
Tumor-secreted SDF-1 promotes glioma invasiveness
and TAM tropism toward hypoxia in a murine
astrocytoma model
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A distinguishing feature of high-grade gliomas is the infiltration of neoplastic cells into adjacent brain tissues that mark
most of these tumors surgically incurable. To study the factors associated with tumor invasion, we established a new
murine brain tumor model, ALTS1C1 derived from SV40 large T antigen-transfected astrocytes. This new brain tumor
model recapitulates several histopathological features of human high-grade glioma including increased cellularity,
prominent cellular pleomorphism, geographic necrosis, active mitosis, and extensive invasion of tumor cells into adjacent
brain tissues. More importantly, ALTS1C1 expressed a relatively high level of stromal-derived factor-1 (SDF-1/CXCL12)
in vitro and in vivo and higher microvascular density (MVD) in vivo. To define the roles of SDF-1 in this tumor model,
the expression of SDF-1 in ALTS1C1 cells was inhibited by specific siRNA. SDF-knockdown ALTS1C1 (SDFkd) cells took
longer than parental ALTS1C1 cells to form tumors and in contrast to the wild-type tumors they had well-defined regular
borders and lacked infiltration tracts. The SDFkd tumors were also associated with a lower MVD and more hypoxic areas.
In contrast to parental tumors, the density of F4/80-positive tumor-associated macrophages (TAMs) in SDFkd tumor was
higher in non-hypoxic than in hypoxic regions. SDF-1 production by tumor cells therefore seems critical for the
aggregation of TAMs into areas of hypoxia and tumor invasiveness. This study not only provides new insight into the role
of SDF-1 in brain tumor invasion and the relationship between TAMs and hypoxia, but also provides a new preclinical
brain tumor model for designing new treatment options for invasive cases.
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Gliomas, in particular malignant astrocytomas, give a poor
prognosis and are incurable in most patients. Glioblastoma
(GBM; WHO grade IV) and astrocytoma represent 77.5% of
all cases of glioma. GBMs are the most aggressive form and
are associated with extremely poor survival rates: o10% of
patients with GBMs survive 42 years.1 GBMs may develop
as primary GBMs or through malignant progression from
low-grade astrocytoma (grade II) or anaplastic astrocytoma
(grade III) as secondary GBMs.2 Radiation therapy (RT) is
one of the front-line treatments for malignant gliomas being
the most effective treatment after surgery. We have previously
shown that RT disturbs the tumor microenvironment,
including the vascular network and the extent of hypoxia,
which could cause resistance to future therapy.3 Since
surgery, RT, chemotherapy, or a combination of multiple

modalities cannot achieve satisfactory treatment outcomes,
the development of new treatment strategies to improve
patient outcome is necessary.

A distinguishing feature of high-grade gliomas is infiltra-
tion into surrounding normal brain tissue that makes most of
these tumors surgically incurable. Preclinical glioma models
that can recapitulate this feature are essential for better
understanding of the behavior of malignant brain tumors
and the design of new therapeutic interventions. Many pre-
clinical glioma models have been reported that are derived by
gene targeting in transgenic mice,4 by carcinogen induction,5

and by viral infection.6 Each has drawbacks and restrictions.
For example, 4C8 cells from B6D2F1 transgenic mice develop
a pattern of necrosis and express glial fibrillary acidic protein
(GFAP), but are not very aggressive.7 The C57BL/6 syngeneic
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203 glioma was induced by 20-methylcholanthrene,5 but it is
unclear what genetic alterations are associated with it. The
C57BL/6 syngeneic GL261 tumor that is commonly used was
originally established by intracranial injection of 3-methyl-
cholantrene (MCA) and maintained by serial transplanta-
tions. GL261 cells are easily adapted to in vitro growth
and have aggressive growth characteristics when grown
intracranially. However, unlike human GBM cell lines (such
as U87MG, U-373MG, and T98G), GL261 tumors are
radiosensitive.8 Another model that could simulate human
high-grade glioma with respect to their infiltrative and
radioresistant nature would therefore be useful for studying
the behavior of malignant brain tumors and designing new
therapeutic interventions.

The tumor microenvironment has a critical role in tumor
growth and metastasis, as do tumor-associated macrophages
(TAMs). TAMs represent the largest population of infiltrating
inflammatory cells in malignant gliomas. The number of
CD68-positive TAMs is higher in GBMs than that in grade II
or III gliomas and a positively correlates with vascular
density.9 Reports have shown that TAMs can promote the
proliferation of glioma cells, enhance their invasion at tumor
margins, and stimulate angiogenesis in perivascular areas.10

The multiple proangiogenic factors produced by TAMs
may explain reported correlations between increased TAM
numbers and high vascular grades in several types of tumors.9

A number of tumor-derived chemoattractants, includ-
ing chemokines and chemokine receptor families,11,12 are
thought to ensure TAM recruitment. Among the factors that
can contribute to the invasive phenotype of glioma cells,
stromal-derived factor-1 (SDF-1) has gained increased
attention recently. SDF-1 through its receptor, CXCR4, has
been shown to be a major player in tumor metastasis and
growth in several human malignancies.13–15 The SDF-1/
CXCR4 axis brings about these effects by recruiting bone
marrow derived cells to neovascular niches to promote
angiogenesis,16 as well as stimulating the proliferation and
survival of tumor cells in a paracrine manner.17 A major
stimulus for SDF-1 production is hypoxia through the
generation of HIF-1. The SDF-1 can in turn enhance the
survival of bone marrow-derived mesenchymal stem cells
under hypoxic conditions through activation of PI3K/Akt
and ERK1/2 pathways.18

In this study, we introduce a new preclinical glioma model,
ALTS1C1, derived from primary astrocytes transformed by
SV40 large T antigen (LTA), followed by serial subcutaneous
and intracranial passages. In addition to recapturing
numerous neuropathological features of human high-grade
brain tumors, the ALTS1C1 displays several distinct tumor
microenvironments associated with the primary tumor core,
the infiltration fronts, and the tumor cell islands. We found
this tumor expresses a relatively high level of SDF-1 in vitro
and in vivo and inhibition of SDF-1 production reduced
tumor invasiveness and TAM tropism toward hypoxia. These
features may help to better understand the roles of tumor

microenvironments in tumor invasion and make ALTS1C1 a
good choice as a preclinical brain tumor model for designing
new treatment options for invasive cases.

MATERIALS AND METHODS
Primary Astrocyte Culture and SV40 T Antigen Gene
Transfection
Brains from 2-day-old C57BL/6 mice were used to establish
the primary astrocyte cultures. The culture processing has
been described previously.19 Briefly, brain tissues were
homogenized and passed successively through 75 mm and
40 mm nylon strainers (BD Bioscience, San Jose, CA, USA).
Brain cells were seeded into 10 cm dishes to which was
added the RPMI-1640 medium containing 10% fetal calf
serum and penicillin/streptomycin antibiotics. The dishes
were left untouched for 3 days for cell attachment and
thereafter the medium was changed every 3 days. After 7–16
days in culture, the oligodendrocyte and microglia cells
appearing on the top of astrocytes were separated by
mechanical shaking technique. The cells that remained
attached on the dishes contained 495% astrocytes as
recognized by mouse monoclonal anti-mouse GFAP antibody
(Sigma, St Louis, MO, USA). The pMT10D plasmid (5 mg)
bearing origin-defective SV40 T antigen gene,20 purchased
from the Japan Health Sciences Foundation (Reference No.:
FG-2004-005), were transfected into 1� 106 astrocytes using
SuperFect Transfection Reagent (Qiagene, Germantown,
MD, USA) for 48 h. Cells were incubated under normal
culture conditions for 43months. The cells that survived
43months were harvested and serially passed in vitro. The
established cell line was named ‘ALT’.

In Vitro Growth Curve
Ten thousand (1� 104) cells were plated on 100mm dishes.
The viable cell number was counted in a hemacytometer
every 12 h after trypsinization and trypan blue staining.

Immunoblotting
Western blot analysis was performed with 20 mg protein
extracts separated by 10% polyacrylamide gel and probed
by anti-mouse LTA monoclonal antibody (1:1000; Clone
PAb101; BD Pharmingen, San Diego, CA, USA), anti-mouse
GFAP monoclonal antibody (1:1000; Clone G-A-5; Sigma) or
an anti-actin antibody (1:5000; Clone ACTN05; Thermo,
Fremont, CA, USA) as loading control.

Real-Time Quantitative PCR and RT–PCR
Total RNA was extracted from cells with TRIzol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s manual.
In all, 2 mg of total RNA was reverse transcribed using Super
Script III RNase H reverse transcriptase (Invitrogen) and
random hexamer primers (Invitrogen) at 25 1C for 10min
and 42 1C for 1 h to synthesize cDNA.

Quantitative PCR (Q-PCR) was performed in a TaqMan
5700 sequence detection system (Applied Biosystems, Foster
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City, CA, USA). The gene primers were designed by
the Primer Express 3.0 software. Power SYBR Green PCR
reactions were performed in triplicate for each sample and
analyzed using the ABI Prism 7900HT sequence detection
system. Data were normalized to actin levels and 7300 system
software was used to analyze the amplified transcripts
according to the threshold cycle (Ct) method. The difference
(DCt) between the Ct of the gene transcript and the endo-
genous control actin determined the gene expression. The
fold-change of each target mRNA was calculated by the
formula 2�DDCt.

For RT–PCR, total RNA was extracted from cells with
TRIzol (Invitrogen) as per the manufacturer’s directions. Two
micrograms of total RNAwas reverse transcribed using Super
Script III RNase H reverse transcriptase (Invitrogen) and
random hexamer primers (Invitrogen) at 25 1C for 10min
and 42 1C for 1 h to synthesize cDNA. In all, 2 ml of the
reverse transcription product was used as a template for PCR
amplification. PCR was performed using Taq polymerase
(Invitrogen) and 150 nmol/l of primers. The PCR conditions
consisted of 3min of an initial denaturation step (95 1C
followed by 30 cycles of denaturation (95 1C, 30 s), annealing
(57 1C, 30 s), and extension (72 1C, 30 s) followed by a final
elongation step of 10min at 72 1C. In all, 10 ml of PCR
product was analyzed on 2% agarose gels stained with ethi-
dium bromide. Quantitation of bands was performed using
ImageJ software (NIH, Bethesda, MD, USA).

Orthotopic Intracranial Tumor Implantation
To implant ALTS1C1 or GL261 cells (kindly provided by
Professor Newcomb, New York University), 2 ml of 1� 105

cells was inoculated intracranially to 6- to 8-week-old
C57BL/6 mice as described.21 (see Supplemental Methods).
Before the kill, the animals were anesthetized and then
perfused transcardially with PBS followed by 4% para-
formaldehyde. Tumor hypoxia was studied by i.v. injection of
4mg pimonidazole hydrochloride (Hypoxyprobet-1 Kit,
Chemicon, Billerica, MA, USA) in 0.1ml solution 1 h before
tumor harvest. Brains were removed and placed in cold 4%
paraformaldehyde overnight then processing and embedding
in paraffin or OCT. The hematoxylin and eosin (H&E)-
stained maximal crosssections were used as a measurement of
tumor diameter and the examination of overall tumor his-
topathology. During the experiments, all mice were cared for
accordance with the approved guide by the Institutional
Animal Care and Use Committee (IACUC), National Tsing
Hua University, Taiwan (approved number: IACUC:09705).

Immunohistochemistry
Tissues embedded in OCT were used for immuno-
histochemistry (IHC) staining. Frozen tumors were sectioned
(8 mm), mounted onto slides, and maintained at �20 1C. To
perform IHC staining, cells were fixed with methanol and
permeabilized in 0.01% Tween-20/0.1% Triton X-100 in PBS.
Slides were blocked with blocking buffer (4% FBS and 1%

normal serum of secondary antibody host) for 30min at
room temperature. The following antibodies were used:
mouse anti-mouse GFAP (Clone G-A-5; Sigma), rat
anti-mouse CD31 (Clone MEC13.3; BD Pharmingen), rat
anti-mouse F4/80 (Clone CI:A3-1; AbD Serotec, Oxford,
UK), rabbit anti-mouse CD68 (Clone FA-11; AbD Serotec),
rabbit anti-mouse SDF-1 (Clone 247506; R&D systems,
Minneapolis, MN, USA), rat anti-mouse vascular endothelial
growth factor receptor 2 (VEGFR-2) (Clone AVAS 12a1; BD
Pharmingen), and mouse anti-pimonidazole (PIMO)
(Chemicon). Slides were washed and incubated with anti-
different host of secondary antibodies conjugated with Alexa
Fluor 488, Alexa Fluor 594 (Invitrogen) or conjugated with
biotinylated secondary antibody (BD Pharmingen) for 2 h.
The sections were washed and mounted with DAPI (5 mg/ml;
Invitrogen) to visualize nuclei. Images were viewed and
captured by an AxioCam MRC-5 camera on an Axiovert40
fluorescence microscope (Carl Zeiss, Göttingen, Germany)
or Laser Scanning Confocal microscope (FluoView 1000,
Olympus, Japan) and processed using Image-pro plus 6.0
software.

Lentiviral Infection
SDF-1 shRNA lentiviral viral particles (sc-39368-v) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) and infection was performed according to the manu-
facturer’s manual. Briefly, the ALTS1C1 cells were grown to
B50% confluency in a 12-well plate on the day of infection.
The medium was replaced with fresh medium containing
5 mg/ml polybrene and 105 infectious units (IFU) of SDF-1
shRNA lentiviral particles (sc-39368-v). After 24 h of
incubation, the medium was replaced with fresh 5mg/ml
puromycin containing medium every 3–4 days until resistant
colonies were identified.

Apoptosis Assay
Following co-culture for 72 h, cells were harvested and ana-
lyzed using Annexin V-FITC Apoptosis Detection Kit. Sam-
ples were analyzed using a FACSCaliber flow cytometer.
Cytometric analysis was conducted using FACSDiva software,
version 6.1.3 (BD Bioscience).

Migration Assay
The migration assay was performed using Biocoat invasion
chambers (354578, BD Bioscience) with 8 mm pore size
polycarbonate filter inserts for 24-well plates. In all, 5� 104

RAW264.7 cells (BCRC No. 60001) were seeded onto the
upper chamber in 300 ml culture medium containing 1% of
FBS and placed into wells containing 700 ml of various con-
dition mediums with final volume in the presence of 5% of
FBS. The migration chambers were incubated for 6 h in
normal or hypoxic conditions (NBO-OC101, NexBioxy,
HsinChu, Taiwan). After incubation, the inserts were fixed
and stained and the number of migrating cells was counted
as described.22 Each assay was performed in duplicate and
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repeated twice. The data from at least three independent
experiments were pooled for statistical analysis.

Statistics
Statistical analyses were performed using the two-tailed
Student’s t-test or one-way ANOVA to determine statistical
significance. P-values (exact significance) of o0.05 were
considered statistically significant. All calculations were
performed using GraphPad Prism 4.

RESULTS
Generation and Characterization of a Murine
Astrocytoma Cell Line, ALTS1C1
The pMTI0D plasmid20 was used to transfect primary mur-
ine astrocytes. After 60 days in vitro culture, the un-trans-
fected astrocytes perished and the SV40-transfected cells,
named ALT, gained proliferative ability (Figure 1a). The
population doubling time of ALT cells was B18±2.8 h. The
ALT cell line cannot form tumors in syngeneic C57BL/6J
mice, but a cell line that would was derived by subcuta-
neously inoculating 1� 106 ALT cells into SCID mice. One
million tumor cells were isolated from the tumors that
formed and subcutaneously injected into C57BL/6J mice.

When tumors reached 6mm in diameter 18 days after
injection, cells were isolated and the line named ‘ALTS1C1’.
When 1� 105 cells of ALTS1C1 were inoculated intra-
cranially, most mice died within 28 days with a median
survival time (SF50) of 24 days (Figure 1b). GL261 tumor-
bearing mice had slightly shorter survival times (SF50¼ 21
days), despite the ALTS1C1 cells growth rate being faster than
GL261 in culture (Figure 1a) and in the brain (the insert in
Figure 1b). Both the tumorigenic assay and 18F-FDG PET
imaging demonstrate that the ALTS1C1 cell line rapidly
formed tumors in both the ectopic and intracranial sites
(Supplementary Figure S1).

To characterize this newly established cell line, we first
examined the expression of LTA using the western blot assay.
LTA was detected in ALT cells, but not in ALTS1C1 cells or
parental astrocytes (Figure 1c). This indicates that the
expression of LTA was either lost or suppressed as the result
of immunoediting during the process of in vivo passage,
which may be similar to the loss of T antigen by TRAMP cell
lines.23 Astrocytes, ALT, and ALTS1C1 all expressed GFAP, a
tissue-specific marker for astrocyte lineage. The progression
of astrocytoma grade has been reported as associated
with a set of genetic alterations.24 In ALTS1C1, several

Figure 1 Characterization of ALTS1C1 tumors. (a) In vitro growth curve of primary astrocytes, ALT, ALTS1C1, murine GL261, and human U87MG cells.

(b) Kaplan–Meier survival curves of ALTS1C1 (n¼ 25) and GL261 (n¼ 21) glioma-bearing mice. The inner figure is the mean diameter of GL261 and

ALTS1C1 tumors in the brain measured at the maximum cross section in H&E-stained tissues. (c) Western blot analysis for the expression of ALT and

GFAP proteins by primary astrocytes, ALT and ALTS1C1 cells. (d) RT–PCR analysis for the expression of p53, p21, Rb, PTEN, and actin mRNA in primary

astrocytes, ALT, and ALTS1C1 cells.
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carcinogenesis-associated genes such as p53, p21, Rb, and
cyclin were in fact down-regulated (Figure 1d), but DNA
sequencing found one point mutation in exon 6 of the p53
hotspot gene region, in which the wild-type CAC code (His)
is mutated to CTC code (Leu) (data not shown). The PTEN
gene appears to be intact, indicating that the ALTS1C1 tumor
can be classified as an anaplastic astrocytoma.25

The Histopathology and Tumor Microenvironments of
ALTS1C1 Tumors
Mice with intracranial ALTS1C1 tumors developed an
apparent neurological disorder that causes them to die within
2 days. Neuropathological examination of their brains
showed ALTS1C1 tumors of large volume with specific
invasion patterns along blood vessels. The ALTS1C1 tumors
contained many atypical multinucleated cells (Figure 2a) and
displayed an invasive infiltrating pattern (Figure 2b) in the
tumor margin edge similar to those reported in other
malignant brain tumors. Although the tissues (Figure 2b)
from sick mice displayed pattern of necrosis (13.2±3.9%),
they were not so extensive as described in some grade IV
GBM. The ALTS1C1 tumors had a relatively high prolifera-
tion index as judged by the staining of Ki67 nuclear protein
(Supplementary Figure S2a) and most Ki67-positive cells
were vWf negative (Supplementary Figure S2b). A relatively
low number of Ki67 and vWf double-positive cells were
occasionally found in the vessels (the arrow in Supplementary
Figure S2b and the confocal imaging of S2c). This indicated
that ALTS1C1 tumors do not have abnormal vascular hyper-
plasia as reported for grade IV GBM. However, the presence
of necrotic zones surrounded by pseudopalisading cells,
marked nuclear pelomorphism and active mitosis (Supple-
mentary Figure S2d), indicating that ALTS1C1 tumors
represent a GBM multiforme (grade IV).

Paraffin and frozen IHC stains confirmed that the astro-
cyte-specific marker, GFAP, was expressed by the tumors
(Supplementary Figure S3a) and that CD44, an early marker
of astrocyte differentiation, was also present but not the
IDH1 protein, which is frequently mutated in high-grade
gliomas26 (Supplementary Figure S3b). The ALTS1C1 tumor
cells infiltrating into the adjacent brain tissues were in the
form of single or strings of cells and were associated with a
high level of CD31 (Figure 2c). These infiltration islands
expressed higher levels of VEGFR-2 and SDF-1 than the
primary tumor core (Figures 2d and e) and had a higher
microvascular density (MVD) (Figure 2f). Q-PCR confirmed
expression of SDF-1, hypoxia-inducible factors (HIF-1a),
matrix metallopeptidase (MMP-2), VEGF, and transforming
growth factor-b (TGF-b) in ALTS1C1 cells as compared with
prenatal astrocytes or GL261 (Supplementary Figure S3d).

The Distribution of TAMs on ALTS1C1 Growing in the
Brain
Studies have shown that TAMs have significant roles in tumor
growth and response to therapy.27 Using flow cytometry, we

discovered that the number of CD11bþ and CD45þ
macrophages, which include CD45mid/CD11bhi microglia
and CD45hi/CD11bhi macrophages, was significantly
increased in ALTS1C1 tumor-bearing brains compared with
the PBS-injected controls (Supplementary Figure S4). This
indicates that brain resident microglia (CD45mid/CD11bhi

population) were activated and peripheral macrophages
(CD45hi/CD11bhi population) were recruited into tumors.
The TAMs in brain tumors generally include these two
populations, which are difficult to distinguish by conven-
tional IHC. To further explore the interaction between brain
tumor cells and surrounding brain tissues, the distribution of
TAMs in the brain tumor was examined by confocal imaging
using the general myeloid differentiation markers CD68 and
F4/80. We found different expression levels of these two
markers in the tumor core vs tumor margin. TAMs in the
primary tumor core expressed both markers almost equally
and were double stained (Figure 3a), but in the tumor
margin and the infiltration islands (Figure 3b) there were
higher levels of F4/80 than CD68 (Figure 3c) and some F4/
80þ /CD68� cells (white arrow in Figure 3d).

The Influence of SDF-1 on the Tumor
Microenvironments of ALTS1C1 Tumors
The aforementioned results indicate that the invading tumor
phalanx has a distinct microenvironment from that of the
primary tumor core. The invasive regions had a higher MVD
that was associated with higher levels of F4/80-positive
TAMs, VEGFR-1, and SDF-1 expression (Figure 2). Q-PCR
data also showed that ALTS1C1 cells expressed the SDF-1-
associated genes HIF-1a, TGF-b, and MMP-2 (Supplemen-
tary Figure S3d).

Several reports have shown that SDF-1 production con-
tributes significantly to tumor blood vessel formation.28–30 To
further explore the roles of SDF-1, its production by ALTS1C1
cells was suppressed by transfection with lentivirus particles
carrying SDF-1 specific siRNA. SDF-knockdown ALTS1C1
(SDFkd) cells expressed relatively low levels of SDF-1 mRNA
and protein as assessed by RT–PCR and western blot
(Supplementary Figure S5a). Silencing efficiency was also
demonstrated by flow cytometry and ELISA assay in vitro
(Supplementary Figures S5b and c) and in vivo by SDF-1 IHC
staining (Supplementary Figure S5d). SDF-1 detected by IHC
of SDFkd tumors in vivo was largely associated with hypoxic
PIMO-positive areas and co-localized with F4/80-positive
TAMs (Supplementary Figure S6) although low levels could
be seen in some F4/80-negative cells, which could be endo-
thelial or tumor cells producing residual levels (Supplemen-
tary Figure S5c). SDFkd tumors had a significant decrease in
MVD, an increase in hypoxia, as shown by PIMO staining
(Figure 4a), and a very clear border with the normal
tissue, lacking infiltration tracts seen in ALTS1C1 tumors
(Figure 4a). When whole brain serial sections were stained
with DAPI, ALTS1C1 tumors had 13.8±6.2 tumor islands per
section infiltrating non-tumor brain regions (inner image in
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Figure 2 Histopathology of the murine ALTS1C1 brain tumors. (a) H&E stain of the coronal sections of ALTS1C1 tumor-bearing brain. Black arrows indicated the

atypical multinucleic cells. Scale bar¼ 20mm. (b) Low field imaging shows the tumor invasion into the adjacent brain tissues. Necrotic regions (white line) were

selected and quantified by ImagePro software. Scale bar¼ 1mm. IHC staining of the frozen sections of ALTS1C1 brain tumor by (c) CD31, (d) SDF-1, or (e) VEGFR-2

antibody. Scale bar¼ 200mm. (f) CD31-positive MVD in tumor core and tumor infiltration islands (n¼ 6–12 fields per tumor of total five tumors; **Po0.01).
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Figure 4d) compared with 6.9±3.1 per section in SDFkd

tumors (Po0.0001) (Figure 4d).
Preferential localization of TAMs in hypoxic areas in

tumors has been reported in various tumor models.31,32

In ALTS1C1 tumors (top panel in Figure 5a), these were
CD68þ more than F4/80þ TAMs (Figure 5b). Interestingly,
in SDFkd tumors, the correlation of the number of TAMs with
hypoxia was disrupted (bottom panel in Figure 5a). There was
no preferential localization of CD68þ TAMs in hypoxic areas
(Figure 5c) and the normally more randomly distributed F4/
80þ TAMs became more concentrated in PIMO-negative
regions (Figure 5c), indicating that SDF-1 might be a key
factor in TAM tropism toward hypoxic regions.

The Role of SDF-1 on TAM Accumulation in Hypoxic
Regions
Two possible mechanisms may explain the observed changes
in the association of TAMs with hypoxia in SDFkd tumors.
The first is that SDF-1 has a chemotropic effect for TAM
tropism toward hypoxia. This is partially supported by IHC

staining of ALTS1C1 tumors, showing the SDF-1 signal
co-localized with PIMO (Figure 6a) and HIF-1a (Figure 6b)
positive regions, although both were not exactly super-
imposed, most likely due to constitutive production of SDF-1
by ALTS1C1 cells. The PIMO-positive regions also contained
a higher signal for the SDF-1 receptor, CXCR4 (Figure 6c),
which also co-localized with CD68-positive TAMs (Figure 6d).
This further indicates the essential role of the hypoxia-
regulated SDF/CXCR4 axis on TAM migration toward
hypoxia. The concept of an SDF-1 concentration gradient
being the driving force for TAM tropism toward hypoxia was
further supported by a migration assay. Figure 7a shows that
50% ALTS1C1 conditioned medium (CM), but not SDFkd

CM, had a similar effect as 10 ng/ml of recombinant SDF-1 on
chemotaxis of Raw264.7 cells. This was further enhanced un-
der hypoxic conditions. The second hypothesis is that SDF-1 is
a survival factor for TAMs in hypoxia. To test this possibility,
cell death assays were performed. Figure 7b shows that
60–80% of Raw264.7 cells grown in control medium or in 50%
of SDFkd CM died (Annexin Vþ /7-AADþ ) after 72 h in

Figure 3 Comparison of the expression of CD68 and F4/80 on tumor cores vs tumor margins of ALTS1C1 brain tumors using confocal imaging of double

IHC staining for F4/80 (green), CD68 (red), and nuclei by DAPI (blue) on ALTS1C1 brain tumor core (a) and tumor margin (b). Scale bar¼ 50 mm.

(c) Quantification of CD68- and F4/80-positive cells in tumor infiltrating region (n¼ 6–10 fields per tumor of total three tumors; **Po0.01).

(d) Higher magnification of confocal imaging of CD68 and F4/80 distribution on the ALTS1C1 infiltrating tumor region. Scale bar¼ 20 mm.
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hypoxia whereas only B40% died in ALTS1C1 CM. When
combined, these in vitro results indicated that SDF-1 is a cri-
tical chemoattractant for TAMs toward hypoxic regions and
may also be a survival factor.

DISCUSSION
In this study, we report on the establishment of a new murine
anaplastic astrocytoma cell line, ALTS1C1, through in vitro

transformation of astrocytes by SV40 LTA followed by serial
in vivo subcutaneous and intracerebral propagation.
ALTS1C1 became a stable cell line, like GL261,33–35 that can
grow intracerebrally in syngeneic C57BL/6J mice and con-
sistently recapture many of the features of malignant brain
tumors, such as irregular borders with clearly invading tracts
of tumor cells infiltrating into adjacent normal brain regions
leading to neurological symptoms. These two tumor models

Figure 4 Suppression of SDF-1 expression decreases MVD, increases hypoxia, and inhibits tumor invasion. (a) IHC staining of ALTS1C1 and SDFkd tumors

grown in the brain of syngeneic mice. Tumor sections were stained for CD31 (red) and PIMO (green). Nucleus staining with DAPI is shown in blue.

Scale bar¼ 200 mm. (b) Kaplan–Meier survival curves of ALTS1C1 and SDFkd glioma-bearing mice (n¼ 8). (c) Quantification of CD31þ MVD and PIMOþ
hypoxic areas in control ALTS1C1 or SDFkd brain tumors. Symbols and error bars are mean±s.d. for n¼ 3 animals per group. *Po0.05, **Po0.01.

(d) Scatter plot of invasion islands between ALTS1C1 and SDFkd brain tumors. The invasive pattern was assessed on whole brain serial sections by DAPI stain.

The thickness of each section was 10 mm and every 10th section was used to count the tumor invading islands. An island was scored as positive when

the value of ((island lengthþ island width)/2p200 mm) each island was not connected to the main tumor edge. The plot represents the average island

number of each section from three brains on each group observed under � 100 power microscope. Po0.001.
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are associated with different carcinogenic changes. The
ALTS1C1 malignant astrocytoma was initiated through
inactivation of the p53 pathway by LTA while the GL261 was
chemically induced and has constitutive activation of PI3K
signaling pathway.36 These differences will cause variation in
the factors released by the cells and responses to therapy. For
example, the expression of relatively high levels of SDF-1 by
ALTS1C1 cells could be a direct consequence p53 inactiva-
tion.37,38 The fact that the highest levels of SDF-1 were found
in the infiltrating tumor front and invasion islands that were
associated with high MVD and TAMs confers on this model
suitability for preclinical testing of therapeutic strategies and
for study of the roles of the microenvironment in glioma
infiltration.

In addition to the well-known function of SDF-1 in
mobilization of CD34þ hematopoietic progenitor cells,39,40

SDF-1 has recently been shown to be an important HIF-1
downstream factor for the recruitment of bone marrow-
derived cells into GBM. Furthermore, interruption of the
SDF-1/CXCR4 interaction by AMD3100 blocked the backup
vasculogenesis pathway that contributed to tumor growth,
augmenting the anti-angiogenic effects of RT and preventing
recurrence of GBM tumors.41 Hypoxia may, however, not be
the only factor driving SDF-1 production, as it is strongly
expressed in tumor infiltrating islands that have high MVD
and TAM content, but are rarely hypoxic. The alternative

hypothesis is that SDF-1 production by tumor cells acts as an
autocrine factor to drive tumor invasiveness is suggested by
the loss of infiltrating tracts in SDFkd. Hypoxia does not seem
to be a factor in the high expression of SDF-1 by tumor cells
adjacent to CXCR4-positive neovessels that has been found in
GBM specimens42 where it seems to regulate growth factor-
induced angiogenesis.43,44 Hypoxia may, however, serve as an
additional factor driving SDF-1 production by TAMs and
endothelial cells in SDFkd tumors (Supplementary
Figure S5d), although this seems inadequate for tumor in-
vasion as these tumors have less infiltrating tracts. This role
for SDF-1 in invasion is seen in several in vitro tumor
models45,46 and a critical amount of SDF-1 may be required
or SDF-1 its production by tumor cells to achieve the invasive
effect. Whether SDF-1 can act as an internal autocrine (in-
tracrine) invasive factor and what the signaling pathways are
activated by SDF-1 to promote glioma invasion in vivo are
currently under investigation.

SDF-1 also has a key role in TAM tropism toward hypoxia,
which is in agreement with the several reports showing that
the binding of HIF-induced SDF-1 with its receptor, CXCR4,
on the BMDCs is crucial for the recruitment and retention of
BMDC in hypoxia.29,47–50 CXCR4 expressed by CD68-posi-
tive TAMs in ALTS1C1 tumors correlated with the intensity
of PIMO staining (Figure 6d). Our in vitro experiments
demonstrated that ALTS1C1 CM, but not SDFkd CM, was

Figure 5 Suppression of SDF-1 expression disrupts the association of TAMs with hypoxia. (a) Double IHC staining for CD68 (red) and PIMO (green)

or F4/80 (red) and PIMO (green) in ALTS1C1 or SDFkd brain tumor sections. Co-localization of TAMs with PIMO is shown in merged images. Nuclear

staining by DAPI is shown in blue. Scale bar¼ 100 mm. (b) Quantification of the CD68þ or F4/80þ TAM density in PIMOþ hypoxic or PIMO-

non-hypoxic areas of ALTS1C1 or (c) SDFkd tumors. Symbols and error bars are mean±s.d. for six fields of three tumors per group, *Po0.05.
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as effective as 10 ng/ml of SDF-1 at attracting the monocytic
cell line, Raw264.7. Chemoattraction was further enhanced
under hypoxia and may be associated with HIF-induced

CXCR4 expression by macrophages.51 The finding of more
F4/80þ TAMs in PIMO-negative (non-hypoxic) areas of
SDFkd tumors indicates that SDF-1 may have an additional

Figure 6 Double IHC staining for (a) SDF-1 (red) and PIMO (green), (b) SDF-1 (red) and HIF-1a (green), (c) CXCR4 (red) and PIMO (green), or (d) CXCR4 (red)

and CD68 (green) in ALTS1C1 brain tumors. Nucleus staining with DAPI is shown in blue. Scale bar¼ 100 mm.

Figure 7 SDF-1 is a chemotactic and survival factor for TAMs in hypoxia. (a) Migration assay for Raw264.7 cells toward medium containing normal culture

medium (CON), 50% of ALTS1C1 CM (ALTS1C1), 50% of SDFkd CM (SDFkd), or 10 ng/ml of recombinant SDF-1 (SDF-1) in normoxia or hypoxia chamber.

Cells were allowed to migrate for 6 h at 37 1C before staining and quantitation. Data represent average±s.d. for 8–10 randomly selected fields of each

well (n¼ 3 wells each group). Data are representative of three independent experiments (**Po0.01, ***Po0.001). (b) Percentage of Raw264.7 cells dead

after 72 h in culture containing normal medium (medium), 50% of ALTS1C1 CM (ALTS1C1), 50% of SDFkd CM (SDFkd), or 10 ng/ml of recombinant

SDF-1 (SDF-1) in normoxia or hypoxia chamber. Cells were stained by Annexin V-FITC/7-AAD dyes, and then analyzed by flow cytometry. Percentage

of Annexin Vþ /7-AADþ cells was used to quantify cell death. All cultures were done in triplicate. Symbols and error bars are mean±s.d. of three

independent experiments.
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role in protecting TAMs from hypoxia-induced cell death. A
recent report shows that SDF-1a-mediated PI3K/AKT and
ERK1/1 signaling can prevent hypoxia-induced apoptosis in
bone marrow-derived mesenchymal stem cells.52 Whether
similar mechanisms can occur in this tumor model requires
further investigation, although we have found that the
monocytic cell line, Raw264.7, in ALTS1C1 CM was more
resistant to hypoxic stress than in SDFkd CM.

As reported,10,53 various subtypes of TAMs have different
effects on tumor growth and prognosis. While the M1 phe-
notype has anti-tumor effects, M2 may promote tumor
growth,27 immune suppression,54,55 or tumor re-growth after
RT.56 The functional phenotypes of TAMs can change in
response to different microenvironments.57,58 This has brought
caution to defining TAM subtypes. We have not clearly defined
the roles of various subtypes of TAMs found in this tumor
model, but those in the primary tumor core are clearly different
from those in the infiltrating front. Most TAMs in the primary
tumor core are CD68 and F4/80 double positive, but are more
F4/80-positive than CD68-positive TAMs in the tumor front
and infiltration tumor islands. We also noticed a subset of F4/
80þ /CD68� TAMs in infiltration tumor that were rarely
found in the primary tumor core, or in published articles.
Brain TAMs contain at least two major populations derived
from microglia and infiltrating macrophages. Microglia can be
stained as CD11bþCD45low and infiltrating macrophages as
CD11bþCD45hi (ref. 59). This approach cannot compare the
difference between the primary core and infiltrating tumor but
our study does indicate that particular subtypes of TAMs may
be more important for glioma invasiveness and that this re-
quires an interaction with SDF-1 signaling pathways.

The differing density of CD68þ vs F4/80þTAMs in
PIMO-positive and -negative regions supports our hypoth-
esis that different subtypes of TAMs may have different roles.
In PIMO-negative regions of ALTS1C1 tumors, the density of
F4/80þ and CD68þ TAMs were the same, but the former
was significantly increased in SDFkd tumors. Many reports
have strongly suggested that the TAMs in hypoxic regions
most likely belong to the M2 phenotype.31,32,60,61 Whether
this implies that F4/80-positive TAMs have a stronger asso-
ciation with tumor invasion than CD68-positive TAMs is an
interesting question that we are still unclear on at present.

In summary, we have characterized the tumor micro-
environment of a newly established preclinical glioma model,
ALTS1C1, derived from astrocytes by SV40-LTA. Using this
model, we demonstrated that tumor-secreted SDF-1 is a
critical driving force for glioma invasiveness and a che-
moattracting or surviving factor for TAM tropism toward
hypoxia. This can be a good brain tumor model to use for
the design for new treatment options for targeting as
well as for better understanding the microenvironment for
infiltrating glioma.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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