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Tumor-Associated Microglia/Macrophages Enhance the
Invasion of Glioma Stem-like Cells via TGF-f31 Signaling
Pathway

Xian-zong Ye,*"' Sen-lin Xu,*"! Yan-hong Xin,*"! Shi-cang Yu,*" Yi-fang Ping,*" Lu Chen,*"
Hua-liang Xiao,*" Bin Wang,*' Liang Yi," Qing-liang Wang,*" Xue-feng Jiang,*" Lang Yang,*'
Peng Zhang,*' Cheng Qian,*" You-hong Cui,*" Xia Zhang,*" and Xiu-wu Bian*"

The invasion of malignant glioma cells into the surrounding normal brain tissues is crucial for causing the poor outcome of this
tumor type. Recent studies suggest that glioma stem-like cells (GSLCs) mediate tumor invasion. However, it is not clear whether
microenvironment factors, such as tumor-associated microglia/macrophages (TAM/Ms), also play important roles in promoting
GSLC invasion. In this study, we found that in primary human gliomas and orthotopical transplanted syngeneic glioma, the number
of TAM/Ms at the invasive front was correlated with the presence of CD133" GSLCs, and these TAM/Ms produced high levels of
TGF-B1. CD133* GSLCs isolated from murine transplanted gliomas exhibited higher invasive potential after being cocultured
with TAM/Ms, and the invasiveness was inhibited by neutralization of TGF-B1. We also found that human glioma-derived CD133*
GSLCs became more invasive upon treatment with TGF-g1. In addition, compared with CD133™ committed tumor cells, CD133*
GSLCs expressed higher levels of type II TGF-B receptor (TGFBR2) mRNA and protein, and downregulation of TGFBR2 with
short hairpin RNA inhibited the invasiveness of GSLCs. Mechanism studies revealed that TGF-31 released by TAM/Ms promoted
the expression of MMP-9 by GSLCs, and TGFBR2 knockdown reduced the invasiveness of these cells in vivo. These results
demonstrate that TAM/Ms enhance the invasiveness of CD133* GSLCs via the release of TGF-B1, which increases the production
of MMP-9 by GSLCs. Therefore, the TGF-B1 signaling pathway is a potential therapeutic target for limiting the invasiveness of

GSLCs. The Journal of Immunology, 2012, 189: 444-453.

alignant gliomas are the most common primary brain
M tumors. Despite the improvement in therapy during the

past 5y, the median survival time for glioblastoma, the
most aggressive glioma, is no more than 14 mo after diagnosis (1).
The aggressive invasion by malignant glioma cells into sur-
rounding normal brain tissues has increasingly been recognized as
an important cause for frequent relapse that leads to high mortality
(2). During the past decade, emerging evidence supports the no-
tion that cancer stem cells (CSCs) or cancer-initiating cells are
responsible for tumor development including invasion and an-
giogenesis, therapy resistance, and recurrence (3—-6). Glioma
stem-like cells (GSLCs) have been demonstrated to possess highly
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invasive activity (7, 8). Besides, the invasive glioma cells present
stem cell characteristics with increasing neurosphere formation
ability and tumorigenicity (4, 9). However, the effect of micro-
environment or niche on GSLC invasion remains unclear.

The influence of tumor microenvironment on tumor progression
has been emphasized for many years in almost all kinds of tumor,
including glioma (10-12). Tumor-infiltrating leukocytes are
mobilized and recruited by tumor-derived factors that contribute
to the tumor microenvironment. Tumor-associated macrophages
(TAMs), the distinct alternatively activated M2 polarized pop-
ulation, are the main components of tumor-infiltrating leukocytes
(13-15), which are involved in tumor angiogenesis and invasion
(14, 16). In addition to infiltrated leukocytes, resident cells in-
cluding tissue macrophages such as microglia in the brain are also
important contributors for tumor progression. Of note, one recent
study suggests that TAMs, arising from peripheral monocytes
rather than resident microglia, are the predominant inflammatory
cells to infiltrate human gliomas (17). The biological significance
and possible clinical implications of tumor-associated microglia/
macrophages (TAM/Ms) in the marginal area of gliomas are not
yet fully understood. Furthermore, the high activity of the TGF-§3
signaling pathway in human glioma tissues has been associated
with a poor prognosis (18). Infiltrating leukocytes are responsible
for the accumulation of TGF-$1 at the invasive front area of tu-
mor, whereas glioma cells are reported to produce TGF-32 (18—
21). Once activated, TGF-$ binds the type II TGF-B receptor
(TGFBR2). The ligand-bound TGFBR2 is then able efficiently
to trans-activate the type I TGF-B receptor (TGFBR1), which
transduces intracellular signals through canonical Smad-depen-
dent and/or Smad-independent pathways, such as ERK, p38, Rac,
and PI3K-Akt pathways (19, 20, 22). TGFBR2 knockdown was
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shown to inhibit the invasion of glioma cells (23). The con-
tributions of TGF-3 to cancer development processes, such as cell
invasion, immune suppression, and microenvironment modifica-
tion, have been well recognized (1, 19, 20). Moreover, recent
studies showed that TGF-3 can increase self-renewal capability of
GSLCs (21, 24). Whether and how the TGF-f3 signaling pathway
contributes to other biological properties of GSLCs, such as in-
vasion, remain to be explored.

In the current study, we aimed to understand the role of TAM/Ms
during GSLC invasion with focus on the TGF-B1 signaling
pathway. We found that in both human glioma samples and animal
models, the distribution of TAM/Ms in the marginal area corre-
lated with the location of CD133* glioma cells. GSLCs exhibited
high invasive potential, especially in the presence of TAM/Ms
without direct cell-cell contact. TGFBR2 coexpressed with
CD133 in GSLCs was found to be responsible for TAM/Ms-
mediated invasion of GSLCs. Furthermore, downregulation of
TGFBR2 decreased the invasion of GSLCs both in vitro and
in vivo. Our results indicate that TAM/Ms significantly enhance
the invasive capability of GSLCs through paracrine production of
TGF-B1 and the TGF-B1-TGFBR?2 signaling pathway.

Materials and Methods

Patient glioma samples

Surgical glioma specimens were obtained from patients in the Department
of Neurosurgery, Southwest Hospital and Daping Hospital, Third Military
Medical University (Chongqing, China). Written informed consent to
perform biological studies was obtained from all of the participants, and the
study was approved by the Ethics Committee of the Southwest Hospital and
Daping Hospital at Third Military Medical University. The tumors were
classified by at least two pathologists according to the 2007 World Health
Organization classification of CNS tumors (25).

Preparation of CD133* and CD133™ cells

Murine glioma cell line GL261 was obtained from the German Cancer
Research Center and as a gift from Prof. Zi-ling Wang (Beijing Institute of
Transfusion Medicine, Beijing, China). GL261 and five cases of human
primary glioma specimens were cultured in DMEM (Life Technologies)
containing 10% FBS (Life Technologies). CD133* or CD133™ populations
were isolated by sorting from GL261 cell line and/or primary specimens
using PE anti-mouse CD133 Ab (eBioscience) and PE anti-human CD133
Ab (Miltenyi Biotec, Bergisch-Gladbach, Germany), respectively. Before
separation, the percentages of CD133" cells in the samples were assayed
using the Abs described above and isotype controls. For sorting of CD133*
and CDI133" tumor cells from GL261-derived tumors, single-cell sus-
pensions were prepared from GL261-derived tumors as described previ-
ously (26). Cells were then incubated for 10 min at 4°C with rat anti-mouse
CD16/CD32 Ab (BD Pharmingen). Subsequently, cells were incubated for
30 min at 4°C with PE anti-mouse CD133 Ab (eBioscience). 7-Amino-
actinomycin D (BD Pharmingen) was added (1:10) to discriminate be-
tween viable and dead cells. The purity of the cells after sorting was
detected using flow cytometry. Data acquisition and analysis were per-
formed on a BD FACSAria II using CellQuestPro software (BD Bio-
sciences). Sorted CD133* tumor cells were maintained in stem cell
medium, whereas CD133~ tumor cells were cultured in DMEM supple-
mented with 10% FBS as previously described (27).

Tumor implantation

Three animal models were used in this study. All the animals were pur-
chased from the Laboratory Animal Center, Third Military Medical Uni-
versity (Chongqing, China). In the first model, 1 X 10® GL261 cells or 1 X
10° CD133* cells were implanted s.c. into syngeneic C57BL/6 mice.
Tumor-bearing mice were sacrificed 19 d after transplantation. TAMs and
CD133* or CD133" tumor cells were analyzed or sorted as described
earlier. In the second model, CD133" or CD133" cells sorted from GL261-
derived tumors were injected orthotopically with cell numbers of either
1 X 10% or 1 X 10* per mouse into the brains of 6-wk-old female C57BL/6
mice, respectively (n = 5). CD133* tumor cells (2 X 10* infected with
lentiviral stocks were transplanted orthotopically into the brains of 6-wk-
old female C57BL/6 mice (n = 7). Mice were maintained up to 4 wk. In the
third model, 1 X 10° CD133* or 5 X 10° CD133~ tumor cells sorted from
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primary glioma specimens were injected orthotopically into the brains of
6-wk-old female NOD-SCID mice, respectively (n = 5). At 12-16 wk
postinjection, these NOD-SCID mice were euthanized for analysis. The
brains of C57BL/6 mice and NOD-SCID mice were collected for further
analysis. The animal experiments were approved by the Institutional An-
imal Care and Use Committee of the Third Military Medical University.

Immunohistochemistry and immunofluorescence staining

Immunohistochemistry (IHC) was performed on paraffin sections of pri-
mary glioma specimens to investigate the distribution of stem cell marker-
expressing glioma cells and TAM/Ms in the marginal area. Immunofluo-
rescence staining was performed on the frozen sections of orthotopic
GL261-derived tumors. Mouse anti-nestin (1:200; Chemicon), rabbit anti-
Sox2 (1:200; Abcam, Cambridge, U.K.), and rabbit anti-CD133 (1:200;
Abcam) were used as GSLCs markers. Rabbit anti-GFAP (1:100; Boster
Biotech, Wuhan, China), rabbit anti-MBP (1:200; Millipore), and mouse
anti—3-tubulin III (1:100; Chemicon) were used to identify astrocytic,
oligodendrocytic, and neuronal phenotypes, respectively. Mouse anti-
human CD68 (1:200; Abcam), rabbit anti-human CD163 (1:100; Abnova,
Taipei, Taiwan), and rat anti-mouse CD11b (1:200; eBioscience) as well as
rat anti-mouse F4/80 (1:100; eBioscience) were used as TAM/Ms markers
for human and mice, respectively. Rabbit anti-TGFBR2 (1:200; Santa Cruz
Biotechnology), goat anti-TGFBR2 (1:200; Santa Cruz Biotechnology),
and mouse anti-TGF-B1 (1:200; Abcam) were also used. IHC and im-
munofluorescence staining was performed as previously described (28, 29).

Preparing TAM/Ms and CDI11b*F4/80" macrophages

The procedures for sorting CD11b*F4/80* TAM/Ms from GL261-derived
tumors were performed as described earlier. For sorting of macrophages
from the spleens of tumor-free mice, C57BL/6 mouse spleens were
sheared through a 200-mesh stainless steel sieve, and RBCs were lysed by
red cell lysis buffer (Tiangen Biotech, Beijing, China) for 10 min at room
temperature. Rat anti-mouse CD16/CD32 Ab (BD Pharmingen), FITC
anti-mouse CD11b, PE anti-mouse F4/80 Abs (eBioscience), and 7-ami-
noactinomycin D (BD Pharmingen) were used in these experiments. The
assay for purity and data acquisition and analysis were described earlier.
Isolated splenic macrophages and TAM/Ms were cultured in RPMI 1640
(Life Technologies) supplemented with 5% FBS (PAA, Pasching, Aus-
tralia) for 18 h as controls. Alternatively, 20 ng/ml IL-4 as well as 100 ng/
ml LPS plus 20 ng/ml IFN-y were used to stimulate these two types of
macrophages, respectively, for 18 h as previously described (30). The
supernatants were collected and stored at —80°C for ELISA. The cells were
washed twice and prepared for extraction of total RNA.

Colony formation assay

Plate colony formation assay was used to evaluate the self-renewal ability of
CD133* tumor cells. Freshly sorted CD133" tumor cells and their CD133~
counterparts were seeded into 24-well plates at 300 cells per well, re-
spectively. All samples were plated in triplicate. During colony growth, the
culture medium was replaced every 4 d. After 2 wk, the plates were stained
with crystal violet (0.2% in 2% ethanol) for 20 min, and the colonies
containing more than 50 cells were counted.

Coculture of TAM/Ms with either CD133" or CD133™ tumor
cells

Sorted TAM/Ms (2 X 10° cells per insert) were seeded into upper inserts of
Transwell cell culture chambers (6 wells, 0.4-pm pore size; Falcon,
Oxnard, CA) and cocultured with the same number of CD133* or CD133~
tumor cells (2 X 10° cells per well) in the lower chambers without direct
contact. To verify the effect of TGF-B1 in the process of TAM/M-mediated
GSLC invasion, the Ab blocking assay was performed. Briefly, TGF-$1
neutralizing Ab (1 pg/ml, mouse monoclonal anti—TGF-B1; Abcam) was
incubated during CD133* and CD133™ tumor cells coculture with TAM/
Ms. CD133* or CD133™ tumor cells alone were cultured in a 6-well plate
as controls. Twenty-four hours from initiation of culture, upper inserts
containing TAM/Ms were discarded. CD133* or CD133™ tumor cells
cocultured with or without TAM/Ms were washed and then used for
subsequent experiments.

To enunciate the signaling pathway responsible for the biological activity
of CD133* tumor cells after coculture with TAMs, several inhibitors were
incubated with CD133* tumor cells before coculture with TAMs. The
inhibitors were used at concentrations as follows: 10 uM SIS3, a specific
inhibitor of Smad3; 10 uM LY294002, a specific inhibitor of PI3K; 10 uM
PD98059, a specific inhibitor of MEK; and 50 uM NSC23766, a specific
inhibitor of Rac. These inhibitors were purchased from Calbiochem (San
Diego, CA). SB203580 (Sigma-Aldrich Chemical), a specific inhibitor of
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p38, was used at a concentration of 1 wM. All the inhibitors except
PD98059 were preincubated with CD133* tumor cells for 1 h, and
PD98059 was preincubated with CD133" tumor cells for 2 h.

Pretreatment of CD133" or CD133™ tumor cells with TGF-B1

To define further the invasion-promoting effects of TGF-g1, CD133" or
CDI133™ tumor cells (2 X 10 cells per well) sorted from primary glioma
specimens were seeded into a 6-well plate with or without pretreatment
with TGF-B1 (5 ng/ml; PeproTech, Rocky Hill, NJ). Twenty-four hours
from initiation of culture, CD133* or CD133" tumor cells with or without
pretreatment with TGF-B1 were washed and then used for subsequent
experiments.

Invasion assay

The invasion assay was performed using Transwell cell culture chambers
(24 wells, 8-pm pore size; Corning). Briefly, upper inserts were coated
with 30 wl Matrigel (1:1 dilution; BD Biosciences), and then allowed to set
for 30 min at 37°C. CD133" or CD133™ tumor cells were harvested after
24 h of coculture with TAM/Ms or 24 h of pretreatment with TGF-B1.
Then, 2 X 10° CD133* tumor cells or CD133~ tumor cells were resus-
pended in 200 pl of serum-free DMEM and added to the corresponding
upper inserts, respectively. DMEM (600 wl) with 10% FBS was added to
the lower chamber. After 24 h, invaded cells were fixed and stained with
crystal violet (0.2% in 2% ethanol) for 20 min. Cells on the upper side of
the insert membrane were removed with cotton rods. The invaded cells
were counted at a magnification of X100 under a light microscope in nine
different fields for each insert. The experiments were repeated at least three
times.

TGFBR?2 targeting short hairpin RNA

The short hairpin RNA (shRNA) sequences targeting murine TGFBR2 were
designed using Invitrogen online BLOCK-iT RNAi Designer (http://
www.invitrogen.com/rnai). A previously described nonsilencing sequence
(5'-TTCTCCGAACGTGTCACGT-3") was used as a control (31). The tar-
geting sequences of shRNAs on TGFBR2 used in the experiments were
5'-CCAACAACATCAACCACAA-3’ (shRNA1), 5'-GGAGAAGATTCCAG-
AAGAT-3’ (shRNA2), 5'-CCTCACTGCTCACTCCTAA-3’ (shRNA3), and
5'-GCTTCGAACACCATGGAAA-3' (shRNA4). The TGFBR2-targeting
shRNA sequences or mock sequences were inserted into the pMagic4.1 ex-
pressing vector that expresses eGFP (SunBio, Shanghai, China). Lentiviral
stocks were generated by transfecting the pMagic4.1 constructs expressing
shRNA targeting TGFBR2 into 293T cells, followed by harvesting after
48 h. Efficiency of lentiviral-mediated shRNA knockdown of TGFBR2 in
cells was determined by Western blot analysis and real-time PCR. The
lentiviral stocks were used to infect CD133"* and CD133™ cells at a multi-
plicity of infection of 100. Cells stably expressing TGFBR2-targeting
shRNA were sorted by FACS before they were cocultured with TAM/Ms.

Real-time PCR

Total RNA was extracted with RNAiso reagent (Takara, Dalian, China). Five
hundred nanograms of RNA from each group was used for RT-PCR with
a two-step RT-PCR kit (Takara). Real-time PCR was performed with
Maxima SYBR Green/Rox qPCR Master Mix (Fermentas) to analyze the
differential expressions of TGFBR1, TGFBR2, type III TGF-f receptor
(TGFBR3), MMP-2, and MMP-9 in tumor cells and the cytokines levels in
macrophages. The expression of GAPDH mRNA was determined for
normalization. The cycling conditions were 5 min at 95°C, 40 cycles of 10
sat 95°C, 15 s at 60°C, 20 s at 72°C, and 5 s at 84°C. The sequences of the
primer pairs will be disclosed upon request. Real-time PCR was performed
in triplicate including non-template controls.

ELISA

The supernatants of macrophage culture were centrifuged before ELISA.
IL-10, IL-12p40 (R&D Systems), and TGF-B1 (eBioscience) were mea-
sured using commercial ELISA kits according to the manufacturer’s
instructions. Assay sensitivities were 4 pg/ml for IL-10, 1.8 pg/ml for IL-
12p40, and 9 pg/ml for TGF-B1.

Western blot analysis

Western blot was performed as described previously (32). Briefly, the
proteins of CD133* and CD133™ tumor cells were extracted by RIPA Lysis
Buffer (Beyotime Biotech, Nantong, China) with protease inhibitor PMSF
(Beyotime Biotech). Proteins were subjected to 10% SDS-PAGE and
transferred onto polyvinylidene fluoride membranes (Millipore). The mem-

TGF-f1 CONTROLS GLIOMA STEM-LIKE CELL INVASION

branes were blocked with 5% milk and then incubated with rabbit anti-
TGFBR2 (1:1000; Santa Cruz Biotechnology), rabbit anti-GAPDH (1:1500;
Cell Signaling Technology), rabbit anti-MMP-9 (1:500; Cell Signaling
Technology), and rabbit anti—-actin (1:500; Cell Signaling Technology)
Abs overnight at 4°C. Membranes were sufficiently washed and then in-
cubated with appropriate HRP-conjugated secondary Abs for 2 h at room
temperature. Proteins were detected by ECL detection reagent. Expres-
sions of TGFBR2 or MMP-9 were normalized against GAPDH or 3-actin.

Statistical analysis

All experiments were conducted at least three times. The statistical sig-
nificance between testing and control groups was analyzed with SPSS 10.0
statistical software. When two groups were compared, the unpaired Stu-
dent 7 test was used. For in vivo study, Kaplan—Meier curves and log-rank
analysis were performed. A p value <0.05 was considered statistically
significant.

Results

Presence of CDI11b* microglia/macrophages in the marginal
area of glioma correlates with the location of CDI33" glioma
cells

Either infiltrated leukocytes and/or their counterparts in residence,
particularly macrophages, are implicated in the progression of solid
tumors (13). Whether or not these tumor-associated cells have
effects on the cancer stem-like cells remains elusive. We per-
formed immunofluorescence staining on the frozen sections of
orthotopic murine GL261-derived tumors to investigate the dis-
tribution of stem cell marker-expressing glioma cells and TAM/
Ms. As shown in Fig. 1A, a relatively high number of CD11b*
cells was found in the invasive front area of glioma, which was
coincident with a corresponding increment of CD133" glioma
cells; that is, GSLCs (Fig. 1A). Likewise, the relatively lower
density of GSLCs was consistent with that of CD11b" cells in the
marginal area (Fig. 1B). As shown in the representative images of
Fig. 1A and 1B, when the presence of CD133™ cells and CD11b*
cells within a distance of 100 pm from the invasive edge of gli-
oma were taken into account, 20 fields were used to determine the
relationship between local distributions of CD11b* cells and
GSLCs. Regression analysis revealed a positive linear correlation
between these two cell types in the marginal area of glioma (Fig.
1C). Of note, most of these CD11b* cells were also F4/80" as
examined by immunofluorescence staining (Fig. 1D-G). Flow
cytometry analysis of CD11b" myeloid cells isolated from ectopic
murine GL261-derived tumors also confirmed that they were both
CD45" (Fig. 1H) and F4/80" (Fig. 11). Taken together, our data
indicate that these glioma-associated myeloid cells are macro-
phages; that is, TAMs and the existence of CD133" GSLCs is
strongly correlated with the distribution of TAMs in the marginal
area.

GSLC-associated macrophages produce significant amounts of
TGF-B1

It has been widely reported that TAMs are functionally polarized to
alternatively activated M2 macrophage in the tumor microenvi-
ronment (14). M2 macrophages are characterized by their high
production of TGF-1 and IL-10, two most important cytokines
that often perform immunomodulatory functions (19, 20, 33).
Indeed, as shown in Fig. 2A, a high level of TGF-1 was detected
in the microenvironment surrounding CD11b* GSLC-associated
macrophages in the tumor where CD133" glioma cells were
found. We then purified CD11b"F4/80" macrophages by flow
cytometry sorting from GL261-derived tumors to a purity of
94.6% (Supplemental Fig. 1A). These purified sorted GSLC-
associated macrophages or TAMs could adhere to the bottom of
plastic culture wells and presented a typical round or oval shape of
macrophages (Supplemental Fig. 1B). Moreover, CD11b was also
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FIGURE 1. Presence of TAM/Ms in the marginal area of glioma correlates with CD133" glioma cells in murine orthotopically transplanted glioma. (A
and B) The distribution of CD11b* macrophages (green) and CD133" glioma cells (red) in the invasive front area of orthotopic GL261 transplanted tumor.
Nuclei were counterstained with Hoechst 33258 (blue). Immunofluorescence staining. (A) Relatively high numbers of both cell types. (B) Relatively low
numbers of the both cell types. (C) Linear regression revealed a positive correlation between the distributions of CD11b* macrophages and CD133* glioma
cells in murine glioma model. The relationship between local distributions of CD11b* cells and GSLCs was determined under 20 fields of confocal
microscopy where CD133" cells and CD11b* cells were found within a distance of 100 wm from the invasive edge of glioma. (D-G) Distribution of
CD11b*/F4/80* macrophages in the murine orthotopic glioma. Representative immunofluorescence images of CD11b*/F4/80* macrophages are presented.
(D) CD11b (green). (E) F4/80 (red). (F) Nuclei were counterstained with Hoechst 33258 (blue). (G) Double positive for CD11b and F4/80 with Hoechst
33258-stained nuclei is shown in merge. (H) Flow cytometry showed the majority of CD11b* macrophages coexpressed CD45 (upper right). (1) Percentage
of CD11b"F4/80" TAMs in GL261-derived tumors. Values represent the mean * SD of triplicate determinations, and the data represent one of three
independent experiments.

observed on the surface of these TAMs under immunofluorescence v (Supplemental Fig. 1D). These results indicate that TAMs in
microscopy (Supplemental Fig. 1C). In comparison with classi- GL261-derived tumors are polarized to alternatively activated M2
cally activated M1 macrophages, cytokine profiles of purified macrophages by producing high amounts of TGF-1, and TAMs
TAMs were examined. To generate classically activated M1 are skewed to M1 phenotype in the presence of LPS plus IFN-y by
macrophages, regular macrophages were isolated from the spleens producing huge amounts of IL-12p40.

of tumor-free mice and then stimulated with 100 ng/ml LPS and L

20 ng/ml IFN-y for 18 h. It was reported that IL-4 played an Culture and characterization of GSLCs

important role in generating alternatively activated M2 macro- The CD133" GSLCs from primary malignant glioma specimens,
phages (26). We therefore treated TAMs with or without 20 ng/ml glioma cell line GL261, and GL261-derived tumors were prepared
IL-4 or 100 ng/ml LPS plus 20 ng/ml IFN-y for 18 h, and the by FACS sorting with the corresponding surface markers. The
released cytokines and their mRNA levels were measured. TAMs heterogeneous contents of CD133" cells, ranging from 0.1 to
treated with IL-4 were high in TGF-B1 compared with TAMs 14.6%, were exhibited in five cases of human primary glioma
treated with LPS plus IFN-vy (Fig. 2B, 2C). Although IL-10 pro- specimens (Supplemental Fig. 2A). Approximately 0.67% of
duction from TAMs treated with IL-4 was similar to that from CD133" cells were detected from the GL261 cell line (Supple-
TAMs treated with LPS plus IFN-vy, IL-12p40 production was mental Fig. 2B). Notably, CD133" cells significantly increased in
much higher in TAMs treated with LPS plus IFN-y (Fig. 2D). GL261-derived tumors or GL261 CD133" cell-derived tumors,
Other cytokines such as IL-1@3, IL-6, and TNF-a, were lower in which were 1.84 or 2.05% of total cells, respectively (Supple-
TAMs treated with IL-4 than in TAMs treated with LPS plus IFN- mental Fig. 2B). Case 1 and case 2 of primary glioma specimens
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FIGURE 2. TGF-B1 expression in TAMs
derived from murine transplanted glioma. (A)
TGF-B1 cytokine (green) was detected in the
extracellular matrix of CD11b* macrophages
(red). Nuclei were counterstained with Hoechst
33258 (blue). Immunofluorescence staining.
(B) TGF-B1 production from splenic macro-
phages and TAMs without stimulation (Naive)
or stimulated with IFN-y and LPS (I/L) or IL-
4. (C) TGF-B1 mRNA level in the splenic
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as well as GL261-derived tumors were chosen for sorting CD133"*
cells as they contained relatively higher numbers of CD133* cells.
After sorting, the purified cells were evaluated by flow cytometry.
The purities of CD133* cells in case 2 and GL261-derived tumors
were more than 90% (Supplemental Fig. 2C). To establish colony
formation capabilities of CD133* and CD133" cells, freshly
sorted cells were seeded in 24-well plates at 300 cells per well.
After 2-wk culture in DMEM supplemented with 10% FBS,
CD133" cells displayed a higher capability for tumor colony
formation than CD133" cells (Supplemental Fig. 2D). To examine
tumor sphere-forming capabilities of CD133" and CD133™ cells,
freshly sorted cells from case 1, case 2, and GL261-derived
tumors were seeded in serum-free neural stem cell medium.
Neurospheres were formed by CD133* cells from all specimens at
day 7 after initiation of culture (Supplemental Fig. 2E). The sorted
CD133™ cells expressed abundant nestin and Sox2 and lower level
of GFAP. In contrast, CD133" cells contained very little nestin
and Sox2 and high level of GFAP (Supplemental Fig. 3A). After
culture in medium containing FBS 10% for 1 wk, CD133" cells
exhibited multilineage differentiation potential, which was pre-
sented by high-level expressions of GFAP, MBP, and B-tubulin
IIT (Supplemental Fig. 3B). To establish the tumorigenicity of
CD133* cells, cells isolated from GL261-derived tumors were
orthotopically implanted into C57BL/6, whereas cells isolated
from primary glioma specimens were orthotopically implanted
into NOD-SCID mice. Both showed high tumorigenicity. As few
as 1 X 10® CD133" cells were able to initiate tumor formation. In
contrast, 10-fold higher number of CD133" cells was needed to
form tumor in C57BL/6 mice and 500-fold higher number of
CD133 " cells was required in NOD-SCID mice compared with
that required for CD133" cells (Supplemental Table I). These
results indicated that the CD133" cells from primary glioma
specimens or GL261-derived tumors had higher tumorigenicity.

GSLC-associated macrophages enhance the invasive
capability of GSLCs via TGF-B1

After obtaining GSLCs and macrophages from GL261-derived
tumors by FACS sorting, we decided to compare the invasive

.
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ability of CD133" cells with that of CD133™ cells as shown in Fig.
3. In monoculture conditions, CD133™ cells displayed higher in-
vasive ability than CD133 " cells (Fig. 3A, d versus e, p < 0.01).
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FIGURE 3. TAMs enhance invasiveness of glioma cells. (A) Comparing
the invasive capabilities of CD133"* and CD133™ cells. The invasive capa-
bility of CD133" cells was higher than that of CD133™ cells in monoculture
conditions (a versus d, p < 0.01). The invasive capability of CD133" cells
was increased notably after coculture with TAMs (d versus e, p < 0.01). The
use of TGF-B1 neutralizing Ab in coculture system could significantly de-
crease the invasion of CD133* cells (e versus f, p < 0.01). In contrast, the
invasive ability of CD133" cells only slightly decreased after the use of
TGF-B1 neutralizing Ab (b versus ¢, p > 0.05). (B) Representative images
for numbers of invasive cells in each group. Invaded cells were fixed and
stained with crystal violet. Images were taken under light microscopy
(original magnification X 10). Values represent the mean * SD of triplicate
determinations, and the data represent one of three independent experiments.
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FIGURE 4. Association of CD68+ macrophage% with CD133" GSLCs in
human glioblastoma. (A) A representative image of IHC staining showed the
distribution of CD133" glioma cells (brown) in the marginal area of human
glioblastoma. (B) A representative image of IHC staining showed a great number
of CD68* macrophages (brown) located in the marginal area of human glio-
blastoma. (C) High level of TGF-B1 was detected in the microenvironment
surrounding CD68* macrophages in human glioblastoma. (D and E) Represen-
tative ITHC images of CD68* macrophages (D) that coexpress CD163 (E). The
images were taken under light microscopy. Scale bar, 100 wm. (F) The coex-
pression of CD68 (green) and CD163 (red) Ags on the surface of infiltrating
TAMs in human glioma specimens. Nuclei were counterstained with Hoechst
33258 (blue). Immunofluorescence staining. (G and H) Comparing the invasive
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In coculture system, macrophages sorted from GL261-derived tu-
mors were seeded into the upper inserts of a 6-well Transwell and
cocultured with the same number of CD133" cells or CD133~
cells for 24 h. After coculture, GSLC-associated macrophages
(i.e., TAMs) in the upper inserts were discarded, and CD133™ cells
and CD133 " cells were assayed for invasion (Fig. 3). Comparing
with CD133™ cells, CD133" cells displayed notably increased
invasive ability after coculture with TAMs (Fig. 3A, d versus e,
p < 0.01).

To determine the role of TGF-$1 in the invasive process, TGF-$1
neutralizing Ab was applied in the cocultures. After the use of
TGF-B1 neutralizing Ab in cocultures, the invasiveness of CD133*
cells was significantly reduced (Fig. 3A, e versus f, p < 0.01). In
contrast, the invasive ability of CD133" cells only slightly de-
creased (Fig. 3A, b versus ¢, p > 0.05). These results suggested that
TGF-B1 derived from GSLC-associated macrophages was critical
in increasing the invasive potential of CD133* glioma cells.

Presence of human CD68% macrophages in the invasive front
area of human glioma correlates with the location of CD133™
glioma cells

We next addressed whether there was association of microglia or
macrophages with glioma in the primary glioma surgically re-
moved from patients. Serial paraffin sections of primary human
glioma specimens were analyzed to study the correlation of CD68*
macrophages and CD133" glioma cells as shown in Fig. 4. IHC
staining of these sections showed CD133" glioma cells located at
the invasive front area of glioma (Fig. 4A). CD68" macrophages
in the marginal area of glioma were accompanied by increasing
numbers of CD133* glioma cells (Fig. 4B). Furthermore, TGF-31
was detected in the microenvironment containing CD68* macro-
phages (Fig. 4C). We also observed that most CD68" macrophages
coexpressed CD163, a marker for M2 phenotype (Fig. 4D-F).
These results suggest that TGF-f1-expressing TAM/Ms may be
associated with GSLC invasion.

To address further whether TGF-B1 could contribute to the in-
vasive capability of CD133* glioma cells, we added TGF-1 to the
CD133" cells or CD133™ cells that were isolated from primary
glioma specimens from two patients (Supplemental Fig. 2) and then
examined their invasive capabilities. Not surprisingly, we found that
CD133* cells displayed higher invasive ability than CD133~ cells
without pretreatment with TGF-B1 (Fig. 4G, 41: case 1: a versus c,
p < 0.01; Fig. 4H, 4J: case 2: a versus ¢, p < 0.01). Invasive
capabilities of CD133™ cells of primary gliomas from two different
patients were found remarkably increased after preincubation with
TGF-B1 for 24 h (Fig. 4G, 4H: c versus d, p < 0.01). These results
indicate that TGF-B1 can promote GSLC invasiveness in vitro.

MMP-9 but not MMP-2 is the major contributor for GSLC

invasiveness

MMPs such as MMP-2 and MMP-9 are known to be associated
with glioma invasion, and these enzymes are reportedly induced by

capabilities of CD133" and CD133™ cells. Comparing with CD133 ™ cells,
the invasion ability of CD133* cells from case 1 (G) and case 2 (H) was
slightly increased without pretreatment with TGF-B1 (a versus ¢ in case 1,
p < 0.01; a versus ¢ in case 2, p < 0.05). The invasive capability of
CD133* cells was remarkably increased after pretreatment with TGF-B1
(c versus d, p < 0.01). (I) Representative images for each group of case 1
are presented. (J) Representative images for each group of case 2 are
presented. Invaded cells were fixed and stained with crystal violet. Images
were taken under light microscopy (original magnification X10). Values
represent the mean = SD in triplicate, and the data represent one of three
independent experiments.
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TGF-B1 (34, 35). To delineate further the invasion promotion
effect of TAM-derived TGF-$31, the expression levels of MMP-2
and MMP-9 were determined by real-time PCR. As shown in Fig.
5A, the changes of MMP-2 mRNA expression were not significant
in CD133" and CD133™ cells, whereas MMP-9 expression was
found ~7-fold higher in CD133" cells than in CD133" cells.
Furthermore, in the presence of TAMs, additional increase of
MMP-9 mRNA was detected in the CD133" GSLCs derived from
orthotopic gliomas. TAMs had no effect on the expression of
MMP-2 mRNA in both CD133* and CD133" tumor cells. Neu-
tralization of TGF-B1 by TGF-B1 neutralizing Ab resulted in
a reduction of MMP-9 mRNA in CD133" tumor cells (Fig. 5A).

The expressions of MMP-2 and MMP-9 mRNAs were also
examined in the glioma specimens from two patients. As shown in
Fig. 5B, in agreement with the findings from the above-mentioned
study of murine GL261-derived tumors, MMP-2 expression was
very low in both CD133* and CD133™ cells, whereas MMP-9
expression was much higher in CD133" but low in CD133" gli-
oma cells. Furthermore, the exogenous TGF-B1 significantly
promoted MMP-9 expression in CD133* cells but had less effect
on CD133" tumor cells (Fig. 5B). Notably, exogenous TGF-1
had no significant effect on MMP-2 expressions in both CD133*
and CD133" tumor cells (Fig. 5B). Previous studies suggest that
Smad and MAPK-p38 pathways as well as others could be the
integrated components in TGF-f1 signaling. Thus, TGF-f1-in-
duced MMP-9 expression and invasiveness of CD133* tumor cells
were examined in the presence of SIS3, an inhibitor for Smad3,
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FIGURE 5. High expression of MMP-9 contributes to invasiveness of
CD133" glioma cells. (A) The expression levels of MMP-2 and MMP-9
mRNA in CD133" cells and CD133™ cells sorted from GL261-derived
tumors after coculture with TAMs. (B) The expression levels of MMP-2
and MMP-9 mRNA in CD133" cells and CD133" cells sorted from pri-
mary glioma specimens after pretreatment with TGF-B1. (C) MMP-9
mRNA expression (top) and protein level (bottom) in the CD133* cells
from GL261-derived tumors were reduced in the presence of SIS3 or
SB203580. (D) Either SIS3 or SB203580 significantly reduced invasive-
ness of CD133" cells from GL261-derived tumors. Quantitative analysis
(top); representative images (bottom). Invaded cells were fixed and stained
with crystal violet; images were taken under light microscopy (original
magnification X10). Values represent the mean = SD of triplicate deter-
minations, and the data represent one of three independent experiments.
*p < 0.01.
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and SB203580, a specific inhibitor of MAPK-p38 pathway. As
shown in Fig. 5C and 5D, the inducible effects of TGF-B1 on
MMP-9 expression and invasive capability of CD133* tumor
cells were blocked by these two inhibitors, whereas inhibitors for
other signaling pathways such as PD98059 (MEK1/2 inhibitor),
LY294002 (PI3K inhibitor), and NSC23766 (Rac inhibitor) had
very minor or no effect at all (data not shown). These results
suggest that MMP-9 expression on CD133" cells mediated by
TAM/M-derived TGF-1 contributes to the high invasive capa-
bility of GSLCs, and inhibitors for Smad3 and MAPK-p38
pathways would be candidate drugs to treat glioma.

High level of TGFBR2 in CD133* GSLCs

To explore further the underlying mechanism by which TGF-1
mediated GSLCs invasion, we examined the expression of three
TGF-B1 receptors, TGFBR1, TGFBR2, and TGFBR3. The mRNA
levels of these three receptors were measured by real-time PCR.
As shown in Fig. 6A, TGFBR2 expression was found to be much
higher in CD133* cells than that in CD133™ cells from murine
GL261-derived tumors. Next, we examined the expression of
TGFBR?2 in two human primary glioma samples. Similar to what
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FIGURE 6. High level of TGFBR2 coexpressed with CD133 in GSLCs.
(A) TGFBR1, TGFBR2, and TGBFR3 mRNA expression levels in CD133*
and CD133" cells sorted from GL261-derived tumors (GL261);
TGFBR2 mRNA expression levels in CD133"* and CD133™ cells sorted
from human primary glioma specimens (Case 1 and Case 2). (B) TGFBR2
protein expression levels in CD133* cells and CD133™ cells. (C) The
coexpression of TGFBR2 and CDI133 on neurospheres derived from
CD133" cells (top) and on CD133" cells (bottom) were detected by im-
munofluorescence staining. Nuclei were counterstained with Hoechst
33258 (blue). Values represent the mean * SD of triplicate determinations,
and the data represent one of three independent experiments.
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we observed in murine GL261-derived tumors, TGFBR2 expres-
sion was higher in human CD133" cells but not CD133" cells
(Fig. 6A). In parallel to their mRNA levels, higher protein level of
TGFBR2 was detected in the CD133" cells derived from both
human glioma samples and murine GL261-derived tumors than
that in their CD133 " counterparts (Fig. 6B). Furthermore, im-
munofluorescence double staining also confirmed the coex-
pression of TGFBR2 and CD133 in the neurospheres derived from
CD133" cells that were isolated from GL261 and the samples
from two patients, respectively, whereas the expressions of
TGFBR2 and CD133 were significantly lower in CD133™ tumor
cells (Fig. 6C). Taken together, these data indicate that TGFBR?2 is
the key receptor for TGF-1-mediated GSLC invasion.

Disruption of the TGF-B1 signaling pathway by knocking
down TGFBR?2 reduces the invasion capability of GSLCs

To determine whether the invasive process of GSLCs was con-
tributed to by the TGFBR2 pathway, four pairs of murine-specific
TGFBR2 shRNAs were individually transfected into CD133" or
CD133 " cells that were derived from GL261 tumors to knock
down endogenous TGFBR2. TGFBR2 mRNA in CD133" tumor
cells transfected with lentiviral stocks expressing shRNAI1,
shRNA2, shRNA3, or shRNA4 were reduced by 61.3, 70.2, 47.9,
or 54.6%, respectively (Fig. 7A). Because TGFBR2 protein was
remarkably decreased in the CD133" tumor cells that were
transduced with shRNA2 (Fig. 7A, inset), we therefore chose
shRNA?2 for the next experiments. As shown in Fig. 7B, although
TGFBR2 knockdown in CD133 " cells had no effect on their in-
vasion capability, CD133* tumor cells for which TGFBR2 was
knocked down after transduction of shRNA2 significantly lost
their invasive capability when they were cocultured with TAMs.
Loss of invasiveness capability of the CD133™ cells with TGFBR2
knockdown was correlated to the significant reduction of MMP-9
expression in these cells (Fig. 7C). These CD133" tumor cells
with TGFBR2 knockdown were then injected orthotopically into
the brains of C57BL/6 mice to examine their capability of growth
in situ. Mice that were orthotopically implanted with CD133*
tumor cells with TGFBR2 knockdown exhibited significantly
prolong survival time by 5 to 7 d (Fig. 7D, p < 0.05). The invasion
of glioma into surrounding normal brain tissue was examined at
3 wk after injection with immunofluorescence microscopy. As
shown in Fig. 7E and 7F, the invasion of glioma derived from
injection was significantly decreased. CD133* cells were re-
markably reduced in the marginal area of transplanting tumors
derived from TGFBR2 knockdown cells (Fig. 7G, mock versus
shRNA2, p < 0.01). Thus, our data demonstrate that the reduction
of TGFBR?2 and disruption of TGF-1 signaling pathway leads to
the decreased invasive capability of CD133* tumor cells both
in vitro and in vivo.

Discussion

In our previous work, we demonstrated a positive correlation
between the participation of TAM/Ms and the density of GSLCs
and confirmed that GSLCs played an important role in the re-
cruitment of TAMs (29). In the current study, we examined
whether TAM/Ms contributed to the invasion of GSLCs. By ex-
amining both human primary glioma samples and murine glioma
xenograft, we observed that TAM/Ms were heavily distributed at
the invasive front area of glioma, which was correlated with
CD133" glioma cells (i.e., GSLCs). These TAM/Ms produced
high amounts of TGF-B1. Moreover, we found that GSLCs had
enhanced invasive ability after coculture with TAM/Ms or pre-
treatment with exogenous TGF-B1. Finally, we determined that
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FIGURE 7. Knockdown of TGFBR2 by shRNA significantly reduces the
expression of MMP-9 and inhibits the invasion capability of GSLCs. (A)
TGFBR2 mRNA expression in the cells infected with mock, shRNAI,
shRNA2, shRNA3, and shRNA4. All shRNAs remarkably downregulated
TGFBR2 mRNA expressions and its protein level (inset). siRNA2 was the
strongest one, and the other shRNAs had less effect. Values represent the
mean = SD of triplicate determinations, and the data represent one of three
independent experiments. (B) shRNA2 significantly inhibited the invasive
capability of CD133* cells but not CD133 ™ cells. Mock of sShRNA exhibited
no effect on the invasive capabilities in both CD133* and CD133™ cells.
Values represent the mean = SD of triplicate determinations, and the data
represent one of three independent experiments. (C) The mRNA expressions
of MMP-9 in CD133* cells and CD133™ cells infected with mock or
shRNA2 after coculture with TAMs. shRNAZ2 significantly inhibited MMP-9
mRNA expression of CD133* cells but had no effect on that of CD133™
cells. Values represent the mean = SD of triplicate determinations, and the
data represent one of three independent experiments. (D) Knockdown of
TGFBR?2 decreased oncogenic potential of GSLCs and increased the sur-
vival of mice bearing intracranial GL261 tumors. Kaplan—-Meier curves
demonstrated increased survival time with TGFBR2 knockdown in C57BL/
6 mice injected with 2 X 10* GSLC-infected lentiviral stocks. One repre-
sentative from three independent experiments is shown (seven mice per
group). (E and F) The invasion of CD133" cells (red) infected with mock and
shRNA?2 into surrounding normal brain tissues in vivo. Knockdown of
TGFBR2 inhibited the invasion of glioma cells (eGFP, green), especially the
CD133* glioma cells (green in plasma and red in cell membrane). Nuclei
were counterstained with Hoechst 33258 (blue). Immunofluorescence
staining. (G) The invasive ability of CD133" cells infected with sShRNA2 was
significantly decreased in vivo (p < 0.01). Quantitation of invading CD133*
cells was determined under 5 fields of confocal microscopy where the
CD133*/eGFP* glioma cells were found within a distance of 100 pm from
the invasive edge. Values represent the mean = SD of triplicate determi-
nations, and the data represent one of three independent experiments.
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the elevated production of MMP-9 from CD133* GSLCs by
paracrine TGF-B1 from TAM/Ms via TGFBR2 pathway was the
key contributor to the enhanced invasive potential of GSLCs.

The tumor microenvironment is indispensable for tumor initiation
and progression (36). As the major contributing factor to the ac-
quisition of core hallmark capabilities (e.g., angiogenesis, invasion,
and metastasis) and the creation of a procancer microenvironment,
inflammation is considered to be an enabling characteristic of
cancer (12). Among tumor-infiltrating immune cells, TAMs are the
major composition of the inflammation-related microenvironment
in tumor (13, 14). Actually, TAMs infiltrate into the tumor lesion
even in an early stage of tumorigenesis (37). The mechanisms re-
sponsible for the infiltration of TAMs into the tumor mass have
been widely studied (16, 38). Regarding the malignant glioma, both
the resident microglia and the macrophages derived from circulat-
ing monocytes constitute the glioma-infiltrating immune cells and
are the major participants in glioma progression (39). Microglial
cells play a dominant role in the early stage, whereas the macro-
phages derived from circulating monocytes are the major participant
in the later stage to promote glioma growth (39). Thus, it would be
possible to deter glioma from uncontrolled growth through inter-
vening in the recruitment of circulating monocytes into the glioma
mass. Moreover, the infiltrating TAM/Ms are considered to be im-
munosuppressive (M2) phenotype. GSLCs contribute greatly to the
M2 polarization by a variety of secreted factors (40, 41).

According to Paget’s “seed and soil” theory, the tumor micro-
environment provides the appropriate “soil” or niche that is re-
quired for tumor cells, especially CSCs, to proliferate and
disseminate (12, 42). Therefore, it is important to investigate the
impact of the tumor microenvironment on CSCs (20, 43, 44).
Tumor-infiltrating immune cells, such as Foxp3* regulatory
T cells and TAMs, as well as the condition medium of macro-
phages, have been reported to drive the development and growth
of CSCs (45-47). The dynamic cross talk between the tumor
microenvironment and CSCs orchestrates tumor initiation and
progression, and the aggressive invasion into surrounding normal
brain tissues is a unique property of malignant glioma. The
question raised here is whether TAM/Ms affect the invasion ca-
pability of GSLCs. Thus, we examined the distribution of GSLCs
in both human primary glioma tissues and murine orthotopic
GL261-derived tumors. Abundant GSLCs were found in the
marginal area of glioma, and a large amount of TAM/Ms were
clustered in the invasive front area of both primary glioma
specimens and murine glioma model. TAM/Ms were associated
with distribution of GSLCs at the invasive front area of glioma,
accompanied by high production of TGF-1. These results are
in accord with previous reports that CSCs from many kinds of
tumors exhibit high invasive ability and TAMs are recruited to the
invasive site to enhance tumor invasion (7, 43, 48, 49). Thus, we
hypothesize that TAM/Ms promote GSLC invasion through
paracrine TGF-B1.

In accord with previous reports (13, 40), we found that glioma-
infiltrating TAM/Ms are polarized to M2 phenotype by releasing
high levels of immunosuppressive cytokines, such as IL-10 and
TGF-B1. Glioma had been reported to secret IL-4, an important
regulator of M2 polarization (26, 50), so we further detected the
expression levels of immunosuppressive cytokines in TAMs and
splenic macrophages in the presence of IL-4 or LPS plus IFN-y.
We found that TGF-B1 production from TAMs remained un-
changed in the presence of LPS plus IFN-vy, whereas IL-10 pro-
duction from TAMs treated with LPS plus IFN-y was similar to
that from TAMs treated with IL-4. However, TAMs treated with
LPS plus IFN-y produced huge amounts of IL-12p40 and
expressed high levels of IL-13, IL-6, and TNF-a, hallmarks of M1
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polarization. Thus, TAMs are able to be skewed toward M1
phenotype in the presence of LPS plus IFN-vy.

Furthermore, we demonstrated that GSLCs possessed high in-
vasive ability, especially after coculture with TAMs that were
derived from transplanted tumors or pretreatment with exogenous
TGF-B1. Previously, we and others found that GSLCs possessed
high invasive ability (4, 51). The effect of TAMs to promote tumor
invasion has been reported in the literature (12, 52). TAMs have
been demonstrated to facilitate the tumor cell invasion by in-
creasing a broad array of MMPs that can degrade proteins of the
extracellular matrix (37, 53). Direct evidence has been presented
that MMP-9 derived from bone marrow cells contributes to skin
carcinogenesis (54). Additionally, TAMs also produce factors such
as TGF-B1 and IL-10 that may enhance tumor immune suppression
and facilitate tumor progression (40, 53). Several reports illustrate
the role of TGF-B1 in maintaining the self-renewal property of
GSLCs (21, 24). Tang and colleagues (55) reported that TGF-31
could induce migration of mesenchymal stem cells. Recent study
showed that treatment of TGF-3 Ab reduced the invasion of glioma
cells into surrounding normal brain in animal models (56). Our data
showed that TGF-B1 from TAM/Ms promoted GSLC invasion. A
decreased invasive ability was observed in CD133" tumor cells
where TGF-B1 was neutralized. This provided a new insight into
the role of TGF-B1 signaling in GSLC invasion.

TGFBR2 expression is higher in GSLCs compared with that
in CD133" tumor cells. Knockdown of TGFBR2 expression in
GSLCs significantly decreases the invasiveness of GSLCs even
when they are cocultured with TAMs, indicating that TGFBR2
plays a critical role to mediate glioma invasion. MMP-2 and
MMP-9 are known to be induced by the activation of TGF-1
signaling (34, 35). We established that MMP-9 but not MMP-2
was the major effector responsible for GSLC invasion. Our results
revealed that the MMP-9—dependent GSLC invasion was depen-
dent on TAM/M-derived TGF-B1. Knockdown of TGFBR2 in
CD133* tumor cells prolonged the survival time of animals
transplanted with these cells. Transplant tumor derived from
CD133" tumor cells with knockdown of TGFBR2 possesses re-
markably decreased invasive ability, indicating the role of
TGFBR?2 in the TGF-B1-enhanced glioma invasion.

In summary, our study addresses the importance of the tumor
microenvironment in glioma invasion. We demonstrate that TAMs
infiltrating the marginal area of glioma and TGF-B1-TGFBR2
pathway are the key contributors for enhancing the invasion of
GSLCs thereby promoting glioma progression. Development of
therapeutic strategies against the TGF-B1-TGFBR2 signaling
pathway and exploration of effective means for conversion of
tumor-infiltrating macrophages into anti-tumor M1 phenotype
may present new countermeasures to disrupt glioma invasion.
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