant showed that TGF-betal
production was stably reduced by 50% in U87MG-
and T98G-TGF-betal siRNA cell transfectants, respect-
ively, as compared with empty vector-transfected cells
(Fig. 7A).

Soluble CX3CL1 accumulation was markedly
increased in the cell culture supernatant of TGF-betal
siRNA-transfected cells, and this increase was
accompanied by a marked induction of CX3CL1
mRNA levels in TGF-betal siRNA T98G cells, as
shown by RT-PCR analysis (Fig. 7B). These results indi-
cate that the endogenous production of TGF-betal by
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glioma cells negatively regulates cx3cl1 gene expression,
and that dampening TGF-betal protein levels is suffi-
cient to increase CX3CL1 expression. No differences
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assay. Histograms represent the mean +SD of at least 3
independent experiments performed. (B) CX3CL1 mRNA was
analyzed by RT-PCR on 3 primary glioma cells following 18
hours culture with or without (-) recombinant human TGF-beta1
(10 ng/mL) at 37°C, 5% CO,. Data are expressed as in Fig. 5B.

were found between untransfected and empty vector-
transfected cells in terms of TGF-betal, CX3CL1, or
CX3CR1 cell surface expression and functional
responses (data not shown).

As expected, standard migration assays revealed that
TGF-betal siRNA-T98G cells displayed reduced basal
motility on fibronectin with respect to vector-transfected
cells (Fig. 7, left panel C). This effect correlated with a
strong impairment in the invasion capability of
TGF-betal siRNA tumor cells. Notably, we found that
TGF-betal siRNA-T98G cell invasion was significantly
rescued when cells were incubated with the CX3CL1
blocking mAb, suggesting that the increase of CX3CL1
that occurs because of TGF-betal reduction greatly con-
tributes to the inhibition of glioma cell invasion (Fig. 7,
right panel D).

Discussion

CX3CL1 is of particular interest in regard to brain
tumors because of its abundant and constitutive
expression by CNS cells and its role in the neuron-glial
cell communication in normal and pathological con-
ditions. 8- 10:15,30

Herein, our findings demonstrate that CX3CL1 is
expressed on both glioma cell lines and primary cell cul-
tures and disclose a previously uncharacterized role of
the endogenously expressed chemokine in glioma cell
adhesion/invasion. Moreover, our data indicate that
TGF-betal inhibits CX3CL1 expression by glioma
cells with important functional consequences. Indeed,
the analysis of CX3CL1 expression following
TGF-betal glioma cell treatment or on TGF-betal
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Fig. 7. Increased expression of CX3CL1 and reduced invasiveness in TGFbeta-1 siRNA glioma cells. The release of TGF-betal (A) and
SCX3CL1 (B, left panel) in supernatants of pSUPER-puro-TGF-beta1 stably transfected U87MG, T98G cells (TGF-beta1 siRNA) or mock
transfectants (control) was monitored by ELISA assay. CX3CL1 mRNA was analyzed by RT-PCR in control and TGF-beta1 siRNA T98G
cells (B, right panel). The mean + SD of the concentration (TGF-beta1 and CX3CL1 protein) or arbitrary units (CX3CL1 mRNA) derived
from 3 independent experiments and normalized with beta-actin was calculated and results were expressed as percentage of untreated
cells. (C, left panel) Control or TGF-betal siRNA cells were assayed in migration assay against a gradient of FBS, performed using the
48-well microchamber (C, right panel). Control or TGF-beta1 siRNA cells treated with anti-CX3CL1 or IC mAb were assayed in invasion
assay across a matrigel barrier (right panel) as described in material and methods. Student’s t-test was performed by comparing control
cell values versus TGF-beta1 siRNA cell values except in C, right panel in which IC- vs anti-CX3CL1 Ab-treated cell invasion values were

compared. *P < .05.

siRNA expressing cells demonstrates the existence of an
inverse correlation between TGF-betal accumulation in
glioma cell culture supernatants and CX3CL1
expression. We also showed that reduction of membrane
and soluble CX3CL1 expression likely involves modu-
lation of mRNA expression rather than shedding of
endogenous CX3CL1. Notably, expression of
CX3CR1 on glioma cell plasma membrane is instead
increased by TGF-betal, suggesting that TGF-betal-
dependent reduction of its ligand affects the availability
of the receptor on the cell surface (Supplementary
Material, Fig. S1). Previous reports showed that
migration of immune or tumor cells and their conse-
quent positioning into tissues can be influenced by
TGF-betal, and in some cases this is attributable to its
ability to regulate chemokine and/or chemokine recep-
tor expression.”®?! TGF-betal is released by glioma
cells in large quantities in vitro and in vivo and has
been considered central to the malignant progression
of glial tumors and to immune dysfunction in patients
with glioblastoma. This is because TGF-betal promotes
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tumor angiogenesis, enhances migration and invasion,
and inhibits T cell-mediated immune responses.
TGF-betal action on glioma cell invasion was previously
shown to involve the regulation of alphavbeta3 integrin
and MMP expression.>* To understand how CX3CL1
expression influences glioma cell invasion, we performed
invasion assays in the presence of CX3CL1 neutralizing
mAb. This set of experiments showed a significant
increase of glioma cell invasion when CX3CL1 was neu-
tralized, clearly showing an inhibitory role of CX3CL1
on tumor invasion. Correspondingly, the ability of
TGF-betal to modulate CX3CL1 expression has impor-
tant functional consequences on glioma cells as we
observed decreased invasiveness of TGF-betal silenced
T98G cells that was partially reversed by blocking
CX3CL1. These observations reveal a peculiar role of
CX3CL1 with respect to other chemokines, as previous
reports emphasize the positive role of tumor-derived
chemokines in cell invasion that was largely attributed
to their ability to induce MMP expression and acti-
vation.”®?” Indeed, CXCL12 and its receptor, CXCR4,



are overexpressed in invading glioma cells, and the
blockade of the CXCR4/CXCL12 axis by means of a
CXCR4 neutralizing Ab inhibits glioma cell invasion.
In addition, glioma cells transduced with CXCL1 are
more invasive and tumorigenic in vivo than control cells.

How can CX3CL1 inhibit cellular invasion? A
number of pieces evidence indicate that homotypic
adhesion can reduce the invasive potential of tumor
cells, such as glioma cells.’**® This suggests that the
induction of cell-cell contact by CX3CL1 might
prevent the detachment of individual tumor cells from
the tumor aggregate that is required for the invasion
process. Actually, our observations indicate that the
blockade of CX3CL1/CX3CR1 interaction in slow
aggregation assays leads to a delayed formation of cell
aggregates, underlying an active role for this ligand/
receptor pair in the establishment of tumor cell-cell
contact. The CX3CL1-mediated inhibitory effect can
be attributable to the peculiar structure of this chemo-
kine that directly promotes cell-cell adhesion when
expressed as trans-membrane protein. Nonetheless, we
cannot exclude that also released CX3CL1 could regu-
late the aggregation process either in a positive way by
enhancing the function of adhesion molecules such as
integrins, or in a negative manner by interfering with
the membrane-bound chemokine interaction with
CX3CRI1. In this regard, CX3CL1 cleavage has been
involved in the downregulation of inter-cellular adhesive
properties and can even result in the detachment of
bound cells.”** Our data also indicate that glioma
cells migrate and adhere in vitro in response to exogen-
ous CX3CL1, suggesting that CX3CL1 distribution in
the CNS could affect invasion of tumor cells into neigh-
boring tissues in vivo. In support to this assumption,
tissue expression of CX3CL1 has been previously
reported to drive localization of other tumor cells in
several tissues, including brain.> =37

TGF-beta interferes with antitumor immune
responses by inhibiting the maturation of dendritic
cells and the activation of T and natural killer (NK)
cells."*? Previous reports indicate that CX3CL1 in the
tumor microenvironment negatively affects progression
of several tumors favoring antitumor immune
responses.”***? This is achieved also in brain tumors
such as neuroblastoma where recruitment of CD8+ T
lymphocytes and NK cells strongly depend upon
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CX3CL1. Our observation that soluble CX3CL1
expression is down-modulated by TGF-betal suggests
that in addition to suppression of immune cell acti-
vation, TGF-betal-mediated immune evasion is accom-
plished also through reduction of cell recruitment. In this
regard, a recent paper by Liu et al.** described that the
immune response against glioma does not qualitatively
change in CX3CR1-deficient mice, and that no differ-
ences in immune cell/microglial cell recruitment are
present with respect to wild type mice. As the authors
used high grade TGF-betal-producing glioma cells, it
is possible that in line with our results these cells
display a reduced CX3CL1 expression, and thus the
impact of this chemokine on the immune response
could be minimal.

In conclusion, our data shed light on a novel mechan-
ism of inhibition of tumor invasion by CX3CL1 and
demonstrate that TGF-betal promotes tumor invasion
also by counteracting CX3CL1 expression. Targeting
the TGF-betal/CX3CL1 balance may thus constitute a
useful approach to control glioma progression.
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