
LABORATORY INVESTIGATION - HUMAN/ANIMAL TISSUE

Systemic delivery of neutralizing antibody targeting CCL2
for glioma therapy

Xinmei Zhu • Mitsugu Fujita • Linda A. Snyder •

Hideho Okada

Received: 9 August 2010 / Accepted: 12 November 2010 / Published online: 30 November 2010

� Springer Science+Business Media, LLC. 2010

Abstract Tumor-associated macrophages (TAMs) and

myeloid-derived suppressor cells (MDSCs) inhibit anti-

tumor immune responses and facilitate tumor growth.

Precursors for these immune cell populations migrate to the

tumor site in response to tumor secretion of chemokines,

such as monocyte chemoattractant protein-1 (MCP-1/

CCL2), which was originally purified and identified from

human gliomas. In syngeneic mouse GL261 glioma and

human U87 glioma xenograft models, we evaluated the

efficacy of systemic CCL2 blockade by monoclonal anti-

bodies (mAb) targeting mouse and/or human CCL2.

Intraperitoneal (i.p.) administration of anti-mouse CCL2

mAb as monotherapy (2 mg/kg/dose, twice a week) sig-

nificantly, albeit modestly, prolonged the survival of

C57BL/6 mice bearing intracranial GL261 glioma

(P = 0.0033), which was concomitant with a decrease in

TAMs and MDSCs in the tumor microenvironment. Sim-

ilarly, survival was modestly prolonged in severe combined

immunodeficiency mice bearing intracranial human U87

glioma xenografts treated with both anti-human CCL2

mAb and anti-mouse CCL2 antibodies (2 mg/kg/dose for

each, twice a week) compared to mice treated with control

IgG (P = 0.0159). Furthermore, i.p. administration of anti-

mouse CCL2 antibody in combination with temozolomide

(TMZ) significantly prolonged the survival of C57BL/6

mice bearing GL261 glioma with 8 of 10 treated mice

surviving longer than 70 days, while only 3 of 10 mice

treated with TMZ and isotype IgG survived longer than

70 days (P = 0.0359). These observations provide support

for development of mAb-based CCL2 blockade strategies

in combination with the current standard TMZ-based che-

motherapy for treatment of malignant gliomas.
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Abbreviations

BIL Brain infiltrating lymphocyte

CNS Central nervous system

mAb Monoclonal antibody

Introduction

Monocyte chemoattractant protein-1 (MCP-1/CCL2) is a

member of the cytokine/chemokine superfamily and has

been demonstrated to promote the accumulation of mono-

cytes and macrophages to tumor sites [1, 2], thereby
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promoting tumorigenesis and metastasis of several solid

tumors, including breast cancer, multiple myeloma and

prostate cancer [3–7]. In the tumor microenvironment,

monocytes undergo aberrant differentiation into TAMs,

which promote tumor growth and metastasis [8–10],

and MDSCs, which inhibit anti-tumor immune responses

[11–13].

Human MCP-l/CCL2 was originally purified from the

tissue culture supernatant of a malignant glioma cell line as a

factor that attracts human monocytes [14, 15]. Indeed,

human malignant gliomas are heavily infiltrated by macro-

phages/microglia [16]. Several reports indicate that glio-

blastomas express elevated CCL2, both at the mRNA and

protein levels, as compared to normal brain [17–20] and that

the glioma-derived CCL2 is capable of inducing monocyte

migration in vitro [18]. Consistent with these observations,

cerebrospinal fluid and cyst fluid from patients with glio-

blastoma also contain elevated levels of CCL2 [21]. Finally,

it has been shown in an experimental tumor model that CCL2

expression by glioma is directly involved in accumulation of

macrophages/microglia in glioma and promotes tumor

aggressiveness [22]. Therefore, we hypothesized that

effective blockade of CCL2 in vivo would inhibit accumu-

lation of TAMs and MDSCs into intracranial gliomas,

thereby inhibiting the growth of glioma.

Anti-mouse (C1142) and anti-human (CNTO 888) CCL2

mAbs were developed and have been shown to neutralize

the function of cognate CCL2 molecules in vivo [7, 23–25].

These reagents allowed us to evaluate our hypothesis in the

following two well-established preclinical intracranial gli-

oma models: (1) C57BL/6 mice bearing syngeneic GL261

glioma and (2) severe combined immunodeficiency (SCID)

mice bearing human U87 glioma xenografts. We also

hypothesized that CCL2 blockade would augment the effect

of other therapeutic strategies, such as chemotherapy.

Materials and methods

Animals

Female C57BL/6 mice (H-2b) and SCID mice

(CBySmn.CB17-Prkdcscid/J) were obtained from Taconic

Farms (Germantown, NY) and JAX Mice (Bar Harbor,

ME), respectively. All animals were handled in the Animal

Facility at the University of Pittsburgh per an Institutional

Animal Care and Use Committee-approved protocol.

Cell culture

The mouse GL261 glioma cell line (H-2b) was kindly

provided by Dr. Robert Prins (University of California Los

Angeles, CA). The human U87 glioma cell line was

purchased from ATCC (ATCC number HTB14). The

GL261 and the U87 cells were maintained in RPMI 1640

or DMEM, respectively, supplemented with 10% heat-

inactivated FBS, 100 units/ml penicillin, 100 mg/ml

streptomycin, and 10 lM L-glutamine in a humidified

incubator in 5% CO2 at 37�C under normoxic (21% O2) or

hypoxic (5% O2) condition.

Reagents

The following reagents were purchased: RPMI 1640,

DMEM, FBS, L-glutamine, sodium pyruvate, b-mercap-

toethanol, nonessential amino acids, and antibiotics from

Invitrogen Life Technologies; specific ELISA kits for

mouse and human CCL2 from eBioscience.

Chemicals

Temozolomide (TMZ) was obtained from Myoderm

Medical Supply, Norristown, PA.

Antibodies

Fluorescein isothiocyanate-conjugated anti-Gr1, phycoer-

ythrin-conjugated anti-CD45, and Tri-Color-conjugated

anti-CD11b mAbs were purchased from eBioscience.

Therapeutic antibodies and their respective isotype controls

were provided by Centocor. The anti-mouse CCL2 mAb

(C1142) neutralizes mouse CCL2/MCP-1 [24], while the

anti-human CCL2 mAb (CNTO 888) neutralizes human

CCL2 [25]. Each antibody is specific for its respective

target ligand and does not cross-react with the other ligand

(unpublished data).

Intracranial (i.c.) injection of glioma cells

The procedure used in this study has been described pre-

viously [26–29]. Briefly, using a Hamilton syringe (Ham-

ilton Company, Reno, NV), 1 9 105 GL261 or U87 cells in

2 ll PBS were stereotactically injected through an entry

site at the bregma, 2 mm to the right of sagittal suture, and

3 mm below the surface of the skull of anesthetized mice

by using a stereotactic frame (Kopf, Tujunga, CA).

Treatment of tumor-bearing mice with anti-CCL2 mAb

and/or TMZ

C57BL/6 mice bearing GL261 glioma received i.p. injec-

tions of either anti-mouse CCL2 mAb or isotype control

IgG twice weekly starting on day 7 after tumor cell inoc-

ulation (2 mg/kg/dose) for up to 8 weeks. SCID mice

bearing U87 glioma received i.p. injections of anti-mouse

CCL2 mAb, anti-human CCL2 mAb, or both anti-mouse
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and anti-human CCL2 mAbs, or control IgG(s) twice

weekly starting on day 7 after tumor cell inoculation

(2 mg/kg/dose for each mAb) for up to 8 weeks. Some

glioma-bearing mice received i.p. injections of TMZ

(800 lg in 100 ll PBS per dose) or control PBS every

2 days for 4 times starting from day 7 for a total of 3 cycles

with 2 week intervals. Survival was determined as the

number of days from tumor cell inoculation to the day that

animals had to be euthanized due to clinical manifestations,

such as hemiparesis, hunch-back, seizures, loss of weight

([20%), loss of appetite, neurological signs indicative of

autoimmunity, among others.

Vaccinations with synthetic peptides encoding glioma-

associated antigen (GAA)-epitopes and intramuscular

(i.m.) injection of polyinosinic-polycytidylic acid

stabilized by lysine and carboxymethylcellulose

(poly-ICLC)

The procedures have been described in our previous publica-

tions [29, 30]. Briefly, glioma-bearing animals received sub-

cutaneous (s.c.) vaccinations with 100 lg of Hepatitis B virus

(HBV) core128–140 and GAA peptides, 100 lg each of

hgp10025–33, mEphA2682–689, mEphA2671–679, mTRP2180–188,

and mGARC-177–85, emulsified in incomplete Freund Adjuvant

(IFA) (Difco Laboratories, Detroit, Michigan, MI) on days 2, 12

and 22 after tumor inoculation. Some animals also received i.p.

injections of either anti-mouse CCL2 mAb or isotype control

IgG twice weekly starting on day 7 after tumor cell inoculation

(2 mg/kg/dose) for up to 8 weeks. Negative control mock

vaccines consisted of 100 lg of HBV core128–140 but without

GAA-peptides emulsified in IFA. Poly-ICLC (kindly provided

by Dr. Andres M. Salazar, Oncovir Inc, Washington, DC;

20 lg/injection in 20 ll) or mock control PBS (20 ll) was i.m.

injected twice a week starting on day 2 till day 30 after tumor

inoculation. All animals were monitored daily after treatment.

Symptom-free survival was monitored as the primary endpoint.

Isolation of brain-infiltrating leukocytes (BILs)

BILs were isolated using methods described previously

[27, 29]. Briefly, mice were sacrificed by CO2 asphyxia and

cervical dislocation, and immediately perfused with PBS

through the left cardiac ventricle. Brain tissues were

mechanically minced, resuspended in 70% Percoll (Sigma-

Aldrich), overlaid with 37 and 30% Percoll, and centri-

fuged for 20 min at 5009g. Enriched BIL populations were

recovered at the 70–37% Percoll interface.

Flow cytometry

he procedure used in the current study has been described

previously [27]. Briefly, single cell suspensions were

surface-stained with fluorescent dye-conjugated antibodies.

Due to the small number of BILs obtained per mouse, BILs

obtained from all mice in a given group (five mice/group)

were pooled and then evaluated for the relative number and

phenotype of monocyte-gated BILs between groups by

Coulter EPICS cytometer (Beckman Coulter, Fullerton,

CA).

Statistical analysis

The statistical significance of differences among more than

three groups was determined by one way analysis of var-

iance (ANOVA) with Bonferroni’s Multiple Comparison to

compare each two groups. The statistical significance of

differences between two groups was determined by t test.

Survival data were analyzed by logrank test. Differences

were considered significant when P \ 0.05. All data were

analyzed by GraphPad Prism 4.01 software.

Results

Production of CCL2 by in vitro cultured glioma cells

To verify that our model glioma cells express CCL2, we

determined the CCL2 expression levels in cultured GL261

and U87 glioma cells in both normoxic (21% O2) and

hypoxic (5% O2) conditions. The hypoxic condition was

employed because macrophages accumulate particularly in

hypoxic and poorly vascularized portions of a tumor due to

the enhanced chemokine production in the hypoxic

microenvironment [31] and malignant gliomas present

hypoxic conditions [32, 33]. As demonstrated in Fig. 1, in

the normoxic condition, the GL261 and the U87 cells

expressed 499 ± 20 pg mouse CCL2 and 72 ± 3 pg

human CCL2, respectively, per 1 9 106 cells for 24 h. The

hypoxic condition led to approximately 2- and 3-fold

higher production levels of CCL2 by the GL261 and the

U87 cells, with mouse CCL2 expressed at 1095 ± 36 pg

and human CCL2 at 221 ± 8 pg, respectively, per 1 9 106

cells for 24 h.

Treatment with anti-CCL2 mAbs reduces

the accumulation of TAMs and MDSCs in the glioma

microenvironment

To determine whether mAb-mediated CCL2 blockade

inhibits accumulation of TAMs and MDSCs in gliomas in

vivo, we treated GL261-bearing syngeneic C57BL/6 mice

or U87-bearing SCID mice with i.p. administration of anti-

mouse CCL2 mAb or both anti-mouse plus anti-human

mAbs, respectively. In the latter model, we targeted both

mouse and human CCL2 because human U87 glioma cells
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and tumor-infiltrating host cells were expected to produce

human and mouse CCL2, respectively. We isolated BILs

and evaluated the numbers of CD11b?CD45? and

CD11b?Gr1? cells as TAMs and MDSCs. Although the

small numbers of BILs obtained did not allow us to per-

form functional analyses of these cells ex vivo, the litera-

ture supports that CD11b?Gr1? cells represent MDSCs in

mice [11].

In the GL261 model, treatment with anti-mouse CCL2

mAb significantly reduced the percentage (from 63.62 to

32.69%) (Fig. 2a) and the total numbers (24.2 ± 3.0 9

103/mouse versus 5.2 ± 0.68 9 103/mouse, P = 0.0008)

of CD11b?CD45? TAMs (Fig. 2b). The treatment with

anti-mouse CCL2 mAb also reduced the percentage and

numbers of CD11b?Gr1? MDSCs by *35 and *70%,

respectively, compared with the control IgG treatment,

(P \ 0.0001, the average total number of CD11b?Gr1?

MDSCs in mCCL2 mAb treated mice vs that in isotype

control IgG treated mice) (Fig. 2c, d). Although the num-

bers are smaller than those in the GL261 model, similar

results were obtained in the U87 xenograft model treated

with both anti-mouse and anti-human CCL2 mAbs

(Fig. 2e–h).

Treatment of glioma-bearing mice with anti-CCL2

mAb as monotherapy modestly prolongs survival

Results demonstrated in Fig. 2 provided us with a basis for

optimal mAb doses that safely achieve a substantial

reduction of TAM and MDSCs in the glioma-bearing mice.

We then evaluated whether the systemic CCL2 blockade

by mAbs could improve the survival of these glioma

bearing mice. GL261-bearing C57BL/6 mice received anti-

mouse CCL2 mAb, whereas U87-bearing SCID mice were

treated with both anti-mouse and anti-human CCL2 mAbs

as detailed in the Materials and methods. Treatment with

anti-mouse CCL2 mAb significantly, albeit modestly,

prolonged the survival of C57BL/6 mice bearing syngeneic

GL261 glioma (median survival of 33 days versus 28 days

for anti-CCL2 versus isotype IgG; P = 0.0033) (Fig. 3a).
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Fig. 1 CCL2 production by in vitro cultured glioma cells. Aliquots

(1 9 106/flask) of mouse GL261 (a) or human U87 (b) glioma cells

were cultured at 37�C in 5% CO2 at normoxic (21% O2) or hypoxic

(5% O2) conditions for 96 h. Culture supernatants were then

harvested for evaluation of CCL2 production by specific ELISA.

P \ 0.001 and P = 0.001 between the normoxic versus hypoxic

conditions for GL261 cells and U87 cells, respectively. Results are

shown with mean ± standard error of the mean (SEM) (n = 3). One

of two experiments with similar results is shown

Fig. 2 Anti-CCL2 mAb administration significantly reduces

CD11b?CD45? TAMs and CD11b?Gr1? MDSCs in BILs. C57BL/

6 mice bearing GL261 glioma (a–d) received 2 mg/kg/dose (approx-

imately 40 lg/mouse) anti-mouse CCL2 mAb or control IgG twice

weekly by i.p. injections starting on day 7 after tumor cell inoculation

(n = 5/group). On day 24, mice were euthanized and isolated BILs

were pooled from all mice in the same treatment group, and evaluated

by flow cytometry for surface expression of CD11b and CD45 (a), or

CD11b and Gr1 (c). Absolute numbers of CD11b?CD45?

(P = 0.0008) (b) and CD11b?Gr1? cells (P \ 0.0001) (d) per

mouse were enumerated. SCID mice bearing human U87 glioma

(e–h) received 2 mg/kg/dose (approximately 40 lg/mouse/dose for

each mAb) both anti-mouse and anti-human CCL2 mAbs or corre-

sponding isotype IgG twice weekly by i.p. injections starting on day 20

after tumor cell inoculation. On day 35, mice were euthanized and

isolated BILs were pooled from all mice in the same treatment group

(n = 5/group), and evaluated by flow cytometry for surface expression

of CD11b and CD45 (e), or CD11b and Gr1 (g). Absolute numbers of

CD11b?CD45? (P = 0.001) (f) and CD11b?Gr1? cells (P = 0.0009)

(h) per mouse were enumerated. Numbers in each dot plot indicate the

percentage of double-positive cells in BILs; one of four experiments

with similar results is shown. (b, d, f and h), In each of four experiments,

BILs from the same group (five mice/group) were pooled and analyzed

by flow cytometry. The average number for each population per mouse

was enumerated for each experiment, and combined for the total four

experiments to obtain the mean ± SEM for each treatment group.

a-mCCL2 refers to anti-mouse CCL2 antibody; a-hCCL2 refers to anti-

human CCL2 antibody

c
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None of the treated mice presented neurological signs

suggestive of autoimmunity. Similarly, treatment with

CCL2 mAbs prolonged the survival of SCID mice bearing

U87 glioma (median survival of 48.5 days versus

41.5 days for mAb versus control IgG groups; P = 0.0159)

(Fig. 3b).

Combination with chemotherapy enhances

the treatment effects of the mAb-mediated CCL2

blockade

The modest improvement of survival by mAbs as mono-

therapy led us to investigate the efficacy of a combinatorial
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approach with TMZ, which, in combination with radiation

therapy, is the current standard of care for newly diagnosed

malignant glioma [34, 35]. To this end, in each of the

GL261-bearing C57BL/6 and the U87-bearing SCID mouse

models, mice were stratified into each of the following four

groups receiving: (1) TMZ and anti-CCL2 mAb(s); (2)

TMZ and control IgG; (3) saline (control for TMZ) and anti-

CCL2 mAb(s); or (4) saline and control IgG.

In the GL261 model, treatment with TMZ or anti-CCL2

mAb as monotherapy significantly prolonged the survival

of mice (P = 0.0002 for both treatment groups compared

with the mock group) (Fig. 4a). In particular, 2 of 7 mice

receiving TMZ survived longer than 70 days whereas all

control mice with mock treatments died by day 29. Strik-

ingly, the combination of TMZ and anti-CCL2 mAb resulted

in long-term survival ([70 days) in 8 of 10 mice. In contrast,

in U87-bearing SCID mice, the combination of TMZ and

anti-CCL2 mAbs did not enhance the therapeutic effects

compared with TMZ monotherapy with 6 of 10 in the

combination group and 5 of 9 mice in the TMZ monotherapy

group surviving longer than 70 days (Fig. 4b).

Combination with glioma vaccines does

not significantly enhance the treatment effects

of the mAb-mediated CCL2 blockade

We have been dedicated to development of effective

immunotherapy strategies by combinations of multi-disci-

plinary approaches, such as vaccinations targeting glioma-

associated antigens (GAAs) in combination with toll like

receptor (TLR)-3 ligand poly-ICLC [29, 30], or anti-TGF-

b1 mAb (1D11) [36], both of which remarkably enhanced

the therapeutic effects of GAA-targeting vaccines. As a

logical extension of these approaches, and based on a recent

study showing the benefit of anti-CCL2 mAb in combina-

tion with cancer immunotherapy in a lung cancer model

[37], we evaluated whether addition of anti-CCL2 mAb

would further improve the therapeutic efficacy of the

combination regimen with GAA vaccines and poly-ICLC in

GL261-bearing mice (Fig. 5). The addition of anti-CCL2

mAb to the vaccine demonstrated a trend toward improved

survival, but this did not reach statistically significant levels

compared to the GAA vaccine plus poly-ICLC regimen

(P = 0.3395). Further studies would be required to opti-

mize the dosing regimen for the vaccine/antibody combi-

nation for maximal efficacy.

Discussion

The current study demonstrates that systemic administra-

tion of neutralizing anti-CCL2 mAb significantly inhibits

the infiltration of TAMs and MDSCs in two preclinical

glioma models, thereby improving the survival of the

tumor-bearing mice. The effect of anti-CCL2 mAb therapy

was particularly appreciated when the mAb treatment was

combined with chemotherapy with TMZ in C57BL/6 mice

bearing GL261 glioma.

However, we recognize that the depletion of TAM and

MDSCs was only partial, and the therapeutic effect by

mAbs as monotherapy was modest. In this regard, we

initially performed a number of preliminary experiments to

determine the optimal dose for the most efficient depletion

of TAMs and MDSCs by testing various mAb doses up to

25 mg/kg/dose. We have found that the efficacy for TAM/

MDSC depletion plateaus at 2 mg/kg or higher for both the

anti-CCL2 antibodies (data not shown), and thus employed

2 mg/kg/dose consistently in the current study. We think of

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80
0.0

0.2

0.4

0.6

0.8

1.0

a

b

GL261

U87

Days after Tumor Inoculation

S
ur

vi
va

l

** p=0.0033

* p=0.0159

Days after Tumor Inoculation
S

ur
vi

va
l

α-mCCL2 + α-hCCL2
Ctrl IgG

α-mCCL2
Ctrl IgG

Fig. 3 Treatment with anti-CCL2 mAb modestly prolongs the

survival of glioma-bearing mice. C57BL/6 mice bearing GL261

glioma (a) or SCID mice bearing human U87 glioma (b) were treated

with anti-mouse CCL2 mAb or both anti-mouse CCL2 mAb and anti-

human CCL2 mAb, respectively, by i.p. injections starting on day 7,

twice weekly up to 8 weeks after tumor cell inoculation (2 mg/kg/

dose for each mAb). Mice in control groups received corresponding

control IgG. Symptom-free survival (SFS) of mice was monitored (for

GL261 model, n = 5 and 11 for control and anti-CCL2 mAb group

respectively; for U87 model, n = 10/group.). **P = 0.0033 for SFS

of C57BL/6 mice with anti-mouse CCL2 mAb versus that with

control IgG; *P = 0.0159 for SFS of SCID mice treated with both

anti-mouse and anti-human CCL2 mAbs versus that with control

IgGs. a-mCCL2 refers to anti-mouse CCL2 antibody; a-hCCL2 refers

to anti-human CCL2 antibody

88 J Neurooncol (2011) 104:83–92

123



at least two possible reasons why mAb-mediated CCL2

blockade shows moderate efficacy in preclinical glioma

models. First, it is possible that the CCL2 blockade could

only inhibit the attraction of monocytes from the systemic

circulation into the CNS tumor site, but could not block the

presence of resident microglia that already existed in the

CNS. Indeed, resident microglia and bone marrow-

derived macrophages in the CNS are distinguished as

CD11b?CD45dim versus CD11b?CD45high cells, respec-

tively [38, 39], and there are substantial numbers of

CD11b?CD45dim residential microglia seen after the

treatment with anti-mouse CCL2 mAb (Fig. 2a). Another

possibility is that starting therapeutic treatment at day 7

may give different results from treatment that starts earlier,

as it is possible that much of the monocyte migration has

occurred by the time day 7 treatment started. Thus, it may

not be surprising that a therapeutic approach has modest

benefit and is best combined with another therapy. Another

challenge in the current approach may have been limited

penetration of mAb to the CNS tumor environment.

Although the blood–brain barrier is not entirely intact in

the CNS tumor site, further studies are warranted to

determine the distribution levels of systemically adminis-

tered mAbs in the CNS tumor site [40]. Nevertheless, the

significantly prolonged survival of tumor bearing mice was

concomitant with the decreased accumulation of TAM and

MDSC following the mAb treatments, suggesting that the

accumulation of TAMs and MDSCs may have contributed to

the tumor growth in our glioma models. In this regard, our

recent study with mAb-mediated depletion of Gr1? MDSCs
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Fig. 4 Combination therapy with anti-CCL2 mAb(s) and TMZ.

C57BL/6 mice bearing GL261 glioma (a) or SCID mice bearing

human U87 glioma (b) were stratified into one of four treatment

groups (in each model) to receive: (1) TMZ and anti-CCL2 mAb(s)

(n = 10); (2) TMZ and control isotype IgG, (n = 7); (3) saline

(control for TMZ) and anti-CCL2 mAb(s), (n = 10) or (4) saline and

isotype IgG (n = 7). For mAb treatment, the mice received anti-

mouse CCL2 mAb or both anti-mouse CCL2 mAb and anti-human

CCL2 mAb, respectively, by i.p. injections starting on day 7, twice

weekly up to 8 weeks after tumor cell inoculation (2 mg/kg/dose for

each mAb). TMZ (800 ug/dose) was administered i.p. starting on day

7 after tumor inoculation for a total of 2 or 3 cycles in C57BL/6 or

SCID mice, respectively (see Materials and methods). SFS of mice

was monitored. a *P = 0.0002 for anti-CCL2 mAb and saline versus

isotype IgG and saline; **P = 0.0002 for isotype IgG and TMZ

versus isotype IgG and saline; ***P \ 0.0001 for anti-CCL2 mAb

and TMZ versus isotype IgG and saline; #P = 0.0359 for anti-CCL2

mAb and TMZ versus isotype IgG and TMZ. b *P = 0.0218 for anti-

CCL2 mAbs and saline versus isotype IgG and saline; **P \ 0.0001

for isotype IgG and TMZ versus isotype IgG and saline;

***P \ 0.0001 for anti-CCL2 mAbs and TMZ versus isotype IgGs

and saline; P = 0.7645 for anti-CCL2 mAbs and TMZ versus isotype

IgGs and TMZ. a-mCCL2 refers to anti-mouse CCL2 antibody; a-

hCCL2 refers to anti-human CCL2 antibody

J Neurooncol (2011) 104:83–92 89

123



in mouse gliomas directly demonstrated the significance of

MDSCs in promotion of glioma development [41].

CCL2 has been proposed to be the principal chemokine

for migration of regulatory T (Treg) cells to human glio-

blastoma multiforme [20]. Furthermore, it has recently

been demonstrated that CCL2 blockade can augment the

efficacy of cancer immunotherapy possibly through

reduction of Treg cells [37], although only the combined

treatment of CCL2 blockade and immunotherapy, but not

CCL2 blockade alone, significantly reduced the intratu-

moral Tregs [37]. In our current model, we also investi-

gated the effect of CCL2 blockade on Tregs in the glioma

environment. However, CCL2 mAb treatment as a single

agent did not lead to any significant reduction of intratu-

moral Tregs (data not shown), consistent with the refer-

enced study [37].

With regard to the source of CCL2 in the CNS tumor

environment, our data do not clearly distinguish the roles

of tumor-derived versus host immune/stroma cell-derived

CCL2. In the U87 xenograft model, as the U87 glioma cells

and host cells express human and mouse CCL2, respec-

tively, and as anti-mouse and anti-human mAbs do not

cross-react with CCL2 derived from other species, we

initially treated U87-bearing SCID mice with either anti-

body separately, and evaluated the extent of TAM/MDSC

depletion (data not shown). Treatment with anti-mouse

CCL2 mAb appeared to have more impact on TAM/

MDSC-depletion than that with the anti-human CCL2

mAb, but the combination of both had the highest impact

than the use of either one of the two mAbs as a single

agent, suggesting that both host- and tumor-derived CCL2

contributed to the accumulation of these immunosuppres-

sive cell populations.

The current standard therapy for newly diagnosed glio-

blastoma multiforme following initial surgery is radiation

therapy (RT) and chemotherapy with TMZ [34, 35]. As the

therapeutic outcome by this combination is still subopti-

mal, in the field of neuro-oncology, major efforts are being

directed to develop novel approaches by combining new

agents with RT and TMZ. Our evaluation on the combi-

nation of anti-CCL2 mAb and TMZ treatments demon-

strated a remarkable improvement of survival in the GL261

model but not in the U87 model. This may be due to the

following reasons: (1) the CCL2 production levels by U87

glioma cells were lower than those by GL261 cells (Fig. 1),

and SCID mice are immune-compromised while C57BL/6

mice are immune-competent, which correlates with lower

numbers of TAM and MDSC in the tumor site in the SCID

mice (Fig. 2), and thus, there may have been a smaller

window for appreciating the effect of CCL2 blockade; (2)

human CCL2 produced by U87 cells may not be fully

cross-reactive to mouse CCR2 (the cognate receptor for

CCL2) on mouse monocytes, although previous studies

have shown potent effects of CNTO 888 in SCID mice

bearing human tumor xenografts [23]. Taken together, we

speculate that CCL2 may play a lesser role in the
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Fig. 5 Anti-CCL2 mAb administration in combination with vaccines

targeting glioma-associated antigens (GAAs). C57BL/6 mice bearing

GL261 glioma received subcutaneous immunizations with 100 lg of

HBV core128–140 (TPPAYRPPNAPIL) T-helper epitope peptide and

GAA peptides, 100 lg each of H-2Db-binding mEphA2671–679

(FSHHNIIRL), H-2Db-binding mGARC-177–85 (AALLNKLYA), H-

2Db-binding human gp100 (hgp100)25–33 (KVPRNQDWL), H-2 Kb-

binding mEphA2682–689 (VVSKYKPM), H-2 Kb-binding

mTRP2180–188 (SVYDFFVWL) peptide emulsified in Incomplete

Freund Adjuvant (IFA) on days 2, 12 and 22 after tumor inoculation.

In addition, poly-ICLC (20 lg/injection in 20 ll) was intramuscularly

injected twice a week starting on day 2 till day 30 after tumor

inoculation (n = 18). Nine of 18 immunized mice were also treated

with anti-mouse CCL2 mAb (2 mg/kg/dose) by i.p. injections starting

on day 7, twice weekly up to 8 weeks after tumor cell inoculation

(2 mg/kg/dose). Twelve control mice received mock vaccines con-

sisted of 100 lg of HBV core128–140 but without GAA-peptides

emulsified in IFA and control IgG (2 mg/kg/dose) was injected i.p.

twice a week starting on day 7 for total 8 weeks after tumor

inoculation. SFS of mice was monitored. (**P \ 0.0001 for poly-

ICLC-assisted GAA-vaccine plus anti-CCL2 mAb versus mock-

vaccines and control IgG; *P = 0.3395 for poly-ICLC-assisted

GAA-vaccine plus anti-CCL2 mAb versus poly-ICLC-assisted

GAA-vaccine and isotype IgG)
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development of U87 glioma in SCID mice than it does in

GL261 gliomas. Based on the high levels of CCL2 pro-

duction by GL261 cells, abundant TAM/MDSC infiltration

in the CNS GL261 tumor site as well as the syngeneic

immune system (i.e. no concerns for the cross-talk between

human CCL2 and mouse CCR2), we think the use of

C57BL/6 mice bearing GL261 and treatment with the anti-

mouse CCL2 antibody is a more suitable glioma model

among the two evaluated in the current study.

We have been dedicated to development of effective

immunotherapy strategies by combinations of multi-disci-

plinary approaches, such as vaccinations targeting glioma-

associated antigens (GAAs) in combination with toll

like receptor (TLR)-3 ligand poly-ICLC [29, 30], or anti-

TGF-b1 mAb (1D11) [36], both of which remarkably

enhanced the therapeutic effects of GAA-targeting vac-

cines. As a logical extension of these approaches, and

based on a recent study showing the benefit of anti-CCL2

mAb in combination with cancer immunotherapy in a lung

cancer model [37], we evaluated whether addition of anti-

CCL2 mAb would further improve the therapeutic efficacy

of the combination regimen with GAA vaccines and poly-

ICLC in GL261-bearing mice (Fig. 5). Although the

addition of anti-CCL2 mAb demonstrated a trend toward

improved survival, this did not reach statistically signifi-

cant levels compared to the GAA vaccine plus poly-ICLC

regimen (P = 0.3395). Further studies both in terms of

limiting mechanisms and optimization of the regimen are

warranted in this direction of efforts.

In summary, we demonstrate that systemic administra-

tion of neutralizing anti-CCL2 mAbs can reduce CNS

tumor infiltration of TAMs and MDSCs, thereby providing

significant survival benefits in tumor-bearing mice. It is

especially encouraging that increased therapeutic effects

were observed when anti-CCL2 mAb was combined with

TMZ in syngeneic mice bearing GL261 glioma. These

observations support development of clinical trials evalu-

ating anti-human CCL2 mAb in combination with TMZ.
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