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Abstract

The prognosis for many pediatric brain tumors, including cerebellar medullo-
blastoma (MB), remains dismal but there is promise in new therapies. We have
previously generated a mouse model developing spontanecous MB at high fre-
quency, Ptchl™'~/Tis217'~. In this model, reproducing human tumorigenesis,
we identified the decline of the Cxcl3 chemokine in cerebellar granule cell pre-
cursors (GCPs) as responsible for a migration defect, which causes GCPs to
stay longer in the proliferative area rather than differentiate and migrate inter-
nally, making them targets of transforming insults. We demonstrated that
4-week Cxcl3 infusion in cerebella of 1-month-old mice, at the initial stage of
MB formation, forces preneoplastic GCPs (pGCPs) to leave lesions and differ-
entiate, with a complete suppression of MB development. In this study, we
sought to verify the effect of 4-week Cxcl3 treatment in 3-month-old Prchl ™'~/
Tis2]~'~ mice, when MB lesions are at an advanced, irreversible stage. We
found that Cxcl3 treatment reduces tumor volumes by sevenfold and stimu-
lates the migration and differentiation of pGCPs from the lesion to the internal
cerebellar layers. We also tested whether the pro-migratory action of Cxcl3
favors metastases formation, by xenografting DAOY human MB cells in the
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1 | INTRODUCTION

Chemokines are a family of low molecular weight (8—
14 kDa) cytokines, involved in chemotactic migration
and intercellular communication. These secreted proteins
are defined by four invariant cysteine residues in their pri-
mary amino acid sequence and are classified into four
distinct subfamilies (CXC, CC, C, and CX3C) based on
the sequence around the first two cysteines [1]. Chemo-
kines bind to specific seven-transmembrane G protein-
coupled receptors, classified into four groups (CXCR,
CCR, CR, and CX3CR) according to the chemokines
they bind, and trigger a wide range of biological
responses ranging from cell polarization and movement,
to immune and inflammatory responses, angiogenesis,
tumor growth, and metastasis [2, 3].

Although chemokines have been identified and exten-
sively studied in the immune system, recent evidence
demonstrated the physiological and pathological expres-
sion of some of these molecules and their corresponding
receptors in the central nervous system (CNS). In the
CNS, chemokines are mainly synthesized by astrocytes
and microglia and, to a lesser extent by neurons, and rep-
resent, after neurotransmitters and neuropeptides, the
third major intercellular communication system [4, 5]. In
the CNS, chemokines are not only involved in neuroin-
flammation as mediators of leukocyte infiltration, but
also play crucial roles in processes such as development,
synaptic transmission, homeostasis, and in neurological
disorders associated with severe inflammatory conditions
[5, 6]. Most probably, these functions are related to the
uneven cerebral distribution of some chemokines and
their receptors, which are selectively localized in the
hypothalamus, nucleus accumbens, limbic system, hippo-
campus, thalamus, cortex, and cerebellum [4].

The cerebellum has a typical laminated structure
composed of three layers, which is the result of the pecu-
liar process of cerebellar development (from the outside
to the inside the layers are the molecular layer [ML], the
Purkinje cell layer, and the inner granular layer [IGL],
respectively). During the postnatal period, cerebellar
granule cell precursors (GCPs) proliferate in the external

cerebellum of immunosuppressed mice. We showed that DAQOY cells express
the Cxcl3 receptor, Cxcr2, and that Cxcl3 triggers their migration. However,
Cxcl3 did not significantly affect the frequency of metastases or the growth of
DAOY-generated MBs. Finally, we mapped the expression of the Cxcr2 recep-
tor in human MBs, by evaluating a well-characterized series of 52 human MBs
belonging to different MB molecular subgroups. We found that Cxcr2 was
variably expressed in all MB subgroups, suggesting that Cxcl3 could be used
for therapy of different MBs.
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granular layer (EGL) on the cerebellar surface in
response to the Sonic Hedgehog (SHH) mitogen secreted
by the underlying Purkinje cells. After clonal expansion,
GCPs exit the cell cycle, migrate to ML and IGL, and
differentiate into mature granule neurons, with disap-
pearance of the EGL and development of the mature
three-layered cerebellar structure [7]. In the cerebellum,
Purkinje cells and granule neurons co-express multiple
functional chemokine receptors and, therefore, are sensi-
tive to a broad range of chemokines [8]. For example, the
chemokine Ccl2 is detected in adult and developing cere-
bellar neurons and plays a neuromodulatory role by
influencing the physiological properties of Purkinje cells
[9, 10]. Cxcl8, Cxcll, and Cxcl12 also modulate the activ-
ity of cerebellar neurons by enhancing the release of neu-
rotransmitters [11, 12]. Interestingly, the Cxcl12/Cxcr4
axis is crucial for proper cerebellar development: the che-
mokine Cxcl12 secreted by meninges prevents the prema-
ture migration of proliferating GCPs—which express the
Cxcr4 receptor—from the EGL, chemoattracting them
away from the IGL toward the pia mater overlying the
cerebellum [13, 14]. We demonstrated that during cere-
bellar development the chemokine Cxcl3 exerts an oppo-
site action to Cxcl12, promoting the migration of GCPs
from the EGL toward the inner layers [15]. We obtained
this result in a new mouse model (Ptchl™~/Tis21 ")
that we have generated by crossing Ptchl '~ mice—
spontaneously prone to cerebellar tumorigenesis—with
mice lacking the Tis2/ gene, which directly controls the
transcription of Cxcl3. In Prchl '~/Tis2] '~ mice, we
observed that downregulation of Cxcl3 expression
impairs the GCPs migration outside the EGL, a defect
that is rescued by exogenous Cxcl3 administration. Inter-
estingly, in Prchl ™~ /Tis21 '~ mice, the delay in the
migration of GCPs from the EGL to neighboring layers
causes the prolonged permanence of GCPs on the cere-
bellar surface and their exposure to the proliferative
action of SHH, resulting in a dramatic increase of medul-
loblastoma (MB) frequency [15].

MB is the most common childhood brain tumor and a
leading cause of pediatric cancer-related morbidity [16].
MB is a highly heterogeneous disease, with four molecular
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subgroups (WNT, SHH, Group 3, and Group 4) of clinical
relevance. Each molecular subset arises from peculiar cells
of origin and is associated with different genetic alterations,
histology, and pathogenesis [16, 17]. Treatment of MB
includes maximal safe resection, radio and chemother-
apy [18], and causes serious side effects in young patients
[19-21]. The development of innovative, more effective and
tolerable therapeutic strategies is therefore urgently needed.
In this regard, we identified the chemokine Cxcl3 as a MB
suppressor, following its administration for 4 weeks by
Alzet osmotic minipumps in the cerebellum of 1-month-old
Ptchl ™'~ [Tis21 ="~ mice [22]. Ptchl*~/Tis21 '~ mice are
characterized in the first few months of life by the appear-
ance on the cerebellar surface of regions of ectopic cells,
which represent a preneoplastic stage of tumorigenesis [15].
These hyperplastic lesions contain proliferating preneoplas-
tic GCPs (pGCPs), which can give rise to tumors when
transplanted but are capable of undergoing migration and
differentiation like normal GCPs [23]. We demonstrated
that in 1-month-old Ptchl *'~/Tis21 '~ mice chronic intra-
cerebellar administration of the chemokine Cxcl3 forces
pGCPs to migrate outside the hyperplastic lesions and dif-
ferentiate, inactivating their neoplastic program and, there-
fore, leading to the disappearance of MB lesions [22].

In this report, we expand our previous analyses, to test
in vivo whether the chemokine Cxcl3 has a migration-
promoting action on pGCPs of mice in advanced stages of
MB tumorigenesis, preventing the tumor growth. To this
aim, we subjected 3-month-old Prchl™~/Tis2] =/~ mice—
bearing irreversibly tumor-committed MB lesions—to chronic
intracerebellar infusion of the chemokine Cxcl3 by Alzet
osmotic minipumps and assessed the presence and extent of
MB lesions after 28 days of treatment. Furthermore, to test
the therapeutic potential of Cxcl3 in the treatment of human
MB, we interrogated a thoroughly characterized series of
human MBs belonging to the four molecular subgroups for
the expression of the chemokine receptor Cxcr2 and we
explored whether the treatment with Cxcl3 increases the risk
of metastatic spread by generating an orthotopic MB xeno-
graft model. Indeed, we demonstrated that intracerebellar
treatment with Cxcl3 promotes migration and differentiation
of pGCPs in 3-month-old Ptchl™'~/Tis21 '~ mice, with a
highly significant reduction of MB lesions extent, confirming
the role of Cxcl3 as a MB suppressor also at a later stage of
tumor development. Furthermore, Cxcl3 did not increase the
risk of metastasis and could variably act on tumor cells of all
MB molecular subgroups, which express the Cxcr2 receptor
on their membrane surface. Collectively, these results suggest
that the chemokine Cxcl3 may be a potentially relevant mole-
cule for MB therapy.

2 | MATERIALS AND METHODS
2.1 | Mice

Ptchl ™'~ /Tis2] ="~ mice were previously generated [15] by
crossing Prchl '~ mice [24] with Tis2/ knockout mice [25],
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and maintained by continuous inbreeding. Genotyping of
Ptchl ™'~ ITis21 ="~ pups was routinely performed by PCR
analysis using genomic DNA from tail tips, as described [15].

For in vivo bioimaging studies, 6/7-week-old athymic
nude mice (Foxnl™/Foxnl™) were obtained from the
European Mouse Mutant Archive (EMMA; Monterotondo
Scalo, Rome, Italy) and housed in individually ventilated
mouse cages under controlled conditions (temperature of
22 + 2°C; relative humidity of 55 + 15%; 12-15 air changes
per hour; 12/12 h light/dark cycle; irradiated standard diet
and chlorinated, filtered water ad libitum).

All animal procedures were performed with mice of
both sexes, in accordance with the current guidelines of the
European Ethical Committee (directive 2010/63/EU) and
with the experimental protocol approved by the Italian
Ministry of Health (Authorization N. 890/2020-PR).

2.2 | Treatment of Ptchl™' " ITis21 '~ mice
and sample preparation

Thirty-six 3-month-old Prchl ™'~/Tis2] ~'~ mice were anes-
thetized with 2% isoflurane in 100% O, through a nose cone
and implanted into their cerebellum with an Alzet osmotic
minipump, as described [22]. Briefly, an Alzet 30-g infusion
cannula (length 1.5 mm; brain infusion kit 3; Durect Corp.,
Cupertino, CA, USA) was implanted in the subarachnoid
space above the rostral, dorsal cerebellum, 5 mm caudal to
lambda at midline. The Alzet minipump (1004, which
delivers 0.11 pl/h for 4 weeks; Durect Corp.) was filled with
recombinant Cxcl3 (100 pl of a solution at 20 pg/ml;
5568-CA-025/CF, R&D Systems, Minneapolis, MN, USA)
or with the vehicle (cerebrospinal fluid [CSF] solution, as
per Durect Corp. protocol: 148 mM NaCl, 3 mM KCl,
1.4 mM CaCl,, 0.8 mM MgCl,, 8 mM Na,HPO,, 0.2 mM
NaH,PO,) and placed between the scapulas. The cannula
was fixed with cyanoacrylate and the skin was closed with
sutures. The mice were monitored daily for development of
potential neurological deficits and/or distress symptoms
until the end of treatment (7 or 28 days). Five days before
their sacrifice, mice were injected intraperitoneally with
5-bromo-2'-deoxyuridine (BrdU) (95 mg/kg; Sigma Aldrich,
St. Louis, MO, USA) to visualize migrating pGCPs,
according to existing protocol [22]. At the end of the treat-
ment, the mice were euthanized under anesthesia by trans-
cardiac perfusion with 4% paraformaldehyde (PFA) in
PBS; their cerebella were then dissected, cryoprotected in
30% sucrose in PBS and stored at —80°C until use (i.e., for
immunohistochemical studies on MB lesions area and vol-
ume and cell migration, proliferation and survival).

2.3 | Immunofluorescence staining, confocal
microscopy, and quantification of MB lesions
and cell numbers

Immunohistochemical analysis of Prchl ™'~ /Tis2] '~
cerebella using fluorescent methods was performed as
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previously described [22, 26, 27]. Briefly, samples were
embedded in Tissue-Tek OCT (Sakura Finetek, Tor-
rance, CA, USA) and cut into 40 pm thick serial free-
floating sections on a rotating cryostat at —25°C. To
detect the BrdU incorporation, the sections were treated
with 2 N HCI 45 min at 37°C and then with 0.1 M
sodium borate buffer, pH 8.5, for 10 min. All the samples
were permeabilized with 0.3% Triton X-100 in PBS and
incubated overnight at 4°C with primary antibodies
diluted in 3% normal donkey serum in PBS: a rat mono-
clonal antibody against BrdU (Abcam, Cambridge, UK;
AB6326; 1:300), a mouse monoclonal antibody raised
against NeuN (Millipore, Burlington, MA, USA;
MAB377; 1:100), a rabbit monoclonal antibody against
Ki67 (Thermo Fisher Scientific, Waltham, MA, USA;
RM-9106-S1; 1:150), a rabbit polyclonal antibody
against cleaved (activated) Caspase3 (Cell Signaling
Technology, Danvers, MA, USA; 9661; 1:100), or a rab-
bit polyclonal antibody against Cxcr2 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA; sc-682; 1:200). The
following day, the sections were reacted with the appro-
priate secondary antibodies, diluted in PBS (1:200), all
from Jackson ImmunoResearch (West Grove, PA,
USA): a donkey anti-rat TRITC-conjugated (BrdU), a
donkey anti-mouse conjugated to Alexa-488 (NeuN), or
a donkey anti-rabbit Cy3-conjugated (Ki67, Caspase3,
Cxcr2). The slices were then counterstained by Hoechst
33258 (1 mg/ml in PBS; Sigma-Aldrich) to visualize the
nuclei and the cerebellar layers (i.e., ML and IGL). Pho-
tomicrographs of the immunostained sections were col-
lected with an Olympus FV1200 spectral inverted laser
scanning confocal microscope and were analyzed by the
IAS software (Delta Sistemi, Rome, Italy).

To evaluate the presence of lesions, identified by visual-
izing the BrdU™" pGCPs, we examined for each cerebellum
12 sagittal sections, at 400 pm of distance, in order to allow
a representative sampling. Planimetric measurements of
lesion area were performed for the total extension of the
lesion in each photomicrograph field by tracing the outline
of the whole lesion on the digital picture and were measured
with the IAS software. The volume of each lesion was
calculated multiplying the average lesion area by
section thickness and by number of sections in which the
lesion was observed, as described [15].

To quantify pGCPs migrating from the lesions to
neighboring layers (i.e., ML and IGL) and differentiat-
ing, we analyzed 10 CSF-treated and 9 Cxcl3-treated
mice, examining 10 adjacent sagittal sections per lesion.
The pGCPs migrating were identified as BrdU-labeled
cells in ML and IGL, and counted as percentage ratio to
the total number of BrdU™ cells in the lesion and layers,
according to a published protocol [22]. Similarly, differ-
entiating pGCPs were identified as BrdU " NeuN™" cells in
ML and IGL, and counted as percentage ratio to the
total number of BrdU™ cells in the lesion and layers [22].

Apoptotic (cleaved Caspase3™) or proliferating (Ki67)
cells in lesions of CSF-treated or Cxcl3-treated mice were

expressed as a percentage ratio to the total number of cells,
labeled by Hoechst 33258, as previously described [26, 27].
The cell counts were performed on about 20-30 randomly
representative images, collected under the same parameters
from six different lesions for each treatment group.

2.4 | Cell culture and immunocytochemistry
DAOY and D283 cells were cultured in Minimum Essen-
tial Medium (MEM; ECB2071L Euroclone, Milan,
Italy) [28] and Dulbecco’s Modified Eagle’s Medium
(DMEM; ECMO0101 Euroclone) [29], respectively, both
medium supplemented with L-glutamine 2 mM, sodium
pyruvate 1 mM, 100 U/ml penicillin G, 100 mg/ml strep-
tomycin, and 10% fetal bovine serum (FBS; HyClone,
Logan, UT, USA). Cells were maintained in a humidified
atmosphere of 5% CO, at 37°C.

To visualize Cxcr2 receptor, MB cells were fixed in
4% PFA in PBS for 20 min at RT, permeabilized with
0.1% Triton X-100 in PBS and then incubated for 2 h at
RT with the primary rabbit polyclonal antibody against
Cxcr2 (Santa Cruz Biotechnology; sc-682; 1:200). The
secondary antibody used to visualize the antigen was a
donkey anti-rabbit antiserum conjugated to Cy3
(Jackson ImmunoResearch; 1:100). Nuclei were stained
by Hoechst 33258 (1 mg/ml in PBS; Sigma-Aldrich).
Images of the immunostained cells were obtained by an
Olympus FV1200 spectral inverted laser scanning confo-
cal microscope.

2.5 | Invitro migration assay

To analyze the effect of Cxcl3 administration on the
in vitro migration of human DAOY and D283 cells we
used the scratch wound healing assay, performed as pre-
viously described [29-31], with minor modifications.
Briefly, DAOY and D283 cells were seeded in 6-well
plates at a density of 1 x 10° cells/well and 5 x 10° cells/
well, respectively, and grown at 37°C and 5% CO, until
confluence. Then, a vertical line was made in the cell
monolayer with a sterile 1000 pl pipette tip to induce a
wound. Scraped off cells were removed by two washes
with PBS; fresh medium supplemented with 100 ng/ml of
human Cxcl3 (277-GG-010/CF, R&D Systems) or vehi-
cle alone (PBS, 0.1% BSA) was then added to each well,
and the cells were maintained at 37°C and 5% CO, for
the whole duration of the experiment. Images of 4 fields
per well were photographed at the time of wound induc-
tion (0 h) and 24 h after, using an inverted microscope
(Leica DM IRB; Leica Microsystems, Wetzlar,
Germany). Wound area was determined by tracing the
wound outline on the digital image and measured with
IAS software or ImageJ software (National Institutes of
Health, USA). The wound healing rate was calculated by
comparing the same fields at 0 and 24 h according to the
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formula: [(scratch width at 0 h—scratch width at 24 h)/
scratch width at 0 h] x 100%. The experiments were
repeated twice, with at least three replicates per
condition.

To investigate whether the specificity of the pro-
migratory effect of Cxcl3 on human DAOY cells depends
on binding to the Cxcr2 receptor, a small-molecule inhibitor
of Cxcr2 (Reparixin) was used in a scratch wound healing
assay to inhibit the Cxcl3 signaling pathway. Reparixin
(HY-15251) was purchased from Med Chem Express
(Monmouth Junction, NJ, USA) and dissolved in DMSO
for storage. The in vitro migration assay was performed as
described above, dividing DAOY cells into four groups:
cells treated with vehicle alone (0.1% DMSO) for 48 h; cells
treated with human Cxcl3 (100 ng/ml) for 48 h; cells treated
with Reparixin (100 nM) for 48 h; and cells treated with
Reparixin (100 nM) combined with Cxcl3 (100 ng/ml) for
48 h [32]. The experiment was repeated twice, with at least
three replicates per condition.

2.6 | Generation of GFP- and Luc-expressing
DAOY cell line by lentiviruses infection

To perform the in vivo bioimaging studies, DAOY cell
cultures were infected with the lentiviral vector
pLL-EFla-rFLuc-T2A-GFP-mPGK-Puro (System Bio-
sciences, Palo Alto, CA, USA), which expresses both
Luciferase and Green Fluorescent Protein, and Puromy-
cin resistance. In DAOY-Luc cells, the GFP was directly
visualized by microscopy.

Briefly, the G-glycoprotein vesicular stomatitis virus-
pseudotyped lentiviral particles were generated by Cal-
cium Phosphate transfection of HEK293T cells with a
1:2.5 ratio mixture of the pLL-EFla-rFLuc-T2A-GFP-
mPGK-Puro lentiviral vector and the PACKH1 mix con-
taining the three plasmids pGAG, pREV, and pVSV-G.
HEK293 cells were cultured in DMEM, supplemented
with 10% FBS (HyClone), 100 U/ml penicillin G, and
100 mg/ml streptomycin, at 37°C in 5% CO,. Then,
4 x 10° cells (50% confluent) were plated in a 10-cm dish
24 h before transfection. Virus-containing medium was
harvested 24, 48, and 72 h after transfection and concen-
trated by two ultracentrifugation steps. The titer of the
viral vector was in the range of 10® TU/ml. The concen-
trated virus (1/14 of the virus concentrated from two
10-cm dishes) and polybrene (8 pg/ml; Sigma-Aldrich)
were added to DAOY cells 50% confluent in a 35-mm
dish containing MEM supplemented with 10% FBS
(HyClone), 100 U/ml penicillin G, 100 mg/ml streptomy-
cin, L-glutamine 2 mM, and sodium pyruvate 1 mM, at
37°C in 5% CO,. After overnight incubation, the proce-
dure of infection of DAQY cells was repeated. DAOY
infected cells were then selected with puromycin (2 pg/ml;
Sigma-Aldrich) for 5 days. Afterward, the expression of
GFP in infected DAOY cells was checked by fluores-
cence Leica DM IRB inverted microscope (Leica
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Microsystems), then cells were harvested and cryopre-
served in liquid nitrogen for in vivo injection.

The lentiviruses generated were replicant-deficient.
Their manipulation was approved by the Italian Ministry
of Health (authorization RM/IC/Op2/20/005) and per-
formed using BSL-2 and ABSL-2 containment.

2.7 | Orthotopic MB xenograft mouse model
and in vivo bioimaging studies

Generation of an orthotopic intracerebellar DAOY-Luc
xenograft model and in vivo bioimaging studies were per-
formed as previously described [33, 34], with minor modifi-
cations. Briefly, fourteen 6/7-week-old athymic nude mice
(Foxnl™/Foxnl ") were anaesthetized by inhalation of iso-
flurane and placed in a stereotactic frame by hooking their
incisors onto the frame hold. A small skin incision (length,
1 cm) and a burr hole (diameter, 0.7 mm) were created
using a microsurgical drill (Fine Science Tools, Foster City,
CA, USA). DAOY-Luc cells (1 x 10°) were resuspended in
10 ul PBS and injected slowly through the burr hole into
the left cerebellar hemisphere (stereotactic coordinates from
bregma: anteroposterior, 6.0 mmy; left lateral, 2.1 mm; dor-
soventral, 5.0 mm), using a 25-pl, 30-gauge Hamilton
syringe (Sigma-Aldrich) that was inserted perpendicular to
the cranial surface. The needle was left in its place after
completion of injection for additional 2 min; the needle and
syringe were then removed, and the skin was closed with
sutures. The mice were monitored daily for neurologic
symptoms.

Fourteen days after the DAOY-Luc implantation
(i.e., once the tumors were established), the mice were
imaged and tumor size was evaluated by bioluminescence
acquisition using an in vivo imaging system (MILabs Hybrid
OI/CT; MILabs, Houten, the Netherlands). For the acquisi-
tions, the mice were anaesthetized by inhalation of isoflur-
ane, and D-luciferin (115144-35-9; GoldBio, St. Louis, MO,
USA) (15 mg/ml stock) was intraperitoneally injected (100 ul
per 10 g body weight). At 5 min from the luciferin injection,
the mice were imaged for 2 min. Several acquisitions were
made per mouse until each mouse reached its peak of elec-
tron emission. To quantify the bioluminescence, the
electron emission (e”/s) within each area of interest was
determined using the MILabs Hybrid OI/CT software
(MILabs). The mice then were grouped according to their
bioluminescent values and implanted into their cerebellum
with Alzet minipumps filled with Cxcl3 or CSF (» = 7 mice
for each treatment group), as described above. Four total
acquisitions (weekly, over a total of 28 days of treatment)
near to the peak value for each mouse were analyzed.

2.8 | Immunohistochemistry

Fifty-two human MB biopsies, representative of the four
different molecular MB subgroups, were evaluated for
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Cxcr2 receptor expression by immunohistochemistry.
Immunohistochemistry was carried out on formalin-fixed
paraffin-embedded sections using an automated immu-
nostainer (Dako Omnis; Agilent, Santa Clara, CA, USA)
with a primary antibody directed against Cxcr2 (Santa
Cruz Biotechnology; sc-682; 1:100). The positive controls
were obtained by immunohistochemical analysis of
human spleen paraffin sections (see The Human Protein
Atlas at the link: Tissue Expression of CXCR2—The
Human Protein Atlas), while the negative controls were
obtained by omitting the primary antibody. The baseline
level of cerebellar Cxcr2 expression was also determined
by subjecting to immunohistochemical analysis paraffin-
embedded sections of a normal human cerebellum, in
which we observed weak labeling in 30% of granule neu-
rons (data not shown). Digital images of the immunos-
tained sections were collected with a digital Pathology
Scanner (Philips IntelliSite Pathology Solution 3.2;
Philips, Amsterdam, the Netherlands) and were blindly
analyzed by two independent authors.

Staining for each MB sample was evaluated by asses-
sing both the percentage of positive tumor cells and the
staining intensity. As for the percentage of positive
cells, the cases were scored as follows: 0 = positivity rate:
0-10%; 1 = positivity rate: 11-25%; 2 = positivity rate:
26-50%; 3 = positivity rate: 51-75%; 4 = positivity
rate: 76-100% [35, 36]. As for the intensity, the cases were
scored from 0 to 3, as follows: negative as 0, weak as
1, moderate as 2, and strong as 3. The final IHC score
was obtained by multiplying the result of the percentage
of stained cells by the result of the staining intensity, as
described [36]. The individual IHC scores, shown in
Figure S4, were grouped according to the MB molecular
profile.

All human MB samples were obtained with patient
consent and with approval of the Ethical Committee
(Authorization N. 730_OPBG_2013).

2.9 | Statistical analysis

The Chi square test was used to compare the MB lesion
frequency in CSF-treated mice versus Cxcl3-treated mice
(Figure 1B). Numbers of preneoplastic lesions per
cerebellum (Figure 1B), lesion areas and volumes
(Figure 1D,E), as well as data of migration and differen-
tiation of pGCPs (Figures 2C,E and S1C,D), were calcu-
lated as the mean * the standard error of the mean
(SEM) and compared by the Student’s ¢ test. Also the
DAOY and D283 migration rates (Figures 3C,D and
S3C) and the BLI increase values (Figure 4D) are
expressed as mean = SEM and compared by the Stu-
dent’s 7 test. The immunofluorescence data of prolifera-
tion and apoptosis of MB lesion cells were expressed as
percent values (mean% * SEM; Figure S2B,D): since
their distribution may not have equal variance, they were
analyzed with the nonparametric Mann—Whitney U test,

which does not require the assumption of normal distri-
bution. Finally, to compare the IHC scores of the four
different MB molecular subgroups (Figure 5B), expressed
as mean £ SEM, we used non-parametric tests, namely,
the Kruskal-Wallis test to analyze the main effects and
the Mann—Whitney U test to analyze the simple effects.

All statistical analyses were performed using StatView
5.0 software (SAS Institute, Cary, NC, USA) or Micro-
soft Office Excel (Microsoft® Excel® for Mac 2011; ver-
sion 14.7.3; Microsoft Corporation, Redmond, WA,
USA). Differences were considered statistically signifi-
cant at p < 0.05.

3 | RESULTS

3.1 | In4-month-old Ptchl™~ITis21™'~ mice,
the chronic cerebellar treatment with the
chemokine Cxcl3 significantly reduces the extent
of MB lesions, inducing pGCPs migration and
differentiation

To test whether the chemokine Cxcl3 is able to inhibit
the development of advanced stages of MB in vivo, we
administered Cxcl3 or vehicle (CSF) for 4 weeks by Alzet
osmotic minipumps in the cerebellum of 3-month-old
Ptchl *'~ITis21 '~ mice, as previously described [22]
(Figure 1A). Indeed, in our high frequency SHH-MB
mouse model (i.e., Ptchl™/Tis21 '") we previously
demonstrated that 3 months of age corresponds to a stage
in which the incidence of MB lesions exactly matches that
of mice developing MB, therefore an age in which the
lesions become irreversible [15]. In the previous study by
Farioli-Vecchioli et al. [15], we also show representative
images of MB lesions in 3-month-old Prchl '~ /Tis21 ="~
mice indicating that they are already developed tumors,
and the characterization of these lesions for apoptosis
and proliferation, with data comparable to those of the
present study.

Here, we observed that in 4-month-old Prchl ™'~/
Tis21 ~'~ mice, treated with Cxcl3 for 28 days, the per-
centage of mice presenting cerebellar lesions was 60.0%,
whereas it was 66.7% in CSF-treated mice (p = 0.7215,
22 test; n = 15 mice treated with Cxcl3 and n = 12 mice
treated with CSF). No significant differences were also
detected between Cxcl3-treated and CSF-treated mice in
the number of MB lesions per cerebellum, resulting 0.60
+ 0.13 in Cxcl3-treated and 0.67 = 0.14 in vehicle-treated
mice (p = 0.7339, Student’s 7 test) (Figure 1B).

Next, we measured the extent of lesions present in
each 4-month-old mouse lesioned (n =9 Cxcl3-treated
and n =8 CSF-treated mice). We observed a 4-fold
decrease of the area of MB lesions, identified by visualiz-
ing the BrdU" pGCPs (Figure 1C), in 4-month-old
Ptchl ' ~ITis2]1 '~ mice treated with Cxcl3 for 28 days
compared to the mice treated with vehicle for the same
time (p <0.0001, Student’s ¢ test; Figure 1D).
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Intracerebellar treatment with Cxcl3 dramatically reduces lesion volume in 4-month-old Ptchl *'~/Tis21 ~'~ mice. (A) Treatment

timeline: 3-month-old Prchl */=/Tis21 ~'~ mice were treated for 28 days with Alzet minipumps filled with recombinant Cxcl3 or vehicle (CSF); a
single injection of BrdU was performed 5 days before immunohistochemical analysis. (B) MB lesion frequency and number of preneoplastic lesions
per cerebellum in CSF-treated and Cxcl3-treated mice. The number of mice analyzed for each treatment and the statistical analysis are indicated.
(C) Representative confocal images of cerebellar sagittal slices of 4-month-old Ptchl *'~/Tis21 ~'~ mice treated with CSF (left) or Cxcl3 (right),
respectively. Nuclei were stained with Hoechst 33258 and lesions were identified by the presence of BrdU* pGCPs (red). Scale bar, 500 um. (D, E)
Bar graphs show the mean = SEM of lesion areas (D) and lesion volumes (E) measured at the end of 28 days of treatment with Cxcl3 or vehicle.

*p < 0.05, ¥***%p < (0.0001, Student’s ¢ test; mice analyzed: n = 8 for vehicle, n = 9 for Cxcl3.

Accordingly, in Cxcl3-treated mice we detected a signifi-
cant reduction in the volume of MB lesions (sevenfold
decrease, p = 0.0218, Student’s ¢ test; Figure 1E) com-
pared to controls (vehicle-treated mice). Overall, these
results indicate that intracerebellar treatment for 4 weeks
with the chemokine Cxcl3 in mice with MB in advanced
stages is not sufficient to fully eradicate the tumor mass,
as instead observed in mice with MB in earlier stages [22];
notably, however, they suggest that a longer cerebellar
treatment with Cxcl3 could further reduce the MB
lesions.

As previously demonstrated [22], in Ptchl '~/
Tis2] '~ mice intracerebellar treatment with the

chemokine Cxcl3 induces a prolonged period of forced
migration of pGCPs from lesions to the neighboring ML
and IGL, resulting in terminal differentiation of pGCPs
in cerebellar granule neurons. As this process could be
responsible for the significant reduction in the extent of
MB lesions observed in Cxcl3-treated mice, we analyzed
the percentage of pGCPs that migrated outside the
lesions and differentiated in 4-month-old Prchl '~/
Tis21 ~'~ mice treated with Cxcl3 or CSF for 28 days
(Figure 2A). pGCPs were double labeled with an injec-
tion of BrdU 5 days before analysis and with the differen-
tiation marker NeuN [37] (Figure 2B,D). We observed in
Cxcl3-treated mice a highly significant increase in the
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FIGURE 2 In4-month-old Prchl ¥'~/Tis21 =~ mice, treatment with Cxcl3 induces neoplastic precursors to migrate from MB lesions to the IGL
and differentiate. (A) Experimental timeline: 3-month-old Prchl *'~/Tis21 ~'~ mice were treated for 4 weeks with Alzet minipumps filled with
recombinant Cxcl3 or CSF alone; mice received a single injection of BrdU at P113 and were analyzed by immunohistochemistry at P118.

(B) Representative confocal images of pGCPs migrating out of MB lesions, identified as BrdU™ cells (red), in Ptchl */=/Tis21 ~'~ cerebella chronically
treated with CSF or Cxcl3. Sections are counterstained with Hoechst 33258 to visualize the lesion (L), molecular layer (ML), and internal granular
layer (IGL). Scale bar, 50 pm. (C) Migrating pGCPs were quantified as percentage ratio (mean = SEM) of BrdU™ cells present within the ML or IGL
area adjacent to each lesion to the total number of BrdU™ cells in the lesion, ML and IGL. **p < 0.01, ****p < (0.0001, Student’s 7 test; mice
analyzed: n = 6 for each treatment. (D) The same confocal sections of (B) were also reacted with antibody against NeuN (green), to label migrating
and differentiating pGCPs (BrdU ™ NeuN™). Sections are counterstained with Hoechst 33258 to visualize the lesion, ML and IGL. Scale bar, 50 ym.
Some differentiated cells in the IGL are indicated by white arrows. (E) Quantification of the percentage ratio (mean = SEM) of BrdU " NeuN™ cells
present within the ML or IGL area adjacent to each lesion to the total number of BrdU™ cells in the lesion, ML and IGL. * p < 0.05,

**EE p < 0.0001, Student’s ¢ test; mice analyzed: n = 6 for each treatment.

percentage of BrdU" pGCPs migrating from the lesion
to the ML and IGL, compared to vehicle-treated mice
(percentage difference of BrdU"/total BrdU™ cells in
Cxcl3-treated mice vs. CSF-treated mice, p = 0.0041
in ML and p<0.0001 in IGL, Student’s ¢ test;
Figure 2B,C). In both experimental groups, almost all
BrdU" pGCPs migrating to ML and IGL were terminally
differentiated (percentage difference of BrdU NeuN™"/
total BrdU™ cells in Cxcl3-treated vs. CSF-treated mice,
p =0.0299 in ML and p < 0.0001 in IGL, Student’s ¢ test;
Figure 2D,E). These results indicate that in vivo adminis-
tration of Cxcl3 in the cerebellum of the high frequency

SHH-MB mouse model Ptchl '~/Tis21 ™'~ is also active
in lesions irreversibly committed to developing tumors,
exerting potent pro-migratory and differentiative effects
on pGCPs.

Despite the highly significant difference we observed
in pGCPs migration between Cxcl3-treated and CSF-
treated mice, the percentage of BrdU" migrating cells
from the lesion to the inner cerebellar layers in mice trea-
ted with Cxcl3 for 4 weeks was low (percentage of
BrdU*/total BrdU™" in Cxcl3-treated mice: 2.98 + 0.45%
in the ML and 2.49 *+ 0.31% in the IGL). These data rep-
resent migration over the last 5 days of treatment and
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FIGURE 3 Expression of the chemokine receptor Cxcr2 in MB tissue of Prchl ™'~/Tis21 =~ mice and DAOY cells. (A) Representative confocal

images of Cxcr2™ cells (red) in MB lesion (left) and tumor tissue (middle) of Prchl *'=/Tis21 ~'~ mice, and SHH-type MB cell line DAOY (right).
Sections are counterstained with Hoechst 33258 to visualize nuclei. Scale bar, 50 pm. Cells in boxed areas are shown at higher digital magnification
(3%). (B) Test of the ability to migrate in response to Cxcl3 of DAQY cells by scratch wound healing assay. Representative photomicrographs of
DAOY cells (magnification 4 x; scale bar 500 pm) taken at time of scraping (0 h) and 24 h after treatment with 0.1% BSA (as control; top) or Cxcl3
(bottom). Dashed white lines indicate wound boundaries. (C) Mean + SEM of migration rate calculated as reported in the Materials and Methods
section 24 h after wound scratching in control or Cxcl3-treated DAOY cells. (D) Quantification of migration rate, expressed as mean + SEM, 24 and
48 h after wound scratching in DAQY cells treated with vehicle alone (white bars), with the chemokine Cxcl3 (black bars), with Reparixin (Rpx, red
bars), or with the combination Cxcl3 + Rpx (blue bars), respectively. (C, D) Data were obtained from two separate experiments, counting
approximately four fields per well (at least three wells per experiment). *p < 0.05, ***p < 0.001, Student’s 7 test.

underestimate the overall migration over the 28 days of
implantation of the Alzet minipump, with probable
migratory burst at the start of treatment. To test this
hypothesis, nine Prchl™~/Tis21 '~ mice were sacrificed
7 days after Alzet minipump implantation, then analyzed
by immunohistochemistry to measure the percentage of
pGCPs migrating out of the lesions and differentiating
(Figure S1A). In lesioned mice previously treated with
Cxcl3 for 7 days we observed a significantly higher per-
centage of BrdU" pGCPs migrating from the lesion to
the ML and IGL compared to lesioned mice treated for
1 week with vehicle alone (percentage difference of
BrdU "/total BrdU™ cells in Cxcl3-treated mice vs. CSF-
treated mice, p < 0.0001 in ML and IGL, Student’s ¢ test;
Figure S1B,C). This highly significant difference between
mice treated with Cxcl3 or CSF for 7 days is also
observed in the percentage of BrdU" pGCPs migrating
to ML and IGL that are terminally differentiated

(percentage difference of BrdU''NeuN'/total BrdU™"
cells in Cxcl3-treated vs. CSF-treated mice, p < 0.0001 in
ML and IGL, Student’s ¢ test; Figure S1B,D). Notewor-
thy, the effect of Cxcl3 administration on the migration
of pGCPs from the MB lesion toward the internal layers
and on the differentiation of pGCPs is significantly more
pronounced in the first week than at the end of 28 days
of treatment (percentage difference of BrdU/total
BrdU" cells in mice treated with Cxcl3 for 7 days
vs. mice treated with Cxcl3 for 28 days, for ML: 4.18-fold
increase and p < 0.0001; for IGL: 1.76-fold increase and
p =0.00031; percentage difference of BrdU"NeuN™/
total BrdU™ cells in mice treated with Cxcl3 for 7 days
vs. mice treated with Cxcl3 for 28 days, for ML: 6.63-fold
increase and p < 0.0001; for IGL: 1.57-fold increase and
p = 0.00620; Student’s ¢ test): this suggests that the pro-
longed pro-migratory action of Cxcl3 is the main respon-
sible for the reduction of tumor extension.
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FIGURE 4 Invivo imaging of an orthotopic xenograft mouse model obtained by intracerebellar implantation of engineered human DAOY MB
cells. (A) Treatment timeline: Six/seven-week-old athymic nude mice (Foxnl™/Foxnl ™) were implanted into the left cerebellar hemisphere with

1 x 10° human DAOY MB cells engineered to express GFP and firefly Luciferase (FLuc) genes (D0); 14 days after cell grafting (D14), mice were
grouped according to their bioluminescence values and implanted with Alzet minipumps filled with recombinant Cxcl3 or CSF. During 4 weeks of
treatment, mice were imaged every 7 days (D21, 28, 35, and 42) via in vivo bioluminescent imaging to monitor tumor growth and spinal cord
metastases. (B) Left: DAOY cells, infected with a lentiviral vector encoding GFP-FLuc, express GFP in vitro as determined by confocal fluorescence
imaging (green cells; nuclei were stained with Hoechst 33258). Middle: DAOY cells implanted in the cerebellum of nude mice give rise to large
intracerebellar tumors, as visible by illuminating the explanted brains at the end of treatment with a “GFP flashlight” (Nightsea) which causes GFP"
tumors to glow. Right: Representative image by confocal microscopy of a cerebellar sagittal slice obtained from the brain shown in the middle image,
showing MB cells, identified as GFP™ cells (in green), 42 days after intracerebellar injection of engineered DAQY cells. The section is counterstained
with Hoechst 33258 to visualize the ML and granule neurons in the IGL. Scale bars, 100 pm (left), 1 cm (middle), and 600 pm (right).

(C) Representative bioluminescence images of nude mice orthotopically injected with DAOY-Luc MB cells and after 14 days implanted with Alzet
minipumps filled with CSF or Cxcl3, respectively (7 mice for each treatment group). Images are shown for days 21, 28, 35, and 42 after injection of
DAOY-Luc cells. Three animals, one CSF-treated mouse (#5) and two Cxcl3-treated mice (#11 and #14), developed metastases during the 28 days of
Alzet implantation. (D) Tumor growth according to quantified electron emission (e /s) from the cerebellar region of mice injected with DAOY-Luc
cells and treated in vivo for 4 weeks with Cxcl3 (orange) or CSF as vehicle (blue). The filled circles and the error bars indicate the mean £ SEM of the

bioluminescence imaging (BLI) increase measured at the days of treatment indicated with respect to the day of Alzet implantation (D14).
p =0.4124 at D21, p = 0.8462 at D28, p = 0.9867 at D35, p = 0.9500 at D42, Student’s ¢ test.

However, it cannot be excluded that some other cel-
lular mechanism, such as the proliferation and/or sur-
vival of pGCPs, may influence the extent of the lesions.
Therefore, we investigated the cellular parameters of
pGCPs in preneoplastic lesions of Cxcl3-treated or
vehicle-treated mice by immunohistochemistry, as
described [26]. To verify the effect of Cxcl3 on pGCPs
apoptosis and proliferation, we measured the percent-
age of cells labeled with antibodies against cleaved Cas-
pase3 [38] or Ki67 [39], respectively, within MB lesions
of 4-month-old Prtchl ¥'~/Tis21 '~ mice previously
treated with Cxcl3 or CSF for 28 days (Figure S2). We

observed that in Cxcl3-treated mice the percentage of
apoptotic pGCPs was significantly lower than in
control mice (percentage of Caspase3*/total cells in
Cxcl3-treated vs. CSF-treated mice, p < 0.0001, Mann—
Whitney U test; Figure S2A,B), while no difference in
proliferation was found between the two experimental
groups (percentage of Ki67*/total cells in Cxcl3-treated
vs. CSF-treated mice, p = 0.4164; Mann—Whitney
U test; Figure S2C,D). The latter result is in agreement
with previously reported data indicating that adminis-
tration of the chemokine Cxcl3 does not affect cerebel-
lar granule proliferation [15].
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FIGURE 5 Expression of the chemokine receptor Cxcr2 in human medulloblastomas. (A) Representative images of immunohistochemical
staining of the chemokine receptor Cxcr2 in human MBs belonging to the 4 molecular subgroups of medulloblastoma (WNT, SHH, Group 3, and
Group 4), photographed with a digital Pathology Scanner at 20x magnification. Cells expressing Cxcr2 protein are identified by immunoperoxidase
staining (brown). Sections are counterstained with hematoxylin to visualize the nuclei. Scale bars are reported in the images. (B) Mean = SEM of
Cxcr2 immunohistochemical expression scores (IHC scores) in human MB molecular subgroups calculated as reported in the Materials and Methods
section. Main effect analysis: Kruskal-Wallis test, H value 31.29, p value <0.0001. Simple effects analysis: *p < 0.05, ****p < 0.0001, NS not
significant, Mann—Whitney U test. MBs analyzed: n = 12 for the WNT subgroup; n = 14 for the SHH subgroup; n = 15 for the Group 3 subgroup;
n = 11 for the Group 4 subgroup. The complete list of samples analyzed with the THC score of each is shown in Figure S4.

Overall, these results seem to confirm the role of
pGCPs migration from lesions to the inner cerebellar
layers as the mechanism responsible for the significant
reduction of lesion extent in the high frequency SHH-MB
Ptchl ™'~/ Tis21 ="~ mouse model chronically treated with
the chemokine Cxcl3.

3.2 | Human DAOY and D283 MB cells
express the chemokine receptor Cxcr2 and
migrate in response to Cxcl3 treatment in vitro

We next sought to understand whether the chemokine
Cxcl3 is able to stimulate the migration of human MB
tumor cells as well. By analogy with our mouse model
Ptchl Y'7ITis21 '~ recapitulating the biology of SHH-
activated MB [15], we conducted in vitro experiments on
a metastatic MB cell line derived from a human desmo-
plastic histotype and mimicking the in vivo expression
profiles of human SHH-type MBs, that is, DAOY MB
cell line [40-42]. Furthermore, to test whether Cxcl3 can
be effective in non-SHH human tumors, we also per-
formed in vitro experiments on D283 cells. The D283 cell
line was established from a peritoneal metastasis of a
6-year-old Caucasian child with metastatic MB and is
classified as Group 3/4 [40, 43].

First, we verified by immunofluorescence the expres-
sion of the chemokine receptor Cxcr2 on the membrane
surface of DAOY and D283 cells. As shown in
Figures 3A (right) and S3A, the Cxcr2 chemokine

receptor is located on the plasma membrane, and addi-
tionally in the nucleoplasm (see The Human Protein
Atlas at the link: Subcellular localization of CXCR2—
The Human Protein Atlas), of all DAOY and D283 cells,
albeit with large intracellular variations in protein expres-
sion level. The same results were obtained by subjecting
sections of MB lesions and tumors from Prchl '~/
Tis2] ~'~ mice to immunofluorescence analysis of Cxcr2
expression (Figure 3A, left and middle): this suggests that
DAOY and D283 cells, similarly to prencoplastic and
tumor GCPs of our MB mouse model, may respond to
Cxcl3 treatment by increasing their migration.

Next, we analyzed the effect of Cxcl3 administration
on in vitro migration of human DAOY and D283 cells
using the wound migration assay, which allows testing a
durable effect of the chemokine on cell migration. This
assay first involved creating a thin “wound” by scratching
the cell monolayer with a pipette tip; images of MB cells
were then acquired at the beginning and at regular inter-
vals during cell migration to close the wound and com-
pared in order to quantify the cell migration rate
(Figures 3B and S3B). In plates containing MB cells trea-
ted with Cxcl3, the percentage of wound closure at 24 h
post-scratch was significantly higher than in plates con-
taining MB cells treated with vehicle alone (percentage of
migration at 24h DAOY+Cxcl3 vs. DAOY+BSA
p =0.0102, Student’s ¢ test; Figure 3B,C; percentage of
migration at 24h D283 4+ Cxcl3 vs. D283 + BSA
p = 0.0137, Student’s ¢ test; Figure S3B,C), demonstrat-
ing the ability of these human MB cells expressing the
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Cxcr2 receptor on their membrane surface to respond to
exogenous Cxcl3 by increasing their migration.

We also confirmed the specificity of Cxcl3 action on
DAOY cell migration through binding to the Cxcr2 recep-
tor using the Cxcr2 antagonist Reparixin. Reparixin is an
orally available noncompetitive allosteric inhibitor of the
chemokine receptors Cxcrl and Cxcr2, used in several clini-
cal trials due to its good tolerability and safety profile. In
agreement with the above results, Cxcl3 treatment signifi-
cantly increased the ability of DAOY cells to close the
wound (percentage of migration DAOY+Cxcl3 vs. DAOY
+DMSO: at 24 h p = 0.0382, at 48 h p = 0.0008, Student’s
t test; Figure 3D). Combined treatment with Reparixin
reduced DAOY cell migration, significantly inhibiting it at
48 h (migration percentage DAOY+Cxcl3 vs. DAOY
+Cxcl3 + Rpx: at 48h p=0.0008, Student’s ¢ test;
Figure 3D). at this time, the migration percentage of
DAOY cells treated with Cxcl3 + Reparixin reached the
value observed in cells treated with vehicle alone (migration
percentage DAOY-+DMSO vs. DAOY+Cxcl3 + Rpx: at
48 h p =0.9858, Student’s ¢ test; Figure 3D). Of note,
DAOY cells treated with Reparixin alone showed the same
migration capacity as untreated cells (percentage of migra-
tion DAOY+DMSO vs. DAOY+Rxp: at 24 h p = 0.4496,
at48 h p = 0.3178, Student’s ¢ test; Figure 3D).

Overall, these results suggest that human MB DAOY
cells implanted in the mouse cerebellum might respond to
intracerebellar treatment with the exogenous chemokine
Cxcl3 by migrating from the surface to the inner layers of
the cerebellum and differentiating, similarly to what we
observed in our spontaneous MB mouse model Prchl '~/
Tis21 .
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3.3 | In orthotopic MB xenografts obtained
by intracerebellar implantation of engineered
human MB DAOQY cells, chronic treatment with
Cxcl3 does not reduce tumor development or
increase metastatic dissemination

To verify the latter hypothesis and evaluate the risk of
MB metastasis dissemination following Cxcl3 treatment,
we generated an orthotopic MB xenograft model by
engrafting  6/7-week-old  immunosuppressed  mice
(Foxnl™|Foxnl*) with metastatic MB DAOY cells,
engineered with a lentiviral vector to stably express the
GFP and firefly Luciferase (FLuc) genes (Figure 4A).
These DAOY-Luc cells express GFP and, when
implanted in the cerebellum, give rise to large intracere-
bellar GFP' tumors with the histopathological features
of MB (Figure 4B). More importantly, DAOY-Luc cells
express luciferase, an enzyme not expressed endogenously
by mammals that oxidizes its substrate luciferin to pro-
duce oxyluciferin with subsequent light emission: this
phenomenon allows longitudinal monitoring of intracra-
nial tumor growth and response to therapies using in vivo
bioluminescence imaging (BLI) [33]. Fourteen days after

cell grafting, the mice were randomized into two experi-
mental groups according to their bioluminescence values
(luminescence intensity in mice to be treated with Cxcl3
vs. mice to be treated with CSF, p = 0.3849, Student’s
t test; n=7 mice for each treatment group) and
implanted into their cerebellum with Alzet minipumps
filled with Cxcl3 or vehicle (CSF). During the 28 day-
treatment, the size of xenografted MBs and spinal cord
metastases in Cxcl3-treated and control-treated immuno-
suppressed mice were detected weekly by in vivo BLI
(Figure 4A).

BLI images were captured at days 21, 28, 35, and
42 after injection of DAOY-Luc cells (Figure 4C) and
analyzed for the electron emission from the cerebellar
region of interest of each mouse (e /s/mm?); BLI signals
were then normalized for each mouse to the BLI value
obtained on the day of Alzet implantation (D14) to quan-
tify BLI increase and thus tumor growth during 28-day
treatment with Cxcl3 or vehicle. We observed that in
both experimental groups BLI signals gradually increased
during treatment (2- to 2.5-fold increase each week com-
pared to the previous week), with no statistically signifi-
cant differences in tumor growth between the two
treatment groups (Figure 4D). This result was in contrast to
what was observed in the mouse model Pzchl *'=/Tis21 =/,
defective for the cerebellar migration process [15], where the
administration of the exogenous chemokine Cxcl3 was able
to restore the altered physiological condition, hindering
tumor development. It is possible that human MB DAOY
cells implanted in a physiologically normal mouse cerebel-
lum behave differently, due to the absence of the tumor
niche.

Interestingly, no statistically significant difference was
found between CSF-treated and Cxcl3-treated mice also
in the spread of metastases (p =0.5148, y° test;
Figure 4C), suggesting that exogenous administration of
the chemokine Cxcl3 does not result in the risk of this
serious side effect.

3.4 | Human MB cells of the four molecular
subgroups express the chemokine receptor
Cxcr2, albeit with different spread and intensity

To understand whether human MB may respond to
Cxcl3 treatment, we evaluated the expression of the che-
mokine receptor Cxcr2 in 52 human MB biopsies belong-
ing to the four different MB molecular subgroups by
immunohistochemistry (Figures S4 and 5A). Staining for
each MB sample was assessed by considering both the
percentage of positive tumor cells (extent of staining) and
the intensity of staining; subsequently, the individual
IHC scores, calculated as reported in Section 2, were
grouped according to the molecular profile (Figures S4
and 5B).

Our results showed Cxcr2 receptor expression in all
MB subgroups, albeit with different spread and intensity.
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Notably, we observed no statistically significant differ-
ences in Cxcr2 expression between SHH-type MBs and
Group 3 tumors (p =0.6699, Mann-Whitney U test;
Figure 5B), as well as between Group 3 and Group 4 tumors
(p =0.0897, Mann-Whitney U test; Figure 5B), while
Group 4 MBs demonstrated significantly higher chemokine
receptor expression than SHH-type tumors (p = 0.0176,
Mann—Whitney U test; Figure 5B). Surprisingly, we
observed that the MBs with the highest Cxcr2 receptor
expression level belong to the WNT subgroup (Cxcr2 THC
score in WNT-type MBs vs. all other groups, p < 0.0001,
Mann-Whitney U test; Figure 5B); this is interesting, as this
molecular subgroup has the most favorable prognosis and
robust therapeutic response to chemotherapy due to the
lack of a functional BBB [44].

These results suggest that human MB tumor cells,
belonging to the four different molecular subgroups and
expressing the Cxcr2 receptor, might respond to intracer-
ebellar treatment with the chemokine Cxcl3. Further
studies will be needed to understand whether human MB
cells following Cxcl3 treatment migrate in vivo to the
inner layers of the cerebellum, resulting in a reduction in
tumor extension, in order to consider Cxcl3 administra-
tion as a possible therapeutic approach for human MB
therapy.

4 | DISCUSSION

Chemokines have been shown to regulate cell migration
in leukocytes and in several other cell types including
neural cells [6, 45]. We have previously shown that Cxcl3
is expressed post-natally in cerebellar granule neurons
where it induces the migration of cerebellar precursors
from the EGL to the cerebellar internal layers, that is,
ML and IGL [15]. Furthermore, in our Prchl ™t~/
Tis2] '~ mouse model of high frequency spontaneous
MB, Cxcl3 is downregulated, and we showed that exoge-
nous Cxcl3 rescues the defect of migration of GCPs, sug-
gesting that Cxcl3 is responsible for this defect [15]. We
confirmed this possibility by showing that Cxcl3 intracer-
ebellar treatment starting at an early stage of MB lesion
formation (1 month of age) induces the migration of
pGCPs from the EGL to the internal layers where they
differentiate, and also prevents tumor formation. This
indicates how crucial is the time period that GCPs remain
in the EGL under the pro-proliferative transforming
influence of SHH [22].

In this study, we tested the possibility to reduce MB
lesions at an advanced stage (3 months of age) by stimu-
lating through the chemokine Cxcl3 the pGCPs to
migrate out of the MB lesion into the IGL, and to differ-
entiate, thus withdrawing from the neoplastic program.
In fact, as mentioned above, we have previously demon-
strated that the development of lesions at 1 month of age
is completely prevented by intracerebellar treatment with
Cxcl3 for 1 month, in association with a significant

. Braiin 13017
B B Binotogy2

Sgore®

migration of pGCPs to the IGL, where they differenti-
ate [22]. The percentage of pGCPs migrating and differ-
entiating, after Cxcl3 treatment, is virtually the same
(almost 9%), indicating that all the cells that migrate to
the internal layers also differentiate, thus exiting from the
neoplastic program [22]. By contrast, we show here that
the Cxcl3 treatment for 1 month, starting at 3 months of
age, that is, when lesions are already formed and are irre-
versible, is ineffective in altering the frequency of already
developed lesions, as expected, but it does strongly reduce
the lesion volume, about sevenfold. However, this effect
is associated with a lower percentage of MB cells migrat-
ing outside the lesion to the IGL, about 2.5%, of which
almost 90% differentiate, as assessed by double labeling
with BrdU and NeuN. This raises the question whether
such a low percentage of migrating cells is sufficient to
cause the observed massive decrease of MB volume. We
also analyzed the migratory effect from MB lesions in
3-month-old mice 1 week after the beginning of Cxcl3
treatment, when the more active and thus more plastic
and responsive M B cells are at the surface of the develop-
ing MB lesions, and found that the cell migration from
MB lesions is several folds greater than in MB lesions
treated with vehicle, with the majority of migrated cells
differentiating. This result alone may account for the
massive decrease of MB volume exerted by Cxcl3. Addi-
tionally, we checked that apoptosis in MB lesions is not
increased by Cxcl3 treatment, rather is decreased. This
effect may occur because the size of the MB lesion is
lower and thus the number of cells in apoptosis, which
reside usually at the core of the tumor, is lower. Further-
more, we found that the MB cells inside the lesion do not
show changes in proliferation after treatment with Cxcl3.
Thus, if we exclude apoptosis and proliferation as vari-
ables at the origin of the decreased volume of the lesion,
we should also consider that the period of analysis of the
migration of MB cells from the lesion spans only one
sixth of the period of Cxcl3 treatment (i.e., 5 days after
the BrdU injection vs. 30 days of treatment, respectively).
This makes reasonable to think that the final outcome of
massive reduction of tumor volume is due to the initially
very high and then low but continuous MB cell migra-
tion, as our data show. Of course, we cannot exclude that
other unidentified factors are implicated in the massive
MB volume reduction enacted by Cxcl3 treatment.
However, the ability of MB cells to migrate and dif-
ferentiate, even at an advanced lesion/tumor stage such
as at 3 months of age, show that they maintain a level of
plasticity, albeit to a reduced level with respect to the ear-
lier MB lesion stage in 1-month-old mice (2.5% vs. 9% of
migrating and differentiating cells, respectively). This
plasticity is indicated by our observation that almost all
the cells migrating from the MB lesion to the IGL do dif-
ferentiate, thus keeping the features of proliferating
pGCPs. In fact, our previous data of 1-month-old high
frequency MB mice are in line with the demonstration by
Kessler et al. [23] that pGCPs in MB lesions of Prchl
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heterozygous mice are still able at that age to migrate
and differentiate, although retaining the ability to gener-
ate tumors [23, 46], while our present data show that this
plastic response is active also at a more developed MB
lesion stage. This seems notable, since, as mentioned
above, the MB lesions at 3 months of age are irreversible,
given that we have observed that at this age the frequency
of mice with a lesion is coincident with the frequency of
mice developing MB during their life (i.e., 80%) [15]. It
would be interesting to test whether MB cells conserve
plasticity in the response to Cxcl3 even at their final stage
of development, also in the perspective of using Cxcl3
against fully developed tumors.

We also show that the Cxcl3 receptor, Cxcr2, is pre-
sent in MB lesion cells at an advanced stage and, for the
first time by protein detection, that is present in human
MBs of different types and also in the human cell lines
DAOY and D283, where we demonstrate that Cxcl3 is
able to promote cell migration. Cxcr2 is a seven trans-
membrane G-protein-coupled receptor of chemokines
Cxcl1/2/3; ligand binding activates the hydrolysis of
phosphoinositide to produce diacylglycerol and inositol
1,4,5-trisphosphate, which in turn activate protein kinase
C triggering cellular responses through the mobilization
of calcium [47]. Cxcr2 is important for chemotactic
migration, which appears to be regulated through recep-
tor endocytosis [48]. Cxcr2 shows restricted expression, in
B cells and in neutrophils, and also in the CNS, where is
expressed in neurons of the cortex, striatum, thalamus,
hypothalamus, and hippocampus [2, 49-51]. In particu-
lar, in the cerebellum Cxcr2 ligands appear to increase
glutaminergic neurotransmitter release in Purkinje cells
and thus modulate neuronal plasticity [52]. Cxcr2 has
been observed to be expressed in cancer cells, that is, in
lung, colorectal, breast, prostate, ovarian melanoma,
pancreatic, and liver cells, where Cxcr2 expression was
frequently associated with poor prognosis [53]. Further-
more, it has been recently shown that the inhibition of
Cxcr2 in DAOY and D341 Med cells by a chemical
antagonist reduces cell proliferation and migration
in vitro [54]. These data are compatible with ours, which
show that the inhibition of Cxcr2 by the antagonist
Reparixin blocks the migratory effect of Cxcl3, and thus
indicate that Cxcl3 acts through Cxcr2; however, data by
Penco-Campillo et al. [54] lack an evaluation of the effect
in vivo, that is, of the peculiar interaction between neural
cancer cells and signals coming from the cerebellar niche,
which affect the neural plasticity of cancer cells. More-
over, the fact that we do not see effects of Cxcl3 on cere-
bellar cell proliferation ([15], and this report), suggests
that there may be ligand-dependent specific responses to
Cxr2 activation (i.e., Cxcl3-specific response). The fact
that we find Cxcr2 to be expressed, although with some
difference, in all four molecular subgroups of MB would
be consistent with the idea that MB precursor cells are
embryonically of similar origin. In fact, WNT-activated,
Group 3 and Group 4 MBs originate from neural
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precursor cell of the lower rhombic lip, of the ventricular
zone and EGL, and of the upper rhombic lip, respectively
(see for review [55]). Similarly, SHH-activated M Bs origi-
nate from granule neuron precursor cells of the
EGL [55]. At any rate, the wide range of Cxcr2 expres-
sion in MBs opens the possibility to use Cxcl3 for therapy
in all MB types, as also suggested by the pro-migratory
effect of Cxcl3 that we observed in the MB Group 3/4
D283 cell line.

We also sought to assess whether the increase of
in vivo migration of pGCPs and in vitro migration
of MB DAOQY cells elicited by Cxcl3 could be associated
with an increase of metastases. The Ptchl heterozygous
MB model develops nondisseminated MBs, which do not
generate metastases in the spinal cord after dissemination
in the CSF pathways [56]. Thus, we studied this possibil-
ity by orthotopic transplantation of Luciferase-expressing
DAOY cells in immunosuppressed mice, and followed
tumor development by a sensitive luminescence imaging.
DAOY cells are considered of SHH-type [40], generate
metastases mainly in the spinal cord when implanted in
the cerebellum [57], can produce medullospheres
(i.e., tumor stem cells) [58] and express more than 97% of
MB-associated genes as well as the majority of genes
involved in MB metastatization [42]. Metastases conserve
the features of the cells of origin, and differ according to
MB type (see for review [59]). SHH-type metastases are
rarely occurring in first presentation MBs, while in
relapses they are more frequent in the site of origin than
in leptomeninges and spinal cord [60]. While WNT-type
MBs very rarely develop metastases, these are frequent in
Group 3 MBs [59]. As a whole, our experiments indicate
that no significant increase of DAOY-generated metasta-
ses is elicited by Cxcl3 treatment.

However, some considerations are needed. In general,
in the development of tumor and/or metastases, niche sig-
nals play an important role; for example, the SHH-type
MBs show highest level of infiltration of macrophages
and T cells. Moreover, MB cells interact heavily with the
extracellular matrix (neural interstitial matrix, basal lam-
ina, and perineuronal nets), exchanging signals such as
growth factors [59]. Thus, the interaction of endogenous
MB lesion cells—developing spontaneously in the
3-month-old Prchl heterozygous mouse—with the sur-
rounding tissues, including the internal cerebellar layers,
may differ from the interaction of exogenously trans-
planted DAOY MB cells. Moreover, the intrinsic plastic-
ity of endogenous MB lesion cells may be greater than
that of transplanted MB cells. All these differences in
tumor microenvironment may account for the different
response to Cxcl3 treatment of DAOY-generated intra-
cerebellar MB, with respect to the in vivo Prchl ™~/
Tis21 '~ model, in particular for the lack of decrease in
the growth of DAOY-generated MB after Cxcl3 treat-
ment, as indicated by imaging data.

In conclusion, we studied the effect of the chemokine
Cxcl3 on SHH-type MB lesions at an advanced and
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irreversible stage of development, demonstrating that
Cxcl3 strongly inhibits MB development. Further studies
will be necessary to test whether the ability of Cxcl3 to
induce migration and differentiation of MB cells without
increasing the formation of metastases will occur also in
patients. We speculate that WNT-activated MBs may be
the ideal target for Cxcl3 treatment, considering their
high levels of the Cxcl3 receptor expression and the low
rates of metastatic dissemination frequency observed in
this subset of patients [61]. Another possibility for ther-
apy that we envision is the use of Cxcl3 treatment in
conjunction with a CAR-T therapy that selectively elimi-
nates the MB cells escaping Cxcl3 treatment, using for
instance ErbB2 as a selective target for T lymphocytes;
this target has been already used for CAR-T therapy in
the SHH-type MBs [62], also considering that ErbB2 is
not expressed in normal brain, which reduces off-target
negative effects [62].
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