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ABSTRACT

Background: The poor prognosis of patients with high-grade glioma multiform (GBM) has led investigators to the
search of new therapeutic strategies. Current treatment includes surgery when possible, radiotherapy and chemotherapy.
Molecular-targeted therapies are in the process of clinical testing, and promising agents include monoclonal antibodies.
Our study examined the antitumor activity of three different single therapies in nude mice bearing both subcutaneous
and orthotopic brain xenografts of the U87MG human GBM cell line. Methods: Cell culture, Histology, Immunohisto-
chemistry, Animal experiments, Statistical analysis. Results: Different groups of treatment included nimotuzumab, a
humanized monoclonal antibody that inhibits the EGFR tyrosine kinase activity, or total body irradiation, or the
chemotherapeutic agent temozolomide (TMZ). For the control group animals received saline solution instead of the
antibody. For the subcutaneous model, only nimotuzumab or TMZ produced a significant delay in tumor growth. In the
intracranial model, unlike TMZ, the systemic administration of the antibody did not reduce the tumor growth, despite
both therapies inhibited the formation of microsatellites in the brain of mice. The antitumor activity of nimotuzumab
was accompanied by a decrease in the microvessel density and the proliferative activity of tumor cells. TMZ only
inhibited the tumor cell proliferation but not the formation of new tumor-associated microvessels in xenografts. For
radiation therapy, neither antiproliferative nor antiangiogenic activity was found, in accordance with the lack of
antitumor activity. Only nimotuzumab reduced the frequency of chemo and radioresistant CD133" population. Con-
clusion: Our results illustrate the potential efficacy of nimotuzumab as a single agent against an EGFR-amplified
human GBM, a tumor resistant to the therapy with all well-known forms of treatment.
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1. Introduction agents or combination therapy is also far from satisfac-
tory. Although alkylating agents such as TMZ have ac-
tivity as single-agents or in combination chemotherapy,
its use has been associated with a high level toxicity and
only a modest improvement in overall survival rate [5,6].
In general, these agents are severely cytotoxic or poorly
tolerated, and resistance develops rapidly, which limits
the minimal benefits offered by treatment with these
drugs [5]. As a result, there is a need for new agents that
are effective and can be used in combination with con-
ventional therapies to overcome resistance, improve local
control of the disease and overall survival of patients with
GBM [7].

Human glioblastomas are the most lethal primary brain
tumor with a median survival of 14.6 months despite ag-
gressive treatment using surgery, radiation, and chemo-
therapy [1,2]. The scarce efficacy of current available the-
rapies is primarily attributable to the de novo or acquired
resistance to radiation and chemotherapeutic agents [3].
Among the currently available therapies ionizing radia-
tion has been probably the most effective nonsurgical treat-
ment modality. Nevertheless, virtually all patients with
GBM have an inadequate response to treatment, with fre-
quent relapses or progresses after radiation. Recurrent
tumors are highly aggressive and resistant to other forms

of therapies and invariably lead to patient death in a short
period of time [4]. Adjuvant chemotherapy with single-
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Most of high-grade gliomas overexpress the Epidermal
Growth Factor Receptor (EGFR) and this overexpression
is usually associated with a more aggressive phenotype
and a worse clinical outcome. This has led to developing
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new molecular-targeted therapies based on the inhibition
of the EGFR. Among EGFR inhibitors, the humanized
anti-EGFR monoclonal antibody nimotuzumab (Thera-
CIM, h-R3) has undergone an extensive evaluation in
GBM [8,9]. Preliminary clinical studies conducted with
nimotuzumab demonstrated its efficacy and low toxicity
profile in the treatment of patients with this malignancy
[8]. The good tolerability of this drug has particular cli-
nical value for the treatment of pediatric glioma, for
which chemotherapy is often the primary modality [10].
Moreover, its favorable safety profile allows it to be co-
administered with various agents, and most important give
the possibility to be used under long-term schemes with-
out a dose-limiting toxicity [8,10]. Based on this data,
investigators have initiated a phase Il trial to confirm the
activity of nimotuzumab concomitant with RT in this
type of tumor.

Previous studies conducted by our group have demon-
strated the ability of nimotuzumab to potentiate the acti-
vity of radiation in the human GBM cell line U87TMG
[10]. However, its potential efficacy as a single agent
therapy has not been fully addressed by preclinical stud-
ies. Such study is mandatory to provide preclinical evi-
dence for the benefit of nimotuzumab in GMB, in addi-
tion to give further insights about the mechanisms of
action of this drug for the design of therapeutic combina-
tions with standard cytotoxic agents. In addition, such
study might illustrate the potential therapeutic efficacy of
nimotuzumab as a successful alternative of therapy in
GBM patients not amenable to other forms of treatment.
We therefore investigated the efficacy of a nimotuzumab
therapy in comparison to other single-agents treatments
such as radiation and chemotherapy with TMZ, evaluat-
ing its growth-inhibitory effects and potential mecha-
nisms of antitumor activity in a human GBM cell line
xenografted in NMRI nude mice.

2. Materials and Methods

Cell Culture. US7MG (HTB-14, ATCC) is a human
GBM cell line. Cells were grown in a 1 + 1 mixture of
Earle’s MEM and Basal medium (Sigma) containing 2
mM L-glutamine and 10% fetal bovine serum, and were
maintained under a humidified atmosphere of 5% CO, at
37°C.

Chemicals and Antibodies. Temozolomide was pur-
chased from Schering-Plough (stock solution 150 mmol/L
in DMSO). The humanized anti-EGFR mAb nimotuzu-
mab was generated at the Center of Molecular Immu-
nology [11,12]. All the primary and secondary antibodies
were purchased from commercial sources as listed: rabbit
polyclonal EGFR antibody to total EGFR (Santa Cruz
Biotechnology), mouse monoclonal antibody MIB-1 to
Ki-67 (DakoCytomation), rat monoclonal anti CD31/
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PECAM-1 antibody (BD Pharmingen), mouse monoclo-
nal antibody to CD133/1 (AC133) (Miltenyi Biotec). The
secondary antibodies used were: HRP-conjugated anti-rat
IgG1 (Southern Biotech), HRP-conjugated antirabbit 1gG
(DakoCytomation), HRP-conjugated antimouse 1gG (Da-
koCytomation).

Histology and Immunohistochemistry. All the speci-
mens were fixed in 4% paraformaldehyde, embedded in
Tissue-Tek OCT (optimal cutting temperature) compound
and frozen at —20°C until analysis. For histologic exami-
nation, tissue slides (5 pm in thickness) were stained
with hematoxylin and eosin. For immunohistochemistry,
tissue sections (thickness of 8 um) were immunostained
according to standard protocols. To analyze the prolifera-
tive activity of the tumor cells, sections were stained with
the MIB-1 antibody (1:50) against the Ki-67 as described
previously [11]. The percentage of MIB-1-positive nuclei
was determined by counting immunoreactive tumor cell
nuclei in at least 5 high-power fields in the most actively
proliferating tumor area. To score a tumor cell as positive
for Ki-67, a nuclear staining was required. To detect mi-
crovessels, sections were stained with an antibody against
CD31/PECAM-1 (1:100). Vessel density was determined
by counting the number of stained vessels in three to five
high-power fields (0.031 mm?) in the most densely vas-
cularized areas. To detect CD133 positive cells, tumor sec-
tions were stained with the anti-human CD133/1 (AC133)
(1:10) as described [11]. To determine EGFR expression
tumor sections were stained as described [11]. Negative
controls consisted of duplicate sections of the same speci-
mens in which the primary antibody had been excluded
and replaced with PBS or negative control immunoglobu-
lin. Sections were visualized with 3,3’-diaminobenzidine
as a chromogen and counterstained with Mayer’s hema-
toxylin. Representative tumor sections were identified on
a light microscope (Zeiss, Axioskop 40) with an ocular
magnification of x40 evaluating 4 to 5 tumors from each
group for the corresponding analysis. To score a tumor cell
as positive a complete membrane staining was required for
EGFR and CD133.

Animal Experiments. Female athymic mice (8 - 10
weeks old, nu/nu) were obtained from Charles River. The
mice were housed and maintained under aseptic condi-
tions in facilities approved by the German Association
for Accreditation of Laboratory Animal Care and in ac-
cordance with current regulations and standards of the
German Animal Protection Law, and their use was ap-
proved by the local responsible authorities. Animals met
the requirements of the UKCCCR guidelines [13]. To
produce xenografts, tumor cells were harvested from sub-
confluent cultures by treatment with 0.25% trypsin and
0.05% EDTA. Only single-cell suspensions with >90%
viability were used for injections. Animals were inocu-
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lated with both 10" U87MG tumor cells s.c. into left
flank and 2 x 10 cells intracranially into the right hemi-
sphere of mouse brains with the help of a stereotactic de-
vice. Tumor volume from flank’s were determined from
direct measurement with calipers and calculated accord-
ing to the formula: 0.5 x (large diameter) x (small di-
ameter)2. Relative tumor volumes (RTV) were calculated
by referring the median volumes of each day to the first
measurement (set to 1) as described [14]. Treatments
were initiated three days after tumor cell injection. Treat-
ment groups consisted of control, anti-EGFR monoclonal
antibody nimotuzumab, total body irradiation, and che-
motherapy with TMZ, with each group containing eight
mice, except the control group containing ten mice. The
antibody was administered intraperitoneal three times per
week with 1 mg per mouse (50 mg/kg), mice in the con-
trol; radiation and TMZ groups were injected with sa-
line solution. For radiation group, animals were ex-
posed to a total dose of 4.0 Gy of total body radiation
fractioned in 1.0 Gy weekly. For chemotherapy group,
animals received five doses of TMZ 200 pg (10 mg/kg)
in consecutive days, starting 3 days after tumor inocula-
tion. All animals were killed by day 31 when tumor weight
from the control group exceeded the ten percent of total
animal weight.

The size of intracranial (i.c.) tumors was determined as
described previously [11]. At the area of largest dimen-
sions tumor diameters and perimeters were determined
by computer-assisted image with the help of a micro-
scope (Zeiss Axioskop 40). Subcutaneous tumors were
snapping frozen and stored at —80°C for additional
analyses.

Statistical Analysis. Statistical analysis was performed
using the GraphPAD Prism software for Windows, ver-
sion 4.0 (GraphPAD). The significance of differences be-
tween groups was compared using a Kruskal-Wallis test.
The significance of differences in groups was compared
using Turkey-Kramer’s Multiple Comparison Test. Dif-
ferences were considered significant if p < 0.05.

3. Results

We first explored the antitumor activity of different sin-
gle-agent therapies (e.g. total body irradiation, che-
motherapy with TMZ or molecular-targeted therapy with
nimotuzumab) on the growth of U87MG tumors. For that
purposes U87TMG cells were xenografted both in the flanks
and in the brains of NMRI nude mice and antitumor ac-
tivities achieved with each therapy were assessed. All ani-
mals injected with the U87MG cells developed tumors.
Figure 1 shows the relative tumor volumes (RTV) of
treated groups at different time points. As shown, only
the treatment with TMZ or nimotuzumab caused a sub-
stantial growth delay and subsequent inhibition of the
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growth rate of U87MG xenografts with a maximum ef-
fect by day 28, i.e.,, media RTV for TMZ (1.7) and ni-
motuzumab (1.4) versus control (3.1). In contrast, the
exposure to ionizing radiation did not affect tumor growth
profiles in treated animals compared with controls (RTV
of 2.4 by day 28). These results suggest that single agents
nimotuzumab and TMZ had higher antitumor activity
than ionizing radiation in U87MG tumors in vivo under
the dose and schedule assessed.

We next examined the antitumor activity of each the-
rapy in UB7MG tumors implanted in the brain of mice. In
the orthotopic model, radiation failed to show a statistical
reduction in brain tumor size (p > 0.05), corroborating its
lack of efficacy previously observed in subcutaneous
(s.c.) tumors (Figure 2(a)). Surprisingly, in brain tumors
nimotuzumab did not reproduce the efficacy observed in
s.c. tumors, and despite slight reductions in tumor size, a
non significant activity was found; e.g. tumor perimeter
(mean £ sem) for nimotuzumab (7.6 mm = 1.6) versus
radiotherapy (10.0 mm =+ 1.8) or control group (10.6 mm +
2.0). In contrast, only the administration of TMZ showed a
similar effectiveness than the previously observed for s.c.
tumors, reducing significantly (p < 0.05) the growth
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Figure 1. Therapeutic effect of radiation, or TMZ, or the
anti-EGFR mAb nimotuzumab on the growth of established
U87MG human GBM xenografted into NMRI nude mice.
Tumor cells were inoculated into the flanks of nude mice.
Treatments were initiated three days after tumor inocula-
tion with o nimotuzumab (h-R3), 50 mg/kg intraperito-
neally, three times/week by four weeks, or m radiation (RT),
4 Gy fractioned in 1 Gy weekly, or TMZ 10 mg/kg adminis-
tered intraperitoneally on the first five consecutive days, or
o PBS control (PBS). Antibody administrations are showed
as black arrows, radiation as fractioned arrows, and che-
motherapy with TMZ with small fractioned arrows. Tumor
volume was determined at the indicated time thereafter and
RTYV were calculated. Error bars are not shown because of
better clarity. Kruskal-Wallis test; symbols indicate statis-
tical differences as follows: Significant to PBS; 'Signifi-
cant to radiation.
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of intracranial (i.c.) tumors (1.2 mm % 0.5). Moreover,
non-statistical differences were found between group of
mice treated with nimotuzumab or TMZ (p > 0.05).

Nevertheless, a histopathological analysis of i.c. tumor
sections showed a strikingly different invasive growth
pattern in mice treated either with nimotuzumab or the
chemotherapeutic agent TMZ, in comparison to those
maintained under radiation regimen (Figure 2(b)). Visu-
alization under the microscope of i.c. tumor sections re-
vealed that tumor surfaces and adjacent parenchyma in
mice treated with radiation or controls were usually sur-
rounded by numerous smaller satellite tumors, which is
in contrast to tumors treated with nimotuzumab or TMZ.
These results confirm our previous findings which sug-
gest that nimotuzumab avoids the formation of microsa-
tellite tumors induced by radiotherapy in this tumor
model [11]. A further quantification of these satellites
revealed that the satellite frequency (median, Min-Max)
significantly decreased in mice treated with nimotuzu-
mab (4, 0 - 8) or TMZ (1, 0 - 7) compared with radiation
(21, 5 - 40) or control (19, 1 - 38) groups (Figure 2(c)).

All the U87MG-xenografted tumors were examined
histologically after frozen tissue sectioning. A histology-
cal examination of these tumors showed no significant
differences between specimens taken from different groups
of treatments after therapy. Indeed, all tumors grew rap-
idly and were composed by fused cells displaying a fusi-
form shape; forming both transversal and longitudinal
fiber bundles (representative images are shown in Fig-
ures 3(A)-(D)). Moreover, these histological findings were
similar to those described for tumors arising from xeno-
grafts of the parental cell line US7MG [15].

To further evaluate mechanisms underlying the anti-

tumor activity of each treatment, an immunohistochemi-
cal analysis was done at the end of the treatment in tumor
specimens excised from the s.c. area. A positive EGFR
immunostaining was detected in all analyzed tumor sam-
ples (Figures 3(E)-(H)). Data scored from +1 to +4 as
per immunostaining intensity was blinded evaluated re-
sulting nearly identical in each treatment group, indicat-
ing no differences in the EGFR expression level in ana-
lyzed tumors (Supplementary Figure 1).

Earlier observations have postulated that malignant
gliomas are highly dependent on angiogenesis for its
growth and maintenance [16]. In addition, several drugs
that act by blocking the EGFR (e.qg. erlotinib, cetuximab
and nimotuzumab) have shown an inhibitory effect on
angiogenesis [11,17,18]. We therefore assessed the anti-
angiogenic activity of each therapy by analyzing tumor
vessel density in s.c. tumors. A quantitative analysis of
the blood vessels stained with the specific endothelial
marker CD31 showed that only in nimotuzumab-treated
mice, a significant decrease in the intratumoral microve-
ssel density (MVD) was found. In contrast, in mice treated
with TMZ only small vessel reductions were detectable,
being not statistical different from those achieved in con-
trol or radiation groups (Figures 4(a)-(b)). Further, no
differences were found between TMZ and radiation groups.
These results confirmed the highly antiangiogenic poten-
tial of nimotuzumab in this tumor model [11].

We next examined the inhibition of cell proliferation
by analyzing the Ki-67 expression. The analysis of the
proliferative activity in these tumors revealed that only
nimotuzumab and TMZ significantly reduced the cell
proliferation in treated mice, whereas radiation did not
affect the proliferative activity of tumor cells, compared
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Figure 2. Therapeutic effect of radiation, or TMZ, or the anti-EGFR mAb nimotuzumab on the growth of established
U87MG human GBM orthotopically xenografted into NMRI nude mice. (a) Tumor cells were injected intracranially in nude
mice. Treatments were initiated three days after tumor inoculation with nimotuzumab (h-R3), 50 mg/kg intraperitoneally,
three times per weeks by four weeks, or radiation (RT), 4 Gy fractioned in 1 Gy weekly, or TMZ 10 mg/kg administered in-
traperitoneally on the first five consecutive days, PBS control (PBS); (b) Mice were sacrificed and tumor volume was ana-
lyzed using a caliper. Stained sections show the extent and morphology of tumors treated with each therapy. The histologic
tumor volume = SEM is given. White arrowheads indicate tumors; (c) Analyzed brain sections from mice showed a remark-
able reduction in the number of small satellite tumors in the groups of mice treated with nimotuzumab or TMZ, but not in
those mice receiving RT. Kruskal-Wallis test; symbols indicate statistical differences as follows: “Significant to PBS; 'Signifi-
cant to radiation.
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Figure 3. Morphology and immunohistochemistry of s.c. US7MG human GBM xenografts. Representative photomicrographs
of tumors formed by implanting 10’ US87MG cells into the flanks of mice and treated for 4 weeks with PBS (A and E), or ni-
motuzumab (B and F), or radiation (C and G), or TMZ (D and G). (A-D), HE; Tumors were composed by fused cells dis-
playing a fusiform shape; forming both transversal and longitudinal fiber bundles; (E-H), Immunohistochemistry showed a
strong positive pattern for EGFR expression with positive reaction in brown color revealed by DAB and counterstained with
hematoxylin. Magnification 40x.
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Figure 4. Effect of radiation (RT), or TMZ, or nimotuzumab (h-R3) therapy on tumor blood vessel density. Imnmunostaining
was performed using 5-um tissue sections from s.c. tumors. (a) Micro vessels were detected by staining representative tumor
sections with an antibody against CD31/PECAM-1. Subsequently, tumor blood vessels distribution was visualized under light
microscopy; (b) Quantification of micro vessel density was assessed as described in “Materials and Methods”. Kruskal-Wallis

test; symbols indicate statistical differences as follows: “Significant to PBS, "Significant to radiation. Magnification 40x,

to control. In the nimotuzumab group, the proliferative
activity was reduced by 70% and 67% compared to con-
trol and radiation, respectively (Figures 5(a)-(b)). In TMZ-
treated tumors the proliferative activity was reduced by
49% compared to control, and no significant differences
were found compared to nimotuzumab group.

GBM are among the first solid cancers in which cancer
stem cells (CSC) have been identified [19]. In these tu-
mors the CD133" but not CD133" cells have been re-
ported to be responsible for tumor growth [19-21]. Fur-
thermore, CSC population has shown to be a source of che-
motherapy and radiation-therapy resistance within brain
tumors [20,22,23]. We therefore investigated how differ-
ent therapies may affect the frequency of CSC in US7TMG
xenografts, by quantifying the expression of the CD133
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molecule in s.c. tumors. As shown in Figures 6(a)-(b),
the administration of nimotuzumab resulted in significant
reduction of CD133" cells in tumor specimens. The fre-
quency of CD133" cells per field (mean + sem) decreased
from 4.7 £ 0.7 in control mice to 2.6 = 0.6 in mice treated
with nimotuzumab. As expected, the frequency of CD133"
CSC in the radiation group (5.4 + 0.6), or in TZM group
(7.9 + 0.8) was slightly increased compared to controls,
and significantly to nimotuzumab group, which is con-
sistent with our previous observations [11]. These results
are in line with previous findings demonstrating the re-
sistance of CD133" cells to the treatment with standard
therapies including TMZ [22,23] and radiation [21]. In
addition, these results corroborate the ability of anti-
EGFR monoclonal antibodies to target the CD133* CSC
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Figure 5. Effect of radiation (RT), or TMZ, or nimotuzumab (h-R3) on tumor cell proliferation. (a) Immunostaining was
performed using S5-um tissue sections from s.c. tumors. Proliferating tumor cells were detected by staining representative
tumor sections with the MIB-1 antibody. Subsequently, stained tumor sections were visualized on a light microscope; (b)
Quantification of Ki-67-positive cells was assessed as described in “Materials and Methods”. Kruskal-Wallis test; symbols
indicate statistical differences as follows: “Significant to PBS, ‘significant to radiation. Magnification 40x.
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Figure 6. Effect of radiation (RT), or TMZ, or nimotuzumab (h-R3) on the CD133" population. (a) Immunostaining was per-
formed using 5-um tissue sections from s.c. tumors. CD133" cells were detected by staining representative tumor sections
with the CD133/1 (AC133) antibody. Subsequently, stained tumor sections were visualized on a light microscope; (b) The
frequency of CD133" cells was quantified as described in “Materials and Methods”. Kruskal-Wallis test; symbols indicate
statistical differences as follows: Significant to radiation; “Significant to TMZ. Magnification 40x.

population in U87MG GBM tumors [11], being a poten-
tial therapeutic alternative to the failure of conventional
therapies currently available for the treatment of brain
tumors.

vant chemotherapy, this malignancy remains one of the
most lethal and challenging forms of cancer, with median
survival time being approximately 14 months [2]. The
disappointing results of standard therapy for GBM have
led investigators to the search of new therapeutic options,

4. Discussion such as therapies based on well-defined molecular tar-

GBM presents unique challenges to therapy due to its
location, aggressive biological behavior and diffuse infil-
trate growth [1]. Despite many technological advances in
neurosurgery, neuroimaging, radiation therapy, and adju-
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gets.

One distinguishing feature of GBM is the high rate of
amplification of the EGFR gene and the overexpression
of the receptor. Precisely, high levels of EGFR expres-
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sion have been largely correlated with aggressive beha-
vior, increased metastasis, and decreased overall survival
in GBM [24]. Recently, we examined nimotuzumab as a
potent antitumor agent in the treatment of this malig-
nancy in combination with radiotherapy, capable of in-
hibiting tumor cell growth of U87MG xenografts, acting
as a modulator of radiation [11]. However, a study de-
monstrating the efficacy of nimotuzumab as a single-
agent therapy in comparison to radiation or chemother-
apy is mandatory for the introduction of this drug in the
treatment of GBM. The reason for this is clear: radiation
and chemotherapy (TMZ) are the “gold standards” for treat-
ment of GBM and any novel therapy would be mea-
sured against them. Furthermore, such study would help
us to elucidate the main mechanisms of antitumor acti-
vity of this drug as a useful starting point for the design
of combination strategies. Here, we extend our previous
observations to demonstrate that nimotuzumab can signi-
ficantly inhibit the growth of U87MG tumor xenografts
as single agent. A histological examination of xenografts
suggests that these antitumor effects are exerted through
a combination of antiangiogenic and antiproliferative ac-
tions. Using an orthotopic brain model, we further de-
monstrated that systemic administration of the antibody
was less effective in inhibiting intracranial (i.c.) tumor
growth, despite reducing the ability of tumor cells to mi-
grate and invade the brain of mice.

The highly infiltrative nature of glioma cells is the ma-
jor cause of dismal prognosis in malignant gliomas. For
that reason, one of the therapeutic strategies to treat glio-
ma is the eradication of invading glioma cell microsatel-
lite tumors before they develop into recurrent tumors
[25]. In line with this, several studies have showed that
the blockade of the VEGF/VEGFR system by antiangio-
genic and vascular targeting agents can inhibit the grow-
th of i.c. gliomas [25]. However, there is also evidence
that in different tumor models, antiangiogenic therapies
can enhance tumor cell invasion or metastasis [26,27]. In
the present study, the inhibitory effect of nimotuzumab
on tumor growth of U87MG xenografts is accompanied
by a reduction in tumor-induced angiogenesis, as assessed

by CD31 immunostaining in tumor specimens (Figure 4).

Moreover, in the i.c. model nimotuzumab significantly
reduces the propensity of U87MG cells to migrate from
the central core of implanted tumors (Figure 2(a)). In
line with this, previous findings obtained from other tu-
mor types revealed that the antiangiogenic activity of
nimotuzumab is mediated by a potent downregulation of
the VEGF in the squamous carcinoma cell line A431 in
vitro as well as in vivo. Because VEGF acts as a survival
factor for immature endothelial cells, protecting endothe-
lial cells from apoptosis [28], a decreased production of
VEGF induced by nimotuzumab may lead endothelial
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cell to apoptosis contributing to reduce neovascularity.
Therefore, these results suggest that the inhibitory effect
on vessel formation exerted by nimotuzumab might be
mediated by an indirect action on endothelial cells via
down-regulating angiogenic factors. Similar results have
been reported for other anti-EGFR monoclonal antibody-
ies (e.g., cetuximab) and small-molecule tyrosine kinase
inhibitors of the EGFR (e.g., gefitinib) [29]. Interestingly,
the blockade of EGFR signaling has been reported to
inhibit GBM cell migration and invasion [30,31]. Accord-
ingly, the simultaneous blockade of EGFR and VEGFR
has shown to inhibit tumor growth without increasing
glioma cell invasion. In a study done by Lamszus et al., it
was reported that inhibition of angiogenesis by DC101, a
rat mAb against mouse VEGFR-2, can cause increased
glioma cell invasion in an orthotopic human glioblastoma
model [31]. In contrast, such increased tumor cell inva-
sion was significantly inhibited by simultaneous block-
ade of EGFR with mAb cetuximab [31]. Consistent with
these findings, we demonstrated that nimotuzumab par-
tially abrogates the activation of the receptor, as well as
the EGFR-downstream related signaling in U87MG tu-
mor xenografts [11]. Altogether; these findings might
partially explain why the antiangiogenic activity of ni-
motuzumab did not increase the tumor cell invasion in
our experimental model. These observations suggest that
nimotuzumab may act as an antiangiogenic and targeted
therapy against both endothelial and tumor cells inhibit-
ing tumor growth by disrupting the vascular endothelial
microenvironment, in addition to abrogate the EGFR ac-
tivation.

CSC has been identified as a major subpopulation of
brain tumor cells with potent tumorigenic activity [32,33].
Increase evidences have demonstrated a close relation-
ship between endothelial cells and brain CSC for the ini-
tiation and growth of tumors [34]. Previous studies sug-
gest that CSC of orthotopic GBM xenografts may secrete
angiogenic factors that promote the recruitment and for-
mation of tumor blood vessels [21]. Moreover, the the-
rapeutic activity of antiangiogenic therapies against GBM
has been linked to their intrinsic capacity to deplete tu-
mor blood vessels and CSC [34]. Here we confirmed pre-
vious findings demonstrating the ability of the anti-EGFR
monoclonal antibodies to targeting the CD133" CSC po-
pulation in U87MG xenografts [11]. This may be achieved
through a direct effect of the antibody on tumor cells or
as a consequence of its antiangiogenic activity. A direct
effect of nimotuzumab on the tumor cells is suggested by
previous results indicating that nimotuzumab can de-
crease cell proliferation by inhibiting EGFR activation
[35,36]. Interestingly, latest studies conducted by our
group revealed that CSC markers Nestin and CD133 are
co-expressed alongside the EGFR on the cell surface of
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the U87MG cells providing a plausible explanation for
such findings (unpublished data). These results also sup-
port previous findings demonstrating that nimotuzumab
efficacy is directly associated to the levels of EGFR ex-
pressed in the tumor cells [37]. Alternatively, an indirect
targeting of CSC by nimotuzumab might also result from
the disruption of the vascular microenvironment of tu-
mors as a result of the antiangiogenic activity of nimotu-
zumab on tumor xenografts.

Unlike nimotuzumab, TMZ did not affect the CD133"
cells, despite inducing a significant antitumor activity.
This may be explained by the low frequency of CD133",
which represents a minimal fraction of the U87MG tu-
mor cells, despite its crucial role in the initiation, pro-
gression and recurrence of cancer [15]. TZM is an alky-
lating agent that exerts its cytotoxic effect mainly by
methylating the DNA of replicating cells [38], leading to
mismatched repairs and subsequent cell death [39]. Cur-
rently available data indicate that this adduct can be re-
moved by the DNA repair protein O°-methylguanine-
DNA-methyltransferase (MGMT), which is expressed in
a subgroup of GBM. Consequently TMZ displays its
highest efficacy against tumors lacking MGMT expres-
sion; whereas the presence of the MGMT renders cells
resistant to the cytotoxic actions of this agent [40]. In line
with this, a higher expression of MGMT has been de-
tected in the subgroup of CD133" cells of GBM patients,
which in turn show higher resistance to the treatment
with TZM, compared to CD133" cells [23]. The ability of
nimotuzumab to target the radio and chemoresistant CD-
133" population not only contribute to a better understand-
ing of nimotuzumab in GBM, but also bears implica-
tions for the design of future clinical investigations of the
therapeutic efficacy of nimotuzumab in combination with
standard cytotoxic therapies. It may also represent a new
choice of treatment for those patients not amenable for
receiving standard cytotoxic therapies. Further clinical
trials examining the efficacy of nimotuzumab in a sub-
group of GBM patients with MGMT expression and high
levels of EGFR are currently in progress.

Our results also suggest a differential pharmacody-
namic effect of nimotuzumab in tumors located in the
flank or in the brains of xenografted mice. In subcutane-
ous (s.c.) tumors, nimotuzumab induced a significant
increase in tumor growth delay. However, in brain tu-
mors the antibody only produced a non-significant and
modest reduction of tumor growth, despite inhibiting ini-
tial events in the metastatic processes, i.e., migration and
local invasion of tumor cells. These findings support the
notion that agents that block EGFR signaling may inhibit
GBM cell invasion at much lower concentrations than
are necessary for growth suppression [30]. The reduced
efficacy of nimotuzumab in the i.c. setting might result

Copyright © 2012 SciRes.

from an impaired capacity for the antibody to overcome
the blood-brain barrier (BBB). To show an optimal anti-
tumor activity, antibodies injected systemically need to
cross the BBB and have to reach the brain tumor in con-
centrations, which are sufficient to induce its therapeutic
activity. Previous immunoscintigraphy studies with *mTec-
labelled ior egf/r3, the predecessor murine version of ni-
motuzumab, outlined its ability to cross the BBB, show-
ing a high sensitivity, specificity and accuracy for the in
vivo detection of astrocytomas in patients [41]. Moreover,
studies done after dual therapy with nimotuzumab plus
radiation showed a positive antibody uptake by patients
with GBM residual lesions, while subjects with complete
responses showed no antibody accumulation at the pre-
viously known site of tumors [8]. However, both reports
did not perform paired scintigraphy studies to compare
the antibody uptake before and after therapy, and the
EGFR expression was not evaluated in the tumor speci-
mens before starting treatment [8]. Therefore, despite
preliminary evidences suggest that nimotuzumab injected
systemically is able to cross the BBB; it is possible that a
significant amount of the initially injected antibody do
not reach the brain in sufficient concentrations to induce
a significant antitumor activity. This idea is further vali-
dated in our experimental conditions, where all therapies
are evaluated in mice bearing both tumors simultane-
ously. This experimental model avoids variations associ-
ated to the technical handling of animals or any other
source of variability inherent to the animal itself.

Even more interesting is the fact that tumors implanted
in the flank of mice may sequester the free circulating
drug, due to being located in an anatomical site more
accessible for the antibody, avoiding higher accumula-
tions of the drug in the i.c. tumors. This issue should not
be pertinent to TMZ, a molecule of lower molecular weight
and size compared to antibodies, which may partially
explain why TMZ, unlike nimotuzumab, shows a similar
efficacy in treating both s.c. and i.c. tumors.

One distinguishing feature of nimotuzumab is connected
to its very favorable toxicity profile in comparison to
other members of the same class of inhibitors (e.g., ce-
tuximab or panitumumab) suggesting the possibility to
use this antibody under long-term chronic treatment con-
ditions [42,43]. Here we found that a four-week treat-
ment with nimotuzumab significantly inhibited the cell
proliferation, and subsequent U87MG tumor growth in
s.c. tumors. These results contrast with previous findings
in which nimotuzumab failed to exert a significant anti-
tumor activity on U87MG tumors when the administra-
tion of the antibody was interrupted three weeks after the
initiation of the treatment [11]. Therefore, these results
reinforce the need of a sustained administration of the
drug in the treatment of GBM. Based on these considera-
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tions, long-term chronic treatments with this drug should
be next evaluated in the clinic.

5. Conclusion

We demonstrated that nimotuzumab, a monoclonal anti-
body against the EGFR, has efficacy in inhibiting the
growth of U87MG xenografts as a single-agent. This
antitumor activity is driven by a combination of a potent
antiangiogenic activity and a reduction in tumor cell pro-
liferation and invasiveness. In addition, its ability to effe-
ctively target the CD133" radio and chemoresistant popu-
lation may supports its use in the treatment of GBM in
combination with conventional therapies. In view of
these results, it might be recalled that nimotuzumab may
represent a new option of treatment for those cancer pa-
tients not amenable for receiving standard cytotoxic the-
rapies currently available in the management of GBM.
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