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Abstract

Background. Chemokine signaling may contribute to progression of low-grade gliomas (LGGs) by altering tumor
behavior or impacting the tumor microenvironment. In this study, we investigated the role of CX3C chemokine re-
ceptor 1 (CX3CR1) signaling in malignant transformation of LGGs.

Methods. Ninety patients with LGGs were genotyped for the presence of common CX3CR1V249I polymorphism
and examined for genotype-dependent alterations in survival, gene expression, and tumor microenvironment.
A genetically engineered mouse model was leveraged to model endogenous intracranial gliomas with targeted
expression of CX3C ligand 1 (CX3CL1) and CX3CR1, individually or in combination.

Results. LGG patients who were heterozygous (V/I; n=43) or homozygous (l/l; n=2) for the CX3CR1 V249l pol-
ymorphism had significantly improved median overall (14.8 vs 9.8 y, P< 0.05) and progression-free survival (8.6
vs 6.5 y, P<0.05) compared with those with the wild type genotype (V/V; n=45). Tumors from the V/I + I/l group
exhibited significantly decreased levels of CCL2 and MMP9 transcripts, correlating with reduced intratumoral M2
macrophage infiltration and microvessel density. In an immunocompetent mouse model of LGGs, coexpression of
CX3CL1 and CX3CR1 promoted a more malignant tumor phenotype characterized by increased microglia/macro-
phage infiltration and microvessel density, resulting in shorter survival.

Conclusions. CX3CR1V249| polymorphism is associated with improved overall and progression-free survival in
LGGs. CX3CR1 signaling enhances accumulation of tumor associated microglia/macrophages and angiogenesis
during malignant transformation.

Key Points

High-grade gliomas (HGGs), including 5-10% of the most
common primary brain tumor, glioblastoma (GBM), may arise
from malignant transformation of low-grade gliomas (LGGs)."
While LGGs demonstrate a slow rate of growth, once they trans-
form to HGGs, survival rates decline precipitously despite max-
imal therapy.? The time frame of LGG progression—influenced
by various factors including age, extent of resection, adjuvant
therapy, isocitrate dehydrogenase 1 (IDH1) mutant status, and
presence of 1p/19q codeletion—provides a potential window

for therapeutic intervention.® However, the mechanisms under-
lying malignant transformation of LGGs remain incompletely
understood. Recent studies have demonstrated that immuno-
suppressive tumor microenvironment may play a critical role
in glioma progression. Compared with LGGs, HGGs contain
increased numbers of regulatory T cells, myeloid derived sup-
pressor cells, and tumor-associated microglia/macrophages
(TAMs).*6 Reversing immunosuppression delays tumor pro-
gression and prolongs survival in mouse models.” "
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Importance of the Study

Recently, management of LGG has shifted away from
watchful waiting to aggressive treatment based on mo-
lecular characterization, generating renewed interest
for new therapeutic targets and prognostic markers.
In this study we found that a common polymorphism in
the chemokine receptor gene CX3CR 1 was associated

Accumulating data suggest that chemokines influence
the glioma microenvironment.” In particular, expression
of CX3CL1 is increased in HGGs compared with LGGs,
whereas its cognate receptor CX3CR1 is expressed by
the tumor cells, suggesting a potential role for CX3CL1-
CX3CR1 signaling in malignant transformation of LGGs.'?
However, mechanistic studies have yielded conflicting re-
sults. Common CX3CR1 V249l polymorphism improved
overall survival in GBM patients following surgical resec-
tion and decreased TAM infiltration."® In contrast, genetic
deletion of Cx3cr1 in a mouse model of GBM shortened
survival and promoted accumulation of inflammatory
monocytes.' To complicate matters further, intratumoral
CX3CL1-CX3CR1 signaling was shown to directly influence
glioma behavior, including invasion and adhesion.™

We hypothesized that CX3CL1-CX3CR1 signaling influ-
ences malignant transformation of LGGs. Interestingly,
previous studies have demonstrated that the common
CX3CR1V249I variant is associated with reduced number
of CX3CL1 binding sites'® and impaired signaling,"” al-
though exact mechanisms remain unclear. Therefore,
we determined the effect of this polymorphism on sur-
vival, gene expression, and tumor microenvironment in
a cohort of patients with malignantly transformed LGGs.
Furthermore, we investigated the effect of CX3CL1 and
CX3CR1 expression on survival, malignant transformation,
and tumor microenvironment in an immunocompetent
mouse model. We show that LGG patients homozygous
or heterozygous for the common CX3CR17V249I| polymor-
phism have a significant survival advantage compared
with those with the wild-type allele. In addition, CX3CR1
signaling promotes vascular proliferation and TAM infiltra-
tion during malignant transformation.

Materials and Methods
Patients

Ninety patients who met the following inclusion criteria
were analyzed in the study: initial histologic diagnosis of
LGG (World Health Organization [WHO] grade Il) between
1994 and 2011, subsequent histology-confirmed malig-
nant transformation to HGG (WHO grade Ill) or GBM (WHO
grade IV), archived tumor tissue available, clinical data and
follow-up available, age at diagnosis >18 years, and written
informed consent from patients or their representatives.
The MD Anderson institutional review board approved the
study (protocol #PA14-0709).

with altered tumor microenvironment and improved sur-
vival in LGG patients. On the other hand, induction of
CX3CR1 signaling in a mouse glioma model promoted a
more malignant tumor phenotype and shorter survival.
These results suggest that CX3CR1 is both a potential
prognostic marker and a therapeutic target in LGG.

Patient characteristics were derived from chart re-
view. Presence of IDHT1 mutation was determined by
immunohistochemistry as described below, if not already
determined at the time of diagnosis. Codeletion status of
1p/19g was available for only 42 patients. Overall survival
(OS) was defined as the length of time from histologic di-
agnosis of LGG to death or last follow-up. Progression-free
survival (PFS) was defined as the length of time from his-
tologic diagnosis of LGG to pathologic confirmation of ma-
lignant transformation. Patients still alive at last follow-up
were censored from the analysis.

Genotyping of Polymorphism

Genomic DNA was purified from formalin-fixed paraffin-
embedded (FFPE) tumor tissue or GBM stem cells (GSCs)
using MasterPure kit (Epicentre). CX3CR1 V249l poly-
morphism (rs3732379) was genotyped using a commer-
cially available TagMan SNP Genotyping Assay (Applied
Biosystems) on the 7500 Fast Real-Time PCR System
(Applied Biosystems). Representative amplification plots
for different genotypes are shown in Supplementary
Figure 1.

RNA Sequencing and Heatmap Analysis

Total RNA was isolated from FFPE tumor tissue using
MasterPure kit (Epicentre). Paired-end RNA sequencing
was performed using HiSeq 2000 Sequencing System
(Ilumina) at the MD Anderson Sequencing and Microarray
Facility. Raw reads were aligned to the human genome,
counts quantified, and differential gene expression deter-
mined. Significantly differentially expressed genes were
defined by a false discovery rate of 0.1 and log, fold change
threshold of 1 after filtering genes with low expression and
illustrated by a heatmap. Samples with degraded RNA or
low mapping rates were excluded. Additional details are
provided in Supplementary Materials and Methods.

In Vitro Studies

GSCs were derived from acute cell dissociation of surgical
GBM specimens from patients treated at MD Anderson,
as described previously.”® Following overnight stimula-
tion with 100 ng/mL recombinant human CX3CL1 (R&D
Systems) or equivalent volume of phosphate buffered sa-
line (PBS), RNA was extracted, reverse transcribed into
cDNA, and amplified using TagMan probes specific for
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chemokine C-C ligand 2 (CCL2) and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (Applied Biosystems). The
difference in CCL2 transcript levels in response to CX3CL1
versus PBS stimulation was expressed as fold change
using the delta delta cycle threshold (ddCt) method, with
GAPDH as endogenous control.

For CX3CR1 immunofluorescence, GSCs were cultured
overnight on chamber slides coated with Matrigel (Corning)
and fixed in methanol prior to staining. Additional details
are provided in Supplementary Materials and Methods.

Vector Construction

Replication-competent avian sarcoma-leukosis virus long
terminal repeat with a splice (RCAS)—platelet-derived
growth factor B (PDGFB) was generated as described pre-
viously.” RCAS-CX3CL1 and RCAS-CX3CR1 were created
by cloning human CX3CL1 and CX3CR1 (V249) cDNA into a
Gateway-compatible RCAS vector using LR recombination
(Invitrogen) and verified by sequencing.

Transfection of DF-1 Cells

Immortalized DF-1 chick fibroblast cells were grown in
DMEM (Gibco) containing 10% fetal bovine serum at 37°C.
Live virus was produced by transfecting RCAS-PDGFB,
RCAS-CX3CL1, or RCAS-CX3CR1 into DF-1 cells using
FuGENE-6 (Roche). Immunofluorescence with antibodies
against human CX3CL1 and CX3CR1 were used to verify
expression, with untransfected DF-1 cells as negative
control.

Mouse Model

Generation of transgenic mice expressing the avian tumor
virus receptor A under the Nestin promoter (Ntv-a) was
described previously.?’ DF-1 cells transfected with RCAS-
PDGFB (1 x 10* cells in 1-2 uL of PBS), RCAS-CX3CL1
(1 x 10° cells), and/or RCAS-CX3CR1 (1 x 10° cells) were
injected bilaterally into the frontal lobes of Ntv-a within
24-72 hours of birth when Nestin-positive cells are most
proliferative. PDGFB (n=31), PDGFB;CX3CL1 (n=29),
PDGFB;CX3CR1 (n=23), and PDGFB;CX3CL1;CX3CR1
(n=28) groups were generated. Mice were humanely eu-
thanized by carbon dioxide asphyxiation between 90 and
105 days after injection, or sooner if symptoms related to
tumor burden were present. The brains were removed,
fixed in formalin, embedded in paraffin, and sectioned for
immunohistochemical analysis. Animal experiments were
approved by the MD Anderson Institutional Animal Care
and Use Committee (protocol #00000900-RNO01).

Tumor Grading

Histologic grades of mouse tumors were determined from
hematoxylin and eosin-stained slides using WHO 2016 cri-
teria by an investigator blinded to the group. LGGs were
identified based on increased cellularity due to infiltrating
tumor cells. HGGs were identified by the presence of

Lee et al. CX3CR1 signaling in gliomas

microvascular proliferation, foci of necrosis, or brisk mi-
totic activity.

Immunohistochemistry and Immunofluorescence

Following heat-induced antigen retrieval and peroxide
treatment, sections were stained with the following pri-
mary antibodies: mouse monoclonal anti-human IDH1
R132H (1:100, DIA-H09, Dianova), goat polyclonal anti-
human tumor necrosis factor (TNF; 1:50, AF-410-NA, R&D
Systems), rabbit polyclonal anti-human CD204 (1:100,
orb100585, Biorbyt), rabbit polyclonal anti-human CD31
(1:50, ab28364, Abcam), or goat polyclonal anti-mouse
CD31 (1:50, AF3628, R&D Systems).

For double immunofluorescence studies, sections were
stained with the following combinations of primary anti-
bodies: mouse monoclonal anti-human CX3CL1 (1:100,
R&D Systems) and rabbit polyclonal anti-human CX3CR1
(1:100, ab8021, Abcam); goat polyclonal anti-human
TNF (1:50) and rabbit polyclonal anti-human ionized cal-
cium binding adaptor molecule 1 (lba1: 1:500, Novus
Biologicals); or mouse monoclonal anti-mouse Iba1 (1:500,
MABN92, Millipore) and rabbit polyclonal anti-mouse oli-
godendrocyte transcription factor 2 (Olig2; 1:500, AB9610,
Millipore).

Additional details are provided
Material and Methods.

in Supplementary

Analysis of Cell and Microvessel Density

The total number of cells and numbers of CD204 or Iba1-
positive cells were counted in at least 5 non-overlapping
high power fields from randomly selected, grade-matched
human or mouse tumors. Density was calculated by di-
viding the number of positively stained cells by the total
number of cells and expressed as a percentage.

In randomly selected, grade-matched mouse tumors,
the number of distinct CD31-positive microvessels were
counted from at least 5 non-overlapping high power fields
in areas of highest microvessel density, and divided by the
total quantified area in mm2. However, human tumors ex-
hibited greater variability in overall cell density compared
with mouse tumors, even with matching histologic grade.
Therefore, CD31-positive cell density, rather than CD31-
positive microvessel density, was compared in randomly
selected human tumors using the same methods as above.

Statistical Analysis

Survival statistics were reported using Kaplan-Meier
curves, which were compared using the log-rank test.
Patient characteristics were compared using the chi-
squared test, except for age at diagnosis, which was com-
pared using the unpaired t-test. Unpaired t-test was used
to compare GSC gene expression and CX3CR1 genotype
or histology-dependent effects. Chi-squared test was
used to compare mouse tumor grade and intratumoral
hemorrhage. ANOVA with post hoc Tukey’s test was used
to compare tumor size and microenvironment between
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Overall (A) and progression-free survival (B) of patients with progressive LGGs, according to CX3CR1 genetic polymorphism. Kaplan—

Meier survival curves were generated for patients heterozygous (V/I; n = 43) or homozygous (I/I; n = 2) for the V249 variant allele and compared
against patients without the variant allele (V/V; n = 45). *P < 0.05, log-rank test.

mouse groups. Statistical analyses were performed using
GraphPad Prism software.

Results
Effect of CX3CR1 V2491 Polymorphism on Survival

Ninety LGG patients from an institutional repository with
histological documentation of malignant transformation
were included in the analysis. Genomic DNA was iso-
lated from archived tumor samples and examined for the
presence of the common germline CX3CR1 V249I poly-
morphism, associated with reduced number of CX3CL1
binding sites'® and decreased signaling,'” albeit with un-
clear mechanisms. Forty-five patients did not possess the
polymorphism (V/V genotype), whereas 43 patients were
heterozygous (V/l genotype) and 2 patients were homozy-
gous for the 1249 variant allele (I/l genotype).The calculated
minor allele frequency of 0.27 in our cohort was compa-
rable to what has been reported previously for patients
with de novo GBMSs'® and healthy controls.?'

Patients with the germline CX3CR1 V249l polymorphism
(V/1 +1/1) had significantly longer OS than those without (V/V;
14.8 vs 9.8y; P<0.05, log-rank test; Fig. 1A). Similarly, patients
in the V/I + I/l group had significantly longer PFS than those
in the V/V group (8.6 vs 6.5 y; P<0.05, log-rank test; Fig. 1B).
Patient characteristics including sex, age at diagnosis, KPS,
extent of resection, adjuvant therapy, and presence of IDH1
mutation and/or 1p/19q codeletion did not significantly differ
between the genotypes (Table 1). Secondary analyses of OS
in patients with IDH17 wild-type or 1p/19q codeleted tumors are
shown in Supplementary Figure 2.

Genotype-Dependent Alterations in Gene
Transcription and Tumor Microenvironment

RNA isolated from HGG samples was sequenced and ana-
lyzed for differential gene expression based on genotype.

Table1 Patient characteristics based on CX3CR1 genotype
Characteristic VIV, n (%) V/1+1/1, n (%)
45 45

Sex

Female 19 (42) 24 (53)

Male 26 (58) 21 (47)
Age at diagnosis, y, mean (SD)  37.5(12.2) 38.1(9.2)
KPS

90 or 100 39 (87) 42 (93)

<90 6(13) 3(7)
Extent of resection

GTR 11 (24) 12 (27)

STR or biopsy 34 (76) 33(73)
Adjuvant therapy

None 12 (27) 19 (42)

Radiation 11 (24) 12 (27)

Chemotherapy 9(20) 9 (20)

Both 13 (29) 5(11)
IDHT mutation

No 9 (20) 10 (22)

Yes 36 (80) 35 (78)
1p/19q codeletion*

No 8(30) 10 (40)

Yes 19 (70) 15 (60)

Abbreviations: GTR, gross total resection; IDH1, isocitrate dehydro-
genase 1; SD, standard deviation; STR, subtotal resection; VV, homo-
zygous for the common CX3CR 17 V249 allele; V/I + I/1, heterozygous or
homozygous for the variant CX3CR1 1249 allele.

*Only a subset of samples were analyzed for 1p/19q codeletion.
None of the characteristics were significantly different between the
2 groups (unpaired t-test for age at diagnosis, chi-squared test for
all others).
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HGGs from the V/I + 1/l group demonstrated significantly
decreased expression of CCL2, implicated in TAM recruit-
ment,?? as well as significantly decreased expression of
matrix metalloproteinase 9 (MMP9), implicated in tumor
invasion and angiogenesis (Fig. 2A).2> Two separate GSC
lines with proneural characteristics?* both exhibited mem-
branous CX3CR1 expression despite different CX3CR1
genotypes (Fig. 2B, C). GSC6-27, derived from a V/V tumor,
upregulated CCL2 in response to CX3CL1 stimulation;
however, GSC7-2, derived from a V/I tumor, did not show
this response (Fig. 2D). Interestingly, even in the absence
of CX3CL1 stimulation, GSC7-2 exhibited reduced CCL2
transcript levels compared with GSC6-27. These results
suggest that differential gene expression of CCL2 revealed
by RNA sequencing was at least in part driven by altered
genotype-dependent, intratumoral CX3CR1 signaling.

In order to determine the impact of altered CCL2 and
MMP9 expression on the tumor microenvironment,

Genotype
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[ R/

B C
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GSC 6-27

GSC 7-2
VIV Vi

Fig. 2

Lee et al. CX3CR1 signaling in gliomas

histologic sections of randomly selected, grade-matched
HGG samples from the V/V and V/I+1/l groups were
immunostained with antibodies against the M1 mac-
rophage marker TNFE M2 macrophage marker CD204,
and endothelial marker CD31 (Fig. 3). HGGs from V/V
and V/I+1/l genotypes exhibited sparse, punctate TNF
immunoreactivity (Fig. 3A, B), predominantly within
TAMs (Supplementary Figure 3). The mean density of TNF-
positive cells was not significantly different between the
groups (0.54% in V/V vs 0.48% in V/I + I/I; Fig. 3C). On the
other hand, HGGs from the V/V genotypes demonstrated
distinct areas of infiltration by CD204-positive TAMs with
amoeboid morphology (Fig. 3D), which was largely ab-
sent in V/l + I/l HGGs (Fig. 3E). The mean density of CD204-
positive cells in V/I + 1/l tumors was 0.24%, which was
significantly lower than 1.3% in V/V tumors (P<0.05, un-
paired t-test; Fig. 3F). In addition, V/I + I/l HGGs showed re-
duced numbers of CD31-positive microvessels compared
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(A) Heatmap analysis of RNA sequencing data from HGGs, revealing differential expression of candidate genes CCL2 and MMP9 in tu-

mors from /I + I/l group compared with V/V group. Two separate GSC lines, 6-27 (B) and 7-2 (C), with similar proneural characteristics but different
CX3CR1 genotypes were immunostained with antibody against CX3CR1 (green) and counterstained with 4/,6’-diamidino-2-phenylindole (DAPI;
blue), revealing robust membranous CX3CR1 expression. Stimulation of GSC6-27 (V/V) with CX3CL1 significantly increased CCL2 mRNA levels
compared with treatment with PBS, whereas GSC7-2 (V/I) did not show this response (D; n = 3 for each condition). In addition, basal CCL2 mRNA
levels were significantly lower in GSC7-2 compared with GSC6-27. *P < 0.05, unpaired t-test. Scale bar, 25 um.
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Fig.3 Histological sections of WHO grade |1l gliomas from V/V (A, D, and G) and V/I + I/l patients (B, E, and H) were immunostained with antibodies
against M1 macrophage marker TNF (brown, A and B), M2 macrophage marker CD204 (brown, D and E), and endothelial marker CD31 (brown, G and
H), followed by counterstaining with hematoxylin (blue; A, B, D, E, G, and H). There were no significant differences in density of TNF-positive cells
in HGGs from V/V (n = 12) and V/I patients (n = 12; C). On the other hand, HGGs from V/V patients (n = 9) demonstrated significantly increased den-
sity of CD204-positive macrophages compared with HGGs from V/I + I/1 patients (n = 10; F). Similarly, V/V tumors (n = 13) showed significantly in-
creased density of CD31-positive endothelial cells compared with V/I + I/l tumors (n = 13; I). *P < 0.05, **P < 0.01, unpaired t-test. Scale bar, 50 um.

with V/V HGGs (Fig. 3G, H). The mean density of CD31-
positive cells in V/I + 1/l tumors was 4.0%, which was sig-
nificantly lower than 6.8% inV//V tumors (P < 0.01, unpaired
t-test; Fig. 31). Tumor histology did not significantly impact
these results (Supplementary Figure 4).

Effects of CX3CL1 and/or CX3CR1 Expression
on Survival and Malignant Transformation in an
RCAS/Ntv-a Mouse Model

RCAS-driven expression of PDGFB ligand induces endog-
enous LGG formation from Nestin-positive glioneuronal
precursors in immunocompetent Ntv-a mice.?’ To fur
ther investigate the role of intratumoral CX3CL1-CX3CR1
signaling in vivo, CX3CL1 and CX3CR1 (V249) were ex-
pressed together with PDGFB in Ntv-a mice, separately or
in combination. Tumor-specific, persistent expression of

CX3CL1 and/or CX3CR1 was confirmed viaimmunofluores-
cence (Fig. 4A and Supplementary Figure 5). In the PDGFB
group, all 31 mice formed tumors and 9 (29%) were HGGs.
In the PDGFB;CX3CL1 group, 27 out of 29 mice formed tu-
mors (93%) and 8 (30%) were HGGs. In the PDGFB;CX3CR1
group, 19 out of 23 mice formed tumors (83%) and 13 (68%)
were HGGs. Finally, in the PDGFB;CX3CL1;CX3CR1 group,
25 out of 28 mice formed tumors (89%) and 17 (68%) were
HGGs. The proportion of HGGs was significantly higher in
the PDGFB;CX3CL1;CX3CR1 compared with the PDGFB
group (P<0.01, chi-squared test; Fig. 4B). Interestingly,
the proportion of HGGs was also significantly higher in
PDGFB;CX3CR1 compared with PDGFB group (P<0.01,
chi-squared test; Fig. 4B), suggesting cross-activation of
the expressed human CX3CR1 by endogenous CX3CL1. In
the PDGFB;CX3CL1;CX3CR1 group, the median survival
was 74 days, which was significantly shorter than 90 days in
the PDGFB group (P < 0.05, log-rank test; Fig. 4C). Median
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(A) Histological sections of murine gliomas induced by RCAS-PDGFB together with RCAS-CX3CL1 and RCAS-CX3CR1 were immunostained

with antibodies against CX3CL1 (green) and CX3CR1 (red), followed by counterstaining with DAPI (blue), revealing membranous coexpression of
CX3CL1 and CX3CR1. (B) Significantly higher proportion of HGGs were seen in mice injected with RCAS-PDGFB and RCAS-CX3CR1 (13/19) as well as
in mice injected with RCAS-PDGFB, RCAS-CX3CL1, and RCAS-CX3CR1 (17/25) compared with mice injected with RCAS-PDGFB and RCAS-CX3CL1
(8/27) or with RCAS-PDGFB alone (9/31; **P < 0.01, chi-squared test). (C) Kaplan—Meier survival curves for PDGFB (n = 31), PDGFB;CX3CL1 (n = 29),
PDGFB;CX3CR1 (n = 23), and PDGFB;CX3CL1;CX3CR1 (n = 28) groups show significantly shorter 0OS for PDGFB;CX3CL1;CX3CR1 group compared

with PDGFB group (*P < 0.05, log-rank test). Scale bar, 25 um.

survival did not differ significantly in the PDGFB;CX3CL1
(90 days) or PDGFB;CX3CR1 groups (92 days), indicating
that coexpression of ligand and receptor are required to
fully promote the progression of PDGFB-induced gliomas
in Ntv-a mice.

Effect of CX3CL1 and/or CX3CR1 Expression on
Tumor Microenvironment

In order to characterize the tumor microenvironment, his-
tologic sections of HGGs from PDGFB, PDGFB;CX3CL1,
PDGFB;CX3CR1, and PDGFB;CX3CL1;CX3CR1 groups were
immunostained with antibodies against the microglia/
macrophage marker Iba1l and the oligodendrocyte lineage
and tumor marker Olig2. All groups demonstrated more
pronounced accumulation of Ibal-positive TAMs within
Olig2-positive tumors compared with the surrounding
normal brain (Fig. 5A-D). However, the mean density of
Iba1-positive TAMs in HGGs from PDGFB;CX3CL1;CX3CR1
group (18%) was significantly higher compared with all
other groups (6.4% in PDGFB, P < 0.001, ANOVA with post
hocTukey's test; 8.0% in PDGFB;CX3CL1, P< 0.01; and 9.6%
in PDGFB;CX3CR1 groups, P < 0.01; Fig. 5E). TAM density
did not correlate with tumor size, which was similar be-
tween groups (Supplementary Figure 6).

In addition, tumor microvessel density was
examined in HGGs from PDGFB, PDGFB;CX3CL1,
PDGFB;CX3CR1, and PDGFB;CX3CL1;,CX3CR1 groups
via CD31 immunohistochemistry (Fig. 5F-l). Mean den-
sity of CD31-positive microvessels in HGGs from the
PDGFB;CX3CL1;,CX3CR1 group was 158/mm?2, which
was significantly higher compared with all other groups
(72/mm? in PDGFB, P<0.01, ANOVA with post hoc

Tukey’s test; 81/mm? in PDGFB;CX3CL1, P<0.01; and 95/
mm? in PDGFB;CX3CR1 groups, P<0.05). Intratumoral
hemorrhage occurred more frequently in HGGs from
PDGFB;CX3CL1;CX3CR1 groups (16/17) compared with
HGGs from all other groups (4/9 in PDGFB, P<0.01, chi-
squared test; 5/9 in PDGFB;CX3CL1, P<0.05; and 5/13 in
PDGFB CX3CR1 groups, P< 0.01; Supplementary Figure 7).

Discussion

In this study, we investigated the role of CX3CL1-CX3CR1
signaling in a retrospective cohort of patients with LGGs
that ultimately progressed to HGGs.The germline CX3CR1
1249 variant allele had a profoundly beneficial impact, ex-
tending median OS by 5 years and PFS by nearly 2 years.
Analysis of RNA sequencing data from tumor samples re-
vealed reduced CCL2 and MMP9 transcript levels in as-
sociation with the V249l polymorphism, consistent with
reduced M2 TAM infiltration and microvessel density. In
addition, GSC with the V/l genotype exhibited deficient re-
sponse to CX3CL1 stimulation. Complementary to these
findings, coexpression of CX3CL1 and CX3CR1 (V249)
worsened survival and tumor grade in a PDGFB-driven
mouse model of LGGs, by facilitating the accumulation of
TAMs and increasing microvessel density. Taken together,
our data suggest that CX3CL1-CX3CR1 signaling pro-
motes malignant transformation of LGGs by upregulating
CCL2-driven TAM infiltration and MMP9-driven angio-
genesis, which is ameliorated by the 1249 variant allele
(Fig. 5K).

Previous investigations of CX3CR1 signaling on glioma
pathogenesis have yielded conflicting results. In contrast
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Fig.5 Histologic sections of murine HGGs from PDGFB (n = 5; A), PDGFB;CX3CL1 (n = 5; B), PDGFB;CX3CR1 (n = 7; C), and PDGFB;CX3CL1;CX3CR1
groups (n =9; D) were immunostained with antibodies against microglia/macrophage marker Ibal (green, A-D) and oligodendroglial lineage and
tumor marker 0lig2 (red, A-D), followed by counterstaining with DAPI (blue, A-D). Tumors from PDGFB;CX3CL1;CX3CR1 group exhibited significantly
increased accumulation of microglia/macrophages, compared with tumors from all other groups (E). Histological sections of murine HGGs from
PDGFB (n = 5; F), PDGFB;CX3CL1 (n = 8; G), PDGFB;CX3CR1 (n = 8; H), and PDGFB;CX3CL1;CX3CR1 groups (n = 9; ) were inmunostained with anti-
body against endothelial marker CD31 (brown, F-l), followed by counterstaining with hematoxylin (blue, F-I). Tumors from PDGFB;CX3CL1;CX3CR1
group exhibited significantly increased density of CD31-positive microvessels, compared with tumors from all other groups (J). *P < 0.05, **P < 0.01,
***P < 0.001, ANOVA with post hoc Tukey's test. Scale bar, 50 um. (K) Working model. In gliomas, CX3CR1 signaling promotes CCL2-dependent TAM

infiltration and MMP9-driven angiogenesis, which is abrogated by the 1249 variant allele. ECM, extracellular matrix; VEGF, vascular endothelial
growth factor.



to our data, Cx3cri1 deletion in RCAS-based, PDGFB-
driven, Ink4a-Arf and Pten deficient mouse GBM model
worsened survival and increased tumor incidence, by in-
directly promoting infiltration of interleukin (IL)-1p produ-
cing inflammatory monocytes into perivascular areas.'
On the other hand, Cx3cr1 deficiency had a negligible ef-
fect on survival as well as TAM or lymphocyte accumula-
tion following intracranial implantation of murine GL261
glioma cells.?> However, both of these studies relied upon
aggressive tumor models that do not allow sufficient time
course for malignant transformation, which was the spe-
cific focus of our study. In particular, the Ink4a-Arf and
Pten deficient background results in gliomas that are pre-
dominantly high grade, and GL261 is an already fully ma-
lignant tumor. Furthermore, PDGFB-driven murine GBMs,
unlike their human counterparts, do not appear to ex-
press CX3CR1, given the absence of tumor-specific green
fluorescent protein (GFP) labeling in Cx3cr1¢F°+ mice.*
Therefore, the intratumoral CX3CL1-CX3CR1 signaling
could not be specifically assessed. Indeed, the presence
of CX3CR1V249I polymorphism, reported to reduce ligand
binding and signaling,'®'7 increased OS and diminished
TAM accumulation in GBM patients,'® which is in agree-
ment with our findings in patients with LGGs that pro-
gressed to HGGs.

By leveraging results from next-generation sequencing
of tumor samples, we identified two key candidate genes,
CCL2 and MMP9, in malignant transformation of LGGs,
both with well-established tumor-promoting effects on
the microenvironment. CCL2, produced by glioma cells,
is a major chemoattractant for immunosuppressive mye-
loid cells and regulatory T cells. Intracranial implantation
of CCL2-transfected rat CNS-1 glioma cells promoted TAM
infiltration and angiogenesis, resulting in larger tumors
and shorter survival.?2 Ccl2 deficiency decreased infiltra-
tion of regulatory T cells and myeloid derived suppressor
cells in a GL261 mouse model.6 In human GBM patients,
CCL2 expression was negatively correlated with survival
and positively correlated with expression of myeloid de-
rived suppressor cell markers. On the other hand, MMP9
plays important roles in tumor invasion and angiogen-
esis across a wide range of malignancies.? In particular,
several studies have highlighted the prognostic impact of
MMP9 expression in GBM.?6-28 Taken together, data from
these previous studies suggest that increased TAM accu-
mulation and angiogenesis observed in HGGs from V/V
and PDGFB;CX3CL1;CX3CR1 groups are likely mediated by
upregulation of CCL2 and MMP9.

In the normal CNS, CX3CR1 is expressed predomi-
nantly by microglia, whereas CX3CL1 is predominantly
expressed by neurons.?3° However, gliomas across the
entire histologic spectrum and tumor-initiating GSCs dem-
onstrate CX3CL1 and CX3CR1 expression.'?To complicate
matters further, subsets of glioma-infiltrating peripheral
macrophages and lymphocytes also express CX3CR1.332
In our study, we provide several lines of evidence that
intratumoral rather than stromal CX3CL1-CX3CR1
signaling mediates the observed phenotypes. First, stim-
ulation with CX3CL1 upregulated CCL2 transcript levels
in V/V but not V/I GSCs. Second, tumor-specific, RCAS-
driven coexpression of CX3CL1 and CX3CR1 (V249) in a
mouse LGG model essentially phenocopied increased TAM
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accumulation and microvessel density seen in human tu-
mors from V/V genotypes. Finally, intratumoral expression
of CX3CR1, but not CX3CL1, promoted formation of more
aggressive tumors in mice, suggesting that endogenous
CX3CL1 cross-activates deleterious intratumoral CX3CR1
signaling.

Our study does have some limitations. While V/V and
V/I + I/l groups do not show significant differences in dem-
ographic or major molecular characterizations, they were
analyzed retrospectively, and our findings should be val-
idated in a prospective cohort. In addition, our mouse
model, while sufficient to examine the deleterious nature
of wild-type CX3CR1 signaling, did not account for the
beneficial effects of the polymorphism. Rescue experi-
ments using RCAS-driven expression of variant CX3CR1
(1249) are currently ongoing. Furthermore, the contri-
bution of CX3CR1 expressing stromal cells needs to be
definitively ruled out in future investigations. Finally, de-
spite similar incidence of HGGs between PDGFB;CX3CR1
and PDGFB;CX3CL1;CX3CR1 groups, survival was short-
ened only in the latter. This discrepancy is likely due to
partial cross-activation of tumor expressed CX3CR1 by
endogenous mouse CX3CL1. However, the effect on sur-
vival does not become manifest without coexpression of
human CX3CL1, driving angiogenesis and intratumoral
hemorrhage. Of note, PDGFB-driven tumors in mice do
not express CX3CR1'4; therefore, ectopic expression of
human CX3CL1 alone is insufficient to promote malignant
transformation.

There has been a paradigm shift toward more aggressive
treatment of LGGs, due to recent studies demonstrating
improved survival with early surgery and concurrent ad-
juvant chemoradiation.3334 In conjunction, classification of
LGGs has transitioned toward molecular, rather than histo-
logic, characterization, which is better at predicting tumor
behavior.?® Within this context, the prognostic impact of
CX3CR1V249I polymorphism in LGGs may prove valuable
in targeted therapy. Selective CX3CR1 inhibition also holds
therapeutic promise to prevent malignant transformation
of LGGs.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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