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Abstract

Human Glioblastoma Multiforme (GBM) is the most malignant form of human brain tumors. A
characteristic of GBM is the marked presence of tumor infiltrated microglia/macrophages and
lymphocytes. The goal of this study was directed toward understanding the role of the chemokine
system CX3CL1 and its receptor CX3CR1 in the GL261 murine model of malignant glioma. In situ
hybridization analysis identified CX3CL1 and CX3CR1 expression in GL261 tumors. The impact
of CX3CRL1 deletion on the growth of intracranial GL261 gliomas and associated immune cell
infiltration was evaluated in CX3CRL1 gene-disrupted C57BL/6 mice. A slight increase in the tumor
growth rate in CX3CR1-/— mice was evident with similar numbers of microglia and CD4+, CD8+,
FoxP3+, or Ly49G2+ lymphocytes within tumors established in CX3CR1+/— and —/— mice. These
data indicate that CX3CR1 has little or no effects on either gliomagenesis or the migration of
microglia and lymphocytes into GL261 tumors.
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1. Introduction

Human glioblastoma multiforme (GBM), a grade IV astrocytoma, is the most common and
malignant form of human primary brain tumors. GBM patients have a less than two percent
five year survival rate. Current standard treatment of GBM is surgical resection of the tumor
mass, followed by adjuvant radiotherapy and chemotherapy. However, these treatments are
not very successful and have only a modest impact on the survival rate of GBM patients. Due
to the relative ineffectiveness of these traditional treatments, other methods, such as
immunotherapy, are being evaluated (Kawakami et al., 2008). The marked presence of glioma
infiltrating microglia and lymphocytes supports the concept of targeting the immune system
to treat GBM. Studies indicate that murine microglia express multiple Toll like receptors

Address correspondence to: Jeffrey K. Harrison, Ph.D., Department of Pharmacology & Therapeutics, College of Medicine, University
of Florida, P.O. Box 100267, 1600 SW Archer Rd, Gainesville, FL 32610-0267, Phone: 352-392-3227, Fax: 352-392-9696, Email:
jharriso@ufl.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 2

(Olson and Miller, 2004) and are able to activate CD4* helper T cells (McMahon et al.,
2005). However, successful immunotherapy of GBM will involve overcoming the highly
immunosuppressive environment created by the tumor, that includes immunosuppressive
cytokines such as TGFp and Interleukin 10 (Roussel et al., 1996) and immune cells such as
the regulatory T cell (Fecci et al., 2006). A greater understanding of the immune response
during glioma formation will help in the development of improved therapeutics.

Chemokines are small proteins that induce chemotaxis of responsive cells and are attractive
molecules to mediate the migration of immune cells into the tumor. In addition to these
chemoattractive functions, chemokines also exert direct effects on tumor growth, angiogenesis,
and metastasis. For example, inhibition of CXCR4/CXCL12 signaling pathway decreased
metastasis of osteosarcoma and melanoma (Kim et al., 2007) as well as the growth of
medulloblastoma and glioblastoma (Rubin et al., 2003). The chemokine receptor, CXCR?7, has
been shown to promote breast and lung cancer growth (Miao et al., 2007). While chemokines
can facilitate tumor growth, they also exhibit antitumor activity. The Duffy antigen receptor
for chemokine (DARC) inhibits murine melanoma growth that is accompanied with higher
leukocyte infiltration and reduced angiogenesis (Horton et al., 2007). Despite the complexity
of their functions in tumorigenesis, chemokines and their receptors are potential targets for
cancer therapy and worthy of further evaluation.

The chemokine receptor system CX3CR1 and its ligand CX3CL1 are known to be involved
in immune responses that underlie various human diseases and their corresponding animal
models. For instance, CX3CRL1 is responsible for recruiting dendritic cells and a subset of
monocytes in models of atherosclerosis (Liu et al., 2007, Tacke et al., 2007). CX3CR1
deficiency results in impaired microglia migration in a mouse model of age-related macular
degeneration (Combadiere et al., 2007). Enhanced neuronal cell loss is also evident in CX3CR1
deficient mice after systemic lipopolysaccharide injection, in toxin-induced Parkinsonism, and
the SOD1G93A transgenic mouse model of motor neuron disease (Cardona et al., 2006). A role
for CX3CL1/CX3CR1 system in tumorigenesis has also been established. CX3CL1 has been
shown to mediate both natural killer cell-dependent and T cell-dependent antitumor activity
(Lavergne et al., 2003, Yu et al., 2007, Xin et al., 2005). Mice lacking CX3CR1 have an
impairment in postischemic neovascularization (Waeckel et al., 2005), suggesting that this
chemokine system may be similarly involved in tumor angiogenesis. Thus CX3CL1/CX3CR1
might be a suitable target in the development of novel therapies to treat cancer.

The specific functions of CX3CL1/CX3CR1 in gliomagenesis have not been established. In
this study, we sought to determine a role of CX3CR1 in glioma formation and the associated
recruitment of microglia and lymphocytes, using the GL261 murine model of glioma (Ausman
etal., 1970, Szatmari et al., 2006). CX3CL1 and CX3CR1 expression were determined in
GL261 tumors established in its syngeneic host, the C57BL/6 mouse. The role of this
chemokine system was then characterized in CX3CR1 deficient C57BL/6 mice. The results
indicate that CX3CR1 has little to no effect on glioma growth. Moreover the migration of
microglia and CD4*, CD8", Foxp3*, and Ly49G2* lymphocytes into the tumor tissue was not
impacted by the lack of CX3CR1.

2. Materials and Methods
2.1 Mice and GL261 cell line

CX3CR1-deficient (-/-) mice, backcrossed to the C57BL/6 background for greater than 10
generations, were obtained from JAX Laboratories. The generation of these mice have been
previously described (Jung et al., 2000). The protein coding sequence of the CX3CR1 gene
was exchanged with GFP in heterozygous (one allele replaced) and homozygous (both alleles
replaced) mice. In these mice, all cells normally expressing CX3CRL1 express GFP. Colonies
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of CX3CR1 (-/-) and (+/—) mice were maintained at the University of Florida. All mice used
in studies presented herein were derived from breeding CX3CR1 (+/-) and (—/—) mice; hence
all comparisons were made between littermates. All procedures involving mice were carried
out in accordance with the guidelines of the University of Florida Institutional Animal Care
and Use Committee (IACUC). The GL261 glioma cell line was maintained in RPMI-1640
medium (Gibco BRL), supplemented with 10% FBS, 1% Penicillin-Streptomycin, 4mM L-
Glutamine and grown at 37°C with 5% CO».

2.2. Histology and Kaplain-Meier analysis for survival

GL261 glioma cells (2 x 10°) in a total volume not exceeding 3l were injected 3 mm deep
into the right cerebral hemisphere (1 mm posterior and 2 mm lateral from Bregma) of CX3CR1
+/— and —/— mice. For determining tumor growth, glioma-bearing mice (3 weeks after GL261
cell injection) were euthanized using sodium pentobarbital (32 mg/kg) and subsequently
perfused with 0.9% saline followed by buffered 4% paraformaldehyde (PFA). Brains were
surgically removed and post-fixed with 4% PFA. After fixation, tissues were incubated in 30%
sucrose solution at 4°C overnight followed by liquid nitrogen freezing. Frozen brains were
then sectioned and subjected to either hematoxilin and eosin (H&E) staining, in situ
hybridization, or immunohistochemistry. For Kaplan-Meier survival rate analysis, percentages
of surviving mice in the two groups of animals were recorded daily after GL261 glioma
implantation. The endpoint was defined by a lack of physical activity and a body weight
reduction of greater than 15%. The data were subjected to Log-rank test in order to determine
if significant differences existed in survival between the experimental groups.

2.3. In situ hybridization and Immunohistochemistry

3. Results

In situ hybridization was performed as described previously (Harrison et al., 2003). For
immunohistochemistry, brain sections were permeablized with 0.5% of Triton X-100 in
phosphate-buffered saline (PBS) for 15 min at room temperature followed by blocking with
10% goat serum in PBS for 30 min. In some cases (anti-Foxp3 immunohistochemistry),
sections underwent an antigen retrieval treatment. In brief, slides were first permeablized with
0.5% Triton X-100 followed by heating slides (immersed in a boiling water bath for 25 minutes)
in a buffer containing 10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0. Slides were then
cooled to room temperature for 20 minutes, washed with PBS three times, and finally subjected
to standard immunohistochemistry procedures. The sections were incubated in primary
antibodies at 4 °C overnight. The following antibodies were used: rat anti-CD4 (dilution 1:50,
BD Pharmingen), rat anti-CD8 (dilution 1:50, Serotec), rat anti-Foxp3 (dilution 1:50,
eBioscience), and rat anti-Ly49G2 (dilution 1:50, BD Pharmingen). The following day,
sections were washed three times with PBS and incubated subsequently in goat anti-rat Alexa
594 (dilution 1:1000, BD Pharmingen). The sections were then washed three times with PBS
and finally counterstained with DAPI. For quantification of CD4+, CD8+, CD11b+, Foxp3+,
and Ly49G2+ cells, the number of cells per high-powered field in several sections from
multiple animals were determined and the mean and S.E.M.s calculated. The data were
subjected to statistical analysis (one-tail T-test).

3.1 CX3CL1 and CX3CR1 expression in GL261 tumors

CX3CR1 and CX3CL1 expression in GL261 glioma in vivo was established using the
technique of in situ hybridization analysis. The results indicated that both CX3CR1 and
CX3CL1 were expressed in GL261 gliomas analyzed from wild-type C57BL/6 mice. Strong
hybridization signals for CX3CR1 were evident throughout the tumor mass (Figure 1, panels
A-C) and indicated that levels of CX3CR1 mRNA are elevated within the tumor as compared
to the surrounding normal brain tissue. Higher resolution analysis showed that these tumor
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infiltrated CX3CR1-expressing cells were relatively abundant (Figure 1, panel E) and similar
in number to CD11b+ cells (Figure 1, panel G). These correlative results suggested that tumor
infiltrating microglia are the primary source of CX3CR1. In contrast, CX3CL1 hybridization
signals were less prevalent. When present, CX3CL1-expressing cells were found near the
perimeter of the tumor mass (Figure 2). These CX3CL1-expressing cells were therefore
hypothesized to be important for directing CX3CR1-expressing microglia into the tumor from
the brain parenchyma.

3.2 Tumor growth and animal survival rates are not affected by CX3CR1 deficiency

The effects of CX3CR1-deficiency on GL261 glioma formation in vivo was then determined
by characterizing tumor growth and animal survival in CX3CR1 deficient C57BL/6 mice.
Tumor sections from GL261 bearing CX3CR1+/—and —/— mice, obtained 3 weeks after GL261
cell implantation, indicated that tumor size was slightly larger in homozygous (—/-) animals
as compared to the heterozygous mice (Figure 3A). This result suggested that GL261 tumor
growth rate was slightly faster in CX3CR1 —/— mice. Consistent with the histological
examination, Kaplan-Meier analysis of tumor bearing mice indicated a slightly shorter life span
of glioma-bearing CX3CR1 —/— mice than the life span of CX3CR1 +/— mice (Figure 3B). The
median survival time of CX3CR1 —/— mice after GL261 cell implantation was 19 days, while
that of CX3CR1 +/— mice was 20 days (p = 0.0332). These survival times are also similar to
what is observed in glioma-bearing wild type C57BL/6 mice (data not shown).

3.3 CX3CR1 does not mediate microglia migration into glioma tissue

Microglia are the major CX3CR1-expressing cells in the brain (Harrison et al., 1998, Nishiyori
etal., 1998). To track the tumor infiltrating CX3CR1-expressing microglia we visualized GFP-
expressing cells using fluorescence microscopy. Figure 4 shows abundant CX3CR1-
expressing cells were found inside the tumors from both CX3CR1 +/— and —/— mice. The
CX3CR1 —/— mice showed similar numbers of microglia within the tumors as compared to
tumors from heterozygous (+/-) mice. Moreover, the microglia in the normal brain parenchyma
from both +/— and —/— mice exhibited a comparable ramified morphology, while microglia
inside the tumors from both groups of mice displayed similar morphological characteristics
consistent with an activated phenotype (insets to Figure 4, panels A-D). In both CX3CR1 +/
—and —/— mice, most GFP-expressing cells also expressed CD11b (Figure 4, panels E and F);
no obvious differences in the CD11b expression pattern were observed between the two groups
of mice. Quantitative analysis of both CD11b+ and GFP+ cells in the two animal groups
indicated that numbers of these cells did not significantly differ between CX3CR1 +/—and —/
— mice (Table I). These collective observations suggested that CX3CR1 deficiency had no
substantial effects on the recruitment, morphology, and level of expression of CD11b by
CX3CR1-expressing microglia.

3.4 CX3CR1 is not necessary for lymphocyte infiltration into GL261 gliomas

To address the lymphocyte response to the glioma in CX3CR1 deficient mice,
immunohistochemical analysis using several T lymphocyte markers was performed and the
numbers of these cells were quantified in CX3CR1 +/—and —/— mice. Figure 5 depicts a series
of representative sections subjected to immunohistochemistry from the two groups of animals
while Table Il summarizes the quantitative analysis of several sections from multiple animals.
CD4*, CD8", FoxP3*, and Ly49G2* cells were all present within GL261 tumors in both types
of mice (Figure 5). CD4*, CD8*, and Ly49G2* cells were all GFP negative and indicated that
these tumor infiltrating lymphocyte populations do not express CX3CR1. The regulatory T
cell (Treg) subpopulation of CD4* T cells, identified by staining sections with the anti-Foxp3
antibody, comprised about half of the numbers of CD4* cells. These data are consistent with
two previous reports on the presence of the Treg population in the GL261 model (EI Andaloussi
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et al., 2006,Grauer et al., 2007). While there were no significant differences in the numbers of
the specific tumor-infiltrated CD4*, CD8", FoxP3*, and Ly49G2* cells between CX3CR1 +/
—and —/— glioma bearing mice (Table 1), quantitative analysis of each of these cells indicated
that tumors from CX3CR1 —/— mice exhibited a tendency toward fewer CD4", CD8*, FoxP3
+, and Ly49G2+ cells inside the tumors compared with numbers found in tumors from +/—
mice. Nonetheless, CX3CRL1 does not appear to be necessary for the recruitment of these
lymphocyte subsets into GL261 gliomas.

4. Discussion

In this study we have shown that CX3CR1 deficiency resulted in a slightly shorter life span of
tumor bearing mice with no significant differences in numbers of tumor infiltrated microglia
and lymphocytes. These results favor a lack of effects of CX3CR1 signaling on antiglioma
activity as well as in the intratumoral recruitment of microglia and lymphocytes. Previous
studies done in CX3CR1 deficient mice have pointed out that CX3CL1 and CX3CR1 are
important for migration of macrophages, microglia and lymphocytes in vivo. For example,
CX3CR1-deficient mice show an aberrant accumulation of microglia at subretinal areas that
might contribute to age-related macular degeneration (Combadiere et al., 2007, Tuo et al.,
2007). In addition, a reduction in the lesion size and accumulation of immune cells during
atherosclerosis were found in CX3CR1—/— mice (Teupser et al., 2004, Combadiere et al.,
2003, Liu et al., 2007). Moreover, CX3CRL1 deficient animals showed impaired recruitment of
NK cells in both EAE and in tumorigenesis (Yu et al., 2007, Huang et al., 2006). Thus, it was
somewhat surprising to find that CX3CRL1 deficiency did not impact glioma infiltration of
CX3CR1-expressing microglia in vivo. Equally unanticipated was the lack of morphological
alterations in tumor-associated microglia in CX3CR1-/— mice given the results of Cardona et
al (Cardona et al., 2006) in which microglia from CX3CRL1 deficient animals display a greater
extent of activation in various models of neurotoxicity.

While Log-rank statistical analysis indicated that the two survival curves were significantly
different, suggesting that CX3CR1 deficiency may actually favor glioma growth, the difference
in median survival time of one day indicates that CX3CR1 plays a small role in GL261
tumorigenesis. The four types of lymphocytes we examined here, though not significantly
different between the two groups of mice, all showed slightly fewer numbers in —/— mice than
in +/— mice. This raises the possibility that CX3CR1 deficiency might have a global impact
on the host’s immune system and its ability to suppress glioma growth.

One reasonable explanation for our results is that the function of CX3CRL1 is masked by a
highly immunosuppressive environment created by the GL261 glioma. TGFp is one of the
major immunosuppressive cytokines produced by tumors and contributes to immune tolerance
of malignant cells (Teicher, 2007). Inhibition of TGFp prevented the growth of EL-4 thymoma,
B16F10 melamoma (Gorelik and Flavell, 2001), and SMA-560 glioma (Tran et al., 2007) in
vivo. TGFp is known to be expressed in human and rodent gliomas (Samuels et al., 1989,
Bodmer etal., 1989, Kiefer et al., 1994) and we have determined that TGFf is present in GL261
gliomas in vivo (data not shown). Previous published results from our lab have shown that
TGFp upregulates CX3CR1 expression in rat microglia although the signaling efficiency of
this receptor was markedly inhibited after CX3CL1 stimulation (Chen et al., 2002). Therefore,
CX3CR1 signaling in tumor infiltrated microglia from wild type or CX3CR1 +/— mice might
be blocked by the high levels of TGFp present within the GL261 tumors. If CX3CR1 function
is inhibited under these conditions, a lack of a microglial cell phenotype in CX3CR1 deficient
GL261 tumor bearing mice might be expected. Studies have shown that microglia under an
immunosuppressive environment can still mediate phagocytosis and non MHC restricted
cytotoxicity but lack the ability to secrete IL-1p, IL-6, and TNF-o (Hussain et al., 2006b,
Hussain et al., 2006a). Given studies by Zujovic et al. (Zujovic et al., 2000) and Cardona et al.
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(Cardona et al., 2006) that CX3CR1 can regulate proinflammatory cytokine secretion, the
relationship between CX3CR1 signaling blockade and cytokine secretion by glioma infiltrating
microglia should be further studied. It is possible that microglia from CX3CR1 deficient
animals secrete higher levels of factors that might facilitate glioma growth and invasiveness
more directly, e.g. tumor growth factors and extracellular proteases.
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Figure 1. CX3CRL1 is expressed in GL261 tumors

A-F) In situ hybridization (ISH) analysis of GL261 tumors using anti-sense (A-C, E) and
sense (D, F) CX3CRL1 riboprobes. Panels A-C are representative autoradiographs from three
different tumor-bearing mice, implanted with either 200,000 (A) or 100,000 (B,C) GL261 cells.
Panels E and F depict representative fields from developed emulsion dipped slides. Arrows in
panel E identify some of the specific hybridization signals. Normal (n) and tumor (t) tissues
are indicated in the sense riboprobed section (panel F). G) A representative tumor section
stained with anti-CD11b.
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Figure 2. CX3CL1 is expressed in GL261 tumors
ISH analysis of GL261 tumors using anti-sense (A) and sense (B) CX3CL1/FKN riboprobes.
Arrows show hybridization signals. Normal (n) and tumor (t) tissues are depicted in each figure

panel.
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Figure 3. Tumorigenesis in CX3CR1+/- and —/— mice

A) Representative H&E stained sections from GL261 tumor bearing CX3CR1+/— and —/—
animals. Two representative sections from at least eight different animals in each group are
shown. B) Kaplan-Meier survival analysis of GL261 tumor bearing CX3CR1+/— and —/—
animals. The median survival of the tumor bearing +/— (N = 11) and —/— (N = 13) mice were
20 and 19 days, respectively. Log-Rank analysis determined that the two curves were different
(p = 0.0332).
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Figure 4. Infiltration of CX3CR1+/Cd11b+ cells into GL261 gliomas

GFP-expressing cells at the perimeter of the tumor in +/— (A) and —/— (B) mice. Panels C and
D show GFP-expressing cells inside the tumor in +/— and —/— mice, respectively. Insets of
panels A-D show higher magnifications of GFP-expressing microglia in normal brain
parenchyma adjacent to the tumor (panels A and B) and GFP-expressing cells within the tumors
(panels C and D). Sections depicted in panels A-D were counterstained with DAPI and the
final pictures are a result of the merged images. Panels E and F depict CD11b expression by
intratumoral GFP-expressing cells in +/— (E) and —/— (F) mice.
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Figure 5. CD4+, CD8+, FoxP3+, and Ly49G2+ cells are present in GL261 tumors from CX3CR1
+/— and/— mice

Representative fluorescence micrographs depicting tumor infiltration of lymphocytes from +/
- (A, C,E, G) and —/- (B,D, F, H) mice. A, B) CD4" cells; C, D) CD8* cells; E, F) Foxp3*
cells; G, H) Ly49G2* cells. Lymphocyte markers are defined by red fluorescence. Sections
were counterstained with DAPI. The final pictures represent merged images
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