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Research Highlights

(1) Human umbilical cord mesenchymal stem cells displayed potent glioma-specific targeting ca-
pability and extensive distribution in the tumor bed, indicating that ventricular administration may
serve as a less invasive administration route compared with intratumoral injection.

(2) The inherent glioma-targeting tropism of human umbilical cord mesenchymal stem cells implies
their potential application as a cellular vehicle for the delivery of therapeutic agents in glioma therapy.

Abstract

High-grade glioma is the most common malignant primary brain tumor in adults. The poor prognosis
of glioma, combined with a resistance to currently available treatments, necessitates the
ment of more effective tumor-selective therapies. Stem cell-based therapies are emerging as novel
cell-based delivery vehicle for therapeutic agents. In the present study, we successfully isolated
human umbilical cord mesenchymal stem cells by explant culture. The human umbilical cord
senchymal stem cells were adherent to plastic surfaces, expressed specific surface phenotypes of
mesenchymal stem cells as demonstrated by flow cytometry, and possessed multi-differentiation
potentials in permissive induction media in vitro. Furthermore, human umbilical cord mesenchymal
stem cells demonstrated excellent glioma-specific targeting capacity in established rat glioma
models after intratumoral injection or contralateral ventricular administration in vivo. The excellent
glioma-specific targeting ability and extensive intratumoral distribution of human umbilical cord
mesenchymal stem cells indicate that they may serve as a novel cellular vehicle for delivering the-
rapeutic molecules in glioma therapy.
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ly®.  The aggressive growth manner,
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terized by marked angiogenesis and

sive tumor cell invasion into normal brain

Glioblastoma, the most common malignant
primary brain tumor in adults, represents an
important cause of cancer-related mortality
in patients™. Although its incidence rate is
only 3.19 per 100 000 people!, it remains
the cause of approximately 13 000 cancer-
related deaths in the United States annual-

renchyma with frequent formation of tumor
microsatellites at distal sites, makes eradica-
tion impossible even after extensive micro-
surgical resection combined with current
standard chemoradiation and adjuvant temo-
zolomide!. Without treatment, most patients
will die within 3 months after diagnosis®™.
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Even with the above-mentioned standard
therapy, the median survival of newly-
diagnosed glioblastoma patients is 14.6
months and the overall survival rate is
9.8% at 5 years, while with radiotherapy
alone it is only 1.9%®. Moreover, almost all
glioblastomas will eventually relapse and
survival following disease progression is
estimated to be 25-30 weeks®. Thus,
novel therapeutic strategies must to be in-
vestigated for the development of a more
effective treatment strategy.

In seeking new therapeutic options, current
efforts have focused on exploiting the fact
that glioblastomas are highly vascularized
tumors characterized by activation of multiple
proangiogenic signaling pathways and over-
expression of a variety of proangiogenic
factors®®. Consequently, new drug regimens
are being developed to target angiogenesis
in an attempt to arrest tumor growth. In par-
ticular, the novel antiangiogenic agent beva-
cizumab (Avastin), which targets vascular
endothelial growth factor, has been used for
glioblastoma treatment™® and received ac-
celerated Food and Drug Administration ap-
proval for use in patients with recurrent
glioblastoma in 2009™. Bevacizumab has
shown promising results with prolonged pro-
gression-free survival and favorable conse-
quences for patient quality of life by alleviat-
ing peritumoral vasogenic cerebral edema

and decreasing corticosteroid dependence?.

However, in addition to frequently occurred
treatment-associated toxicities™¥, the re-
sponse to anti-vascular endothelial growth
factor therapy is always transient and the
majority of patients will eventually relapse™®.
Moreover, several other novel strategies,
including carmustine wafer™, passive and
active immunotherapy™®, oncolytic virus
therapy™”, gene therapy™ and novel deli-
very systems, such as the controlled release
system™® and convection-enhanced delivery
system®?”, have failed to achieve significant
therapeutic effect due to either lack of selec-
tivity for glioma or inability to effectively de-
liver therapeutic agents to the invasive tumor

cells infiltrating into normal brain parenchyma.

Therefore, innovative treatments that effec-
tively and specifically target glioblastoma

tumor cells while sparing normal brain tissue
are critically needed to substantially improve
the outcome of glioblastoma patients.

In the past decade, a variety of in vitro and in
vivo studies have demonstrated that stem
cells possess intrinsic tumor-inhibitory ef-
fects as well as inherent tropism toward
primary®! and metastatic?” invasive malig-
nancies within the brain, including glioblas-
toma®?. These observations promoted in-
vestigators to design targeted therapeutic
delivery modalities employing stem cells as
vehicles to track invasive tumor burden and
selectively distribute anticancer agents to
glioblastoma tissue, in which stem cells
demonstrated unprecedented specificity and
coverage of the whole tumor, including tu-
mor microsatellites®. Among various types
of stem cells, neural stem cells and me-
senchymal stem cells are the two main
sources that have been extensively investi-
gated as potential vehicles for the delivery of
numerous tumoricidal agents, such as im-
munomodulatory, anti-mitotic, pro-apoptotic,
pro-necrotic, and viral oncolytic therapies,
with promising results, including a significant
decrease of tumor burden as well as pro-
longation of survival in numerous animal
models®?% Because of the ethical prob-
lems and technical difficulties associated
with neural stem cells, mesenchymal stem
cells are increasingly regarded as an alter-
native cell source for such applications as
they can be easily isolated and expanded in
culture and can overcome immunological
incompatibilities via autologous transplanta-
tion®®. As one of the most intensively inves-
tigated sources of mesenchymal stem cells,
human bone marrow mesenchymal stem
cells have shown strong migratory capacity
towards glioma, which is mediated by the
interaction of cytokines secreted by glioma
cells and their related receptors expressed
by human bone marrow mesenchymal stem
cells®”. In addition, human bone marrow
mesenchymal stem cells carrying proapop-
totic genes, immune genes, tumor-inducing
death ligands and oncolytic viruses have
exerted potent antitumor effects on glioma'?®.
As an alternative source of mesenchymal
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stem cells, human umbilical cord blood mesenchymal
stem cells have also shown similar glioma-trophic ca-
pacity and inhibition of tumor growth®®,

Although both human bone marrow mesenchymal stem
cells and human umbilical cord blood mesenchymal
stem cells have been studied as potential vehicles for
delivery of therapeutic agents, there are few reports
that have focused on umbilical cord mesenchymal stem
cells, even though they have many advantages over
their counterparts, such as easy isolation, enhanced
proliferation potency, and low risk of infection. Based on
our previous studies demonstrating the migratory ca-
pacity of umbilical cord mesenchymal stem cells toward
lesions of spinal cord injury®®, we hypothesized that
umbilical cord mesenchymal stem cells may have sim-
ilar targeting capabilities for glioma.

Thus, we investigated the glioma-targeting behavior of
umbilical cord mesenchymal stem cells in Spra-
gue-Dawley rat glioma models in vivo by intratumoral
injection and contralateral intraventricular administra-
tion of umbilical cord mesenchymal stem cells.

RESULTS

Morphological characteristics of umbilical cord
mesenchymal stem cells

At 3 to 5 days after primary culture, a few of the adherent
cells grew out from the small umbilical fragments. These
cells initially appeared to be small, polygonal or irregular,
refractive shaped (Figure 1A), and subsequently grew
into homogenous spindle-like cells, which were similar to
fibroblasts in morphology. When more adherent cells
grew out from the umbilical fragments, they formed radial
clusters around the fragments (Figure 1B). Within ap-
proximately 2 weeks of cultivation, the fibroblast-like cells
reached 80-90% confluence. They maintained homo-
genous fibroblastic appearance without obvious differ-
ence in morphology and growth characteristics after
several passages (Figure 1C, D).

Immunophenotype of umbilical cord mesenchymal
stem cells

Fluorescence activated cell sorting analysis revealed that
cells of passage 3 expressed high levels of putative
mesenchymal stem cell markers, such as CD13, CD29,
CD44, and CD90. However, they failed to express the
surface markers of hematopoietic lineages, including
CD14, CD34, CD45 and the endothelial-related antigen
CD31 (Figure 2).

Figure 1 Primary and secondary culture of human
umbilical cord mesenchymal stem cells.

(A, B) Primary culture on days 5 and 10 of the first
passage (x 10). (C) Cell culture on day 3 of passage 5 (x
20). (D) Cell culture on day 5 of passage 9. Photos were
obtained periodically by phase-contrast microscopy (x 20).
On day 5 of passage 9, the fibroblast-like cells maintained
homogenous fibroblastic appearance without obvious
differences in morphology and growth characteristics.
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Figure 2 Immunophenotypes of human umbilical cord
mesenchymal stem cells.

X-axis: Fluorescence content; Y-axis: relative cell/particle
number. Cells of passage 3 express high levels of CD13,
CD29, CD44, and CD90. However, they failed to express
CD14, CD34, CD45 and CD31.

Differentiation capacities of umbilical cord
mesenchymal stem cells in vitro

After being exposed to adipogenic differentiation medium
for 2 weeks, most fibroblastic cells changed into large,
flattened morphology with accumulated lipid vacuoles,
which stained red with oil red O (Figure 3A). After being
exposed to osteogenic differentiation medium for 2
weeks, osteogenic differentiation was observed as the
calcium deposition in differentiated multi-angular or irre-
gular cells stained red by alizarin red (Figure 3B). In
neural differentiation medium, some of these cells were
transformed into typical morphology of neurons, astro-
cytes or oligodendrocytes, which were strongly stained
with neuron-specific enolase, glial fibrillary acidic protein
and myelin basic protein, respectively (Figure 3C-E).
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Figure 3 Adipogenic, osteogenic, and neural
differentiation potentials of human umbilical cord
mesenchymal stem cells in vitro.

All induction media were changed twice weekly and the
cells were observed with light or fluorescent microscopy.
(A) Large, flattened cells with accumulated lipid droplets
stained red with oil red O after adipogenic induction under
a light microscope (arrows). (B) Differentiated cells with
calcium deposition stained red by alizarin red in
osteogenic medium under a light microscope (arrow).
Neuron-specific enolase (C), glial fibrillary acidic protein
(D) and myelin basic protein (E) expressions (arrow) were
obvious after neural induction under a fluorescent
microscope.

Quantitative analysis of experimental animals

One week after tumor inoculation, 32 rat models were
equally and randomly divided into four groups. Group 1
received contralateral ventricular injection of 5 yL PBS
containing 5 x 10° umbilical cord mesenchymal stem
cells labeled with CM-Dil; group 2 received equal number
of umbilical cord mesenchymal stem cells at previous
sites of tumor inoculation. As controls, group 3 and group
4 received 5 pL PBS via contralateral ventricular injection
or intratumoral administration, respectively. Two weeks
later, the rats were sacrificed and the brains were re-
moved and sectioned for histological analysis and mi-
gration analysis. All animals were included in the final
analysis.

Migratory capacity of umbilical cord mesenchymal
stem cells in vivo

Histopathological analysis of the brains of glioma-bearing
rats revealed that the gliomas mainly located in the right
frontal lobe (Figure 4A, B) with infiltrating satellites dis-
tant from the tumor bed (Figure 4C). The right lateral
ventricle was compressed and had lost its natural shape
(Figure 4A, B).

In the contralateral ventricle injection group, the
Dil-labeled umbilical cord mesenchymal stem cells mi-
grated away from the initial injection site and targeted the
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glioma through the corpus callosum (Figure 4D).

Figure 4 Glioma and glioma-tropic migration of human
umbilical cord mesenchymal stem cells in vivo.

The rats were sacrificed 2 weeks after human umbilical
cord mesenchymal stem cell transplantation. The brains
were removed and sectioned for histological analysis
using hematoxylin-eosin staining under light microscopy
and for migration analysis by nuclei staining with Hoechst
33258 (blue) under fluorescent microscopy. Dil-labeled
umbilical cord mesenchymal stem cells were red.

(A, B) Hematoxylin-eosin staining shows the right lateral
ventricle was compressed and lost its natural shape
because of glioma growth (x 40). (C) Infiltrating glioma
satellites in normal parenchyma (x 200). (D) Migration of
human umbilical cord mesenchymal stem cells from the
initial injection site towards the glioma (x 40). (E)
Distribution of human umbilical cord mesenchymal stem
cells (arrows) along the interface of tumor and normal brain
parenchyma (x 200), and (F) infiltration of human umbilical
cord mesenchymal stem cells into the tumor mass after
contralateral ventricular injection (x 200). (G) Migration of
human umbilical cord mesenchymal stem cells into the
interface of tumor and normal brain parenchyma (arrows; x
100) and (H) to the outgrowing tumor satellites away from
tumor mass (x 100) after intratumoral injection.

They were largely distributed along the interface of the
tumor and normal brain parenchyma (Figure 4E), and
also infiltrated into the tumor bed (Figure 4F). After in-
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oculation into the tumor, umbilical cord mesenchymal
stem cells extensively distributed at the border zone
between the tumor and tumor bed (Figure 4G) and mi-
grated to the outgrowing glioma satellites distant from the
tumor bed (Figure 4H). However, no Dil-labeled cells
were observed in the control groups.

DISCUSSION

In the present study, we successfully isolated mesen-
chymal stem cells from human umbilical cord via explant
culture, as demonstrated by the plastic-adherent cha-
racteristics, expression of specific mesenchymal stem
cell surface phenotypes, and multi-directional differentia-
tion capacities. Most importantly, umbilical cord mesen-
chymal stem cells showed excellent glioma-specific tar-
geting capacity and extensive intratumoral distribution
after intratumoral and contralateral intraventricular ad-
ministration, indicating that they could serve as novel
cellular vehicles for delivering therapeutic molecules in
glioma treatment. To the best of our knowledge, this is
the first report demonstrating the in vivo glioma-targeting
capabilities of umbilical cord mesenchymal stem cells by
intratumoral or contralateral ventricular administration.

Isolation and characterization of umbilical cord me-
senchymal stem cells

In this study, we successfully isolated mesenchymal
stem cells from human umbilical cord using a previously
reported explant culture method®*4. Compared with a
reported enzymatic digestion method, explant culture
may be more clinically applicable as it involves minimal
tissue handling, exerts negligible influence on cell via-
bility, and is a less time-consuming procedure®. As
demonstrated herein, the umbilical cord mesenchymal
stem cells exhibited plastic-adherent characteristics,
fibroblastic morphology, expression of various mesen-
chymal stem cell surface markers (CD13, CD29, CD44,
and CD90), and were capable of multi-directional dif-
ferentiation into adipocytes, osteocytes, and neural
cells in vitro. Therefore, umbilical cord mesenchymal
stem cells meet the criteria of mesenchymal stem cells
defined by the International Society for Cellular Thera-
py™3. Accordingly, human umbilical cord may become
an alternative cell source of generally accepted me-
senchymal stem cells.

Therapeutic potential of umbilical cord
mesenchymal stem cells in neurological diseases
Recent studies have revealed the therapeutic potentials
of umbilical cord mesenchymal stem cells in various

neurological diseases. Umbilical cord mesenchymal
stem cells have been demonstrated to increase axonal
regeneration and reduce cavitations in spinal cord in-
jury®™ increase endogenous neurogenesis and reduce
infarct volume in experimental cerebral ischemia®, inhi-
bit inflammation and promote angiogenesis in intracere-
bral hemorrhage®, rescue degenerating dopaminergic
neurons and ameliorate apomorphine-induced rotations
in Parkinson’s disease®, and enhance neuromotor
function in brain injury®. The excellent migratory prop-
erty of umbilical cord mesenchymal stem cells toward
lesions of various neurological diseases prompted us to
investigate whether umbilical cord mesenchymal stem
cells possessed glioma-trophic capacity in a rat glioma
model.

Advantages of umbilical cord mesenchymal stem
cells

Although neural stem cells and various sources of me-
senchymal stem cells”®?® 3 have been investigated as
cellular vehicles in experimental glioma, the demon-
strated migration capacity of umbilical cord mesenchym-
al stem cells towards glioma in the present study is of
particular interest due several advantages umbilical cord
mesenchymal stem cells exhibit over their counter-
parts®?. First, umbilical cord is routinely discarded at
parturition, thus there are little legal limitations or ethical
concerns associated with the harvesting of umbilical cord
mesenchymal stem cells. Second, the extracorporeal
nature of umbilical cord facilitates easier isolation by
eliminating the invasiveness, discomfort and risks asso-
ciated with adult mesenchymal stem cell isolation. Third,
the comparatively abundant volume of umbilical cord and
ease of physical manipulation increase the number of
stem cells that can be extracted. Therefore, it is possible
to get sufficient number of cells required for clinical
transplantation without long-term culture and extensive
expansion ex vivo. Fourth, due to the generation and
sequestration of umbilical cord during early develop-
mental period of ontogenesis, umbilical cord mesen-
chymal stem cells may be endowed with enhanced pro-
liferation potency. In addition, umbilical cord mesen-
chymal stem cells have lower risk of bacterial and viral
infections than mesenchymal stem cells isolated from
adult tissue due to the presence of the placental barrier.

In contrast to the above mentioned advantages of um-
bilical cord mesenchymal stem cells, the extensively
investigated adult bone marrow-derived mesenchymal
stem cells may decrease expansion and differentiation
potentials with advanced age®”, while the harvesting
success rate of mesenchymal stem cells from human
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umbilical cord blood may be as low as 6%, albeit at the
cost of abundant hematopoietic stem cells™. Thus, um-
bilical cord mesenchymal stem cells may become an
attractive novel cell source in cell-based therapy for cur-
rently refractory diseases, including glioma.

Glioma-tropic capability and possible underlying
mechanism of mesenchymal stem cells

The excellent tumor-specific targeting ability and exten-
sive intratumoral distribution of umbilical cord mesen-
chymal stem cells are prerequisites for the delivery of
therapeutic molecules to tumor cells. It was postulated
that this chemokinetic activity was mediated by an inte-
raction between cytokines secreted by the glioma and
corresponding receptors expressed on mesenchymal
stem cells. Schichor et al *? reported that the migratory
behavior of mesenchymal stem cells was significantly
increased by vascular endothelial growth factor-A, while
glioma-cell-conditioned medium enhanced migration by
twice as much as vascular endothelial growth factor-A
alone, indicating that other mechanisms are involved in
this process. A subsequent study demonstrated that
interleukin-8, transforming growth factor-g1, and neu-
rotrophin-3 were potent chemoattractants through in-
teraction with their respective receptors CXCR 1,
transforming growth factor-B1-RIl, and TrkC, while oth-
er candidates, including epidermal growth factor, glial
cell-derived neurotrophic factor, ciliary neurotrophic
factor, brain-derived neurotrophic factor, and plate-
let-derived growth factor, were not involved in the me-
senchymal stem cell recruitment by glioma®®*3. In
contrast, Hata et al *“ reported that platelet-derived
growth factor-BB played a causal role in the localization
and tropism of mesenchymal stem cells for glioma via
interaction with platelet-derived growth factor recep-
tor-B expressed on mesenchymal stem cells. Interes-
tingly, the differential glioma-trophic migration of me-
senchymal stem cells was due to different expression
levels of matrix metalloproteinase-1[45]. Moreover,
MCP-1/CCR2 and stromal-derived factor-1a/CXCR4
were also involved in the migration process™“®. There-
fore, CXCR4 transfection may significantly enhance the
chemotactic invasiveness of mesenchymal stem cells
toward glioma by upregulation of CXCR4 on mesen-
chymal stem cells™*".

Migration analysis and comparison of various
delivery routes

We speculated that the coculture system in vitro may be
influenced by many influencing factors, such as fetal
bovine serum, concentration of growth factors, cell via-
bility and seeding density, which are unable to exactly
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simulate the tumor microenvironment in vivo. The sub-
cutaneous flank xenograft model may be very different
from the intracranial glioma model due to limitations in
the penetration of therapeutic agents across the blood-
brain barrier. Furthermore, mesenchymal stem cell sur-
vival in nude mice may be dissimilar to immunocompe-
tent rats. Therefore, we directly investigated the glioma-
targeting capacity of umbilical cord mesenchymal stem
cells in an intracranial C6 glioma rat model. Our results
revealed that the implanted umbilical cord mesenchymal
stem cells demonstrated extensive distribution in the
tumor bed and circumscribed along the tumor edge after
intratumoral injection. More importantly, they showed
excellent migratory capacity towards glioma tissue after
contralateral administration. Interestingly, we also ob-
served an association of umbilical cord mesenchymal
stem cells with outgrowing glioma satellites, known as
the “chasing down” phenomenon, which was first re-
ported in neural stem cells®*®. Therefore, we can con-
clude that umbilical cord mesenchymal stem cells pos-
sess strong migratory capacity and glioma tropism,
which implicates significant potential for in vivo targeted
therapy of glioma.

As for the cell delivery routes, intravenous injection is
undoubtedly less invasive and allows for the injection of
larger amounts of cells in a single dose, however, the
long-distance migration and the great proportion of cells
trapped by systemic organs can cause a delayed en-
graftment into the brain parenchyma, inefficient infiltra-
tion into the lesion, and decrease in cell viability™*®. Al-
though intra-arterial administration showed significantly
increased migration and diffuse distribution pattern in the
target brain compared with intravenous administration,
the relatively high mortality associated with thrombosis
and embolism poses a serious concern®®. In addition,
intracerebral cell implantation involves a relatively inva-
sive procedure, with primary concerns of intracerebral
hemorrhage and tumor cell dissemination along the
needle tract, especially with repeated administration.
Thus, we evaluated the effects of intraventricular trans-
plantation because it is less invasive and a more clini-
cally relevant procedure, and may facilitate easier re-
peated delivery of umbilical cord mesenchymal stem
cells via Ommaya-reservoir. Furthermore, intraventricu-
lar administration has low risk of morbidity and does not
infiltrate other organs, which is intriguing as mesen-
chymal stem cells expressing oncolytic viruses, chemo-
therapeutic precursors or cell trackers for diagnostic
purpose can be administered. Additional studies are
needed to demonstrate whether intrathecal administra-
tion of cells through cisterna magna or lumbar puncture
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can achieve similar results, because these approaches
would lead to a significant reduction in the invasiveness
without reducing the benefits of the intraventricular ap-
proach.

The therapeutic potential and clinical application of
glioma-targeting mesenchymal stem cells

Because of their glioma-tropic properties, umbilical cord
mesenchymal stem cells may be particularly suitable for
tracking gliomas that highly express related receptor
ligands of umbilical cord mesenchymal stem cells to
enhance the directional motility and recruitment. Em-
ploying this concept, genetically-modified mesenchymal
stem cells expressing CXCR4“"! have been shown to
strengthen the migration capacity of mesenchymal stem
cells, prolong intratumoral retention, enhance antitumor
effects, and improve the survival benefit of gli-
oma-burdening animal models. The labeling of mesen-
chymal stem cells with superparamagnetic iron oxide or
micrometer-sized iron oxide nanoparticles®™ may facili-
tate observation and monitoring of the migration and fate
of transplanted mesenchymal stem cells in clinical set-
tings using noninvasive MRI scanning.

Conclusion

Umbilical cord mesenchymal stem cells can be easily
isolated from umbilical cord via explant culture. When
considering the relative availability and ease of manipu-
lation, excellent tumor-specific targeting ability, and ex-
tensive intratumoral distribution of umbilical cord me-
senchymal stem cells, they may serve as cellular ve-
hicles in delivering therapeutic molecules to exert an-
ti-tumor effects on glioma. Future studies are needed to
elucidate the mechanism underlying the glioma-tropic
migration of umbilical cord mesenchymal stem cells to
investigate whether they have direct cytotoxic effect on
glioma, and to modify them using various therapeutic
agents to exert greater anti-glioma effects.

MATERIALS AND METHODS

Design
In vitro cell culture, randomized, controlled animal study.

Time and setting

The experiments were conducted at the Peking Univer-
sity People’s Hospital, China, from January 2011 to Oc-
tober 2012.

Materials
A total of 32 adult Sprague-Dawley rats, weighing

250-350 g, irrespective of age and gender, were pro-
vided by the Department of Laboratory Animal Science
of Peking University Health Science Center in China
(license No. SCXK (Jing) 2011-0012). Rats were
housed in specific pathogen-free level barrier environ-
ment at 24 + 3°C, relative humidity of 40-70%, on a
12-hour light/dark cycle, and allowed free access to
food and water. Experimental procedures were per-
formed in accordance to the Guidance Suggestions for
the Care and Use of Laboratory Animals, formulated by
the Ministry of Science and Technology of China®?.

Methods

Cell isolation and primary culture

After informed consent, the umbilical cords (15-20 cm
length) were freshly harvested from three healthy partu-
rient women during cesarean section at Peking Univer-
sity People’s Hospital in China, and placed in sterile
containers. The arteries and veins were stripped and the
remaining tissue was rinsed with PBS (Gibco, Camarrillo,
CA, USA). The tissues were cut into small fragments of
1-2 mm in diameter and plated in growth media con-
sisting of Dulbecco’s Modified Eagle’s medium (DMEM,;
Gibco) supplemented with 10% fetal bovine serum
(Gibco), 2 mmol/L L-glutamine (Gibco), 100 U/mL peni-
cillin (Gibco), and 100 pg/mL streptomycin (Gibco). Cul-
tures were then maintained at 37°C in humidified at-
mosphere containing 5% carbon dioxide (v/v). Half of the
culture media was changed 1 day after plating, and then
the media was completely changed twice weekly. Daily
progress was monitored under phase-contrast micro-
scopy (Olympus, Tokyo, Japan) and photos were taken
periodically.

Passaging and expansion

When the fibroblast-like cells reached 80-90% conflu-
ence, they were rinsed with PBS and detached with
0.20% trypsin (Gibco) at 37°C for 2 minutes. An equal
volume of DMEM containing 10% fetal bovine serum was
then added to neutralize trypsin activity and the cell
suspension was centrifuged at 1 400 r/min with r = 13.5
cm for 5 minutes. The pellet was resuspended and
plated at a dilution of 1:2.

Phenotypic analysis

To detect surface antigens, passage 3 cells were col-
lected and resuspended in PBS at a concentration of 1 x
10’ cells/mL. A total of 10 L of the following antibodies
was added to each tube containing 50 pL of cell suspen-
sion and were incubated at room temperature in the dark
for 15-20 minutes. The antibodies included mouse mo-
noclonal phycoerythrin (PE) or fluorescein isothiocyanate
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(FITC)-labeled anti-CD13-PE, CD14-FITC, CD29- PE,
CD31-FITC, CD34-PE, CD44-FITC, CD45-FITC,
CD90-FITC (all from BD Biosciences, San Jose, CA,
USA) and appropriate mouse FITC- or PE-conjugated
IgG1 (BD Biosciences) were used as controls. The cells
were washed with PBS, centrifuged at 1 000 r/min with
r = 13.5 cm for 3 minutes and resuspended in 200 pL
PBS before analyzing by flow cytometry (BD Biosciences)
using 2.5 Win 95/NT 4.0 Cell Quest software (BD Bios-
ciences).

Adipogenic, osteogenic, and neural differentiation
analysis

The differentiation analysis was performed 24 hours after
plating passage 3 umbilical cord mesenchymal stem
cells into 6-well plates at a density of 3 000 cells/cm?. For
osteogenic induction, 0.1 pmol/L dexamethasone (Sig-
ma), 0.05 mmol/L ascorbic acid-2-phosphate (Sigma)
and 10 mmol/L B-glycerophosphate (Sigma) were added
to the growth media. For adipogenic induction, 1 ymol/L
dexamethasone, 5 pg/mL insulin, 0.5 mmol/L isobutyl-
methylxanthine (Sigma), and 60 pmol/L indomethacin
(Sigma) were added to the growth media. For neural
induction, 10 ng/mL basic fibroblast growth factor,
100 ng/mL brain-derived neurotrophic factor and 1%
insulin-transferrin-selenium-A (Gibco) were added to the
growth media. All the induction media were changed
twice weekly and the cells were observed with phase
contrast microscopy (Olympus).

After induction, the cells were fixed with 4% parafor-
maldehyde (Sigma) and stained with oil red O (Sigma)
and alizarin red (Sigma) to view neutral lipid vacuoles in
adipocytes and calcium deposition in osteocytes, re-
spectively. The positive cells were observed and rec-
orded with a light microscope (Olympus). The cells
were subjected to immunofluorescence analysis after
fixation with paraformaldehyde. The cells were washed
twice with 100 mmol/L glycine in PBS and permeabi-
lized in 0.1% Triton X-100 (Sigma) for 20 minutes at 4°C.
Nonspecific binding was blocked with PBS containing
5% bovine serum albumin (Sigma) for 30 minutes. The
cells were then incubated overnight at 4°C with mouse
anti-human neuron-specific enolase, glial fibrillary
acidic protein and myelin basic protein (1:100; all from
Chemicon, Temecula, CA, USA). Then the cells were
washed twice in PBS before incubation with the
FITC-conjugated rabbit anti-mouse 1gG (1:100; Che-
micon) for 45 minutes at room temperature. The cell
nuclei were stained with Hoechst 33258, followed by
observation and recording of positive cells with a fluo-
rescent microscope (Olympus).
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Cell labeling and in vivo migration of umbilical cord
mesenchymal stem cells in rat models of
experimental glioma

The cell labeling procedures were performed according
to the protocols of manufacturers. In brief, umbilical cord
mesenchymal stem cells were incubated at the concen-
tration of 1 ymol/L CM-Dil (Invitrogen, Eugene, OR, USA)
in working solution for 5 minutes at 37°C, and an addi-
tional 15 minutes at 4°C. Then the cells were washed
with PBS twice and resuspended in fresh PBS at a con-
centration of 1 x 10° /uL.

The cell implantation procedure was performed with a
stereotactic technique™. Each animal was anesthetized
with ketamine/xylazine and immobilized on a stereotactic
apparatus. After disinfection and incision of the head skin,
a blurred hole was made at the site 1 mm posterior to
bregma and 3 mm right to midline, without damaging the
dura. A 26-gauge needle was inserted 4 mm ventral from
the dura, where 5 x 10° C6 tumor cells (Cell Resource
Center, Shanghai Institute for Biological Sciences, part of
the Chinese Academy of Sciences) in 5 uL of PBS were
inoculated using a 10 yL Hamilton glass syringe (Hamil-
ton Company, Reno, NV, USA).

One week after tumor inoculation, group 1 received
contralateral ventricular injection of 5 uL PBS containing
5 x 10° umbilical cord mesenchymal stem cells labeled
with CM-Dil at 1.3 mm posterior to bregma, 3 mm left to
midline and 3.5 mm beneath the dura. Group 2 received
equal number of umbilical cord mesenchymal stem
cells at previous sites of tumor inoculation. As controls,
group 3 and group 4 received 5 uL PBS without umbili-
cal cord mesenchymal stem cells via contralateral ven-
tricular injection or intratumoral administration, respec-
tively. The rats were anesthetized and sacrificed 2
weeks after umbilical cord mesenchymal stem cell
transplantation. The brains were removed and sectioned
for histological analysis using hematoxylin-eosin stain-
ing under light microscopy, and migration analysis by
staining nuclei with Hoechst 33258 (Sigma) under fluo-
rescent microscopy.

REFERENCES

[1] CBTRUS. CBTRUS Statistical report: primary brain and
central nervous system tumors diagnosed in the United
States in 2004-2007. Hinsdale, IL: Central Brain Tumor
Registry of the United States; 2011. Available at: www.
cbtrus.org.



Fan CG, et al. / Neural Regeneration Research. 2013;8(22):2093-2102.

(2]

(3]

(4]

(3]

(6]

(7]

(8]

9

[10]

(11]

[12]

(23]

(14]

[15]

[16]

[17]

(18]

CBTRUS. 2009-2010 CBTRUS Statistical report: primary
brain and central nervous system tumors diagnosed in
United States in 2002-2006. Hinsdale, IL: Central Brain
Tumor Registry of the United States; 2009-2010. Available
at: www. cbtrus.org.

Baehring JM. Glioblastoma multiforme-new approaches to
therapy. Cancer J. 2012;18(1):11.

Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy
plus concomitant and adjuvant temozolomide for gliob-
lastoma. N Engl J Med. 2005;352:987-996.

Walker MD, Alexander E Jr, Hunt WE, et al. Evaluation of
BCNU and/or radiotherapy in the treatment of anaplastic
gliomas. A cooperative clinical trial. J Neurosurg. 1978;49
(3):333-343.

Fan CG, Zhang QJ. Interpretation of “High-grade malig-
nant glioma - ESMO Clinical Practice Guidelines for di-
agnosis, treatment and follow-up”. Guoji Shenjing Bingxue
Shenjing Waikexue Zazhi. 2012;39(6):570-573.

Lamborn KR, Yung WK, Chang SM, et al. Progres-
sion-free survival: an important end point in evaluating
therapy for recurrent high-grade gliomas. Neuro Oncol.
2008;10(2):162-170.

Fan CG, Zhang QJ. Interpretation of “Canadian recom-
mendations for the treatment of recurrent or progressive
glioblastoma multiforme”. Zhongguo Linchuang Shenjing
Waike Zazhi. in press.

McNamara MG, Mason WP. Antiangiogenic therapies in
glioblastoma multiforme. Expert Rev Anticancer Ther.
2012;12(5):643-654.

Buie LW, Valgus J. Bevacizumab: a treatment option for
recurrent glioblastoma multiforme. Ann Pharmacother.
2008;42(10):1486-1490.

Cohen MH, Shen YL, Keegan P, et al. FDA drug approval
summary: bevacizumab (Avastin) as treatment of recur-
rent glioblastoma multiforme. Oncologist. 2009;14(11):
1131-1138.

Specenier P. Bevacizumab in glioblastoma multiforme.
Expert Rev Anticancer Ther. 2012;12(1):9-18.

Armstrong TS, Wen PY, Gilbert MR, et al. Management of
treatment-associated toxicites of anti-angiogenic therapy
in patients with brain tumors. Neuro Oncol. 2012;14(10):
1203-1214.

Gerstner ER, Batchelor TT. Antiangiogenic therapy for
glioblastoma. Cancer J. 2012;18(1):45-50.

McGirt MJ, Than KD, Weingart JD, et al. Gliadel (BCNU)
wafer plus concomitant temozolomide therapy after pri-
mary resection of glioblastoma multiforme. J Neurosurg.
2009;110(3):583-588.

Thomas AA, Ernstoff MS, Fadul CE. Immunotherapy for the
treatment of glioblastoma. Cancer J. 2012;18(1):59-68.
Wollmann G, Ozduman K, van den Pol AN. Oncolytic virus
therapy for glioblastoma multiforme: concepts and candi-
dates. Cancer J. 2012;18(1):69-81.

Mohyeldin A, Chiocca EA. Gene and viral therapy for
glioblastoma: a review of clinical trials and future direc-
tions. Cancer J. 2012;18(1):82-88.

(29]

[20]

[21]

(22]

(23]

[24]

[25]

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(39]

Sawyer AJ, Piepmeier JM, Saltzman WM. New methods
for direct delivery of chemotherapy for treating brain tu-
mors. Yale J Biol Med. 2007;79(3-4):141-152.

Debinski W, Tatter SB. Convection-enhanced delivery for
the treatment of brain tumors. Expert Rev Neurother. 2009;
9(10):1519-1527.

Muller FJ, Snyder EY, Loring JF. Gene therapy: can neural
stem cells deliver? Nat Rev Neurosci. 2006;7(1):75-84.
Aboody KS, Najbauer J, Schmidt NO, et al. Targeting of
melanoma brain metastases using engineered neural
stem/progenitor cells. Neuro Oncol. 2006;8(2):119-126.
Binello E, Germano IM. Stem cells as therapeutic vehicles
for the treatment of high-grade gliomas. Neuro Oncol.
2012;14(3):256-265.

Kosztowski T, Zaidi HA, Quifiones-Hinojosa A. Applica-
tions of neural and mesenchymal stem cells in the treat-
ment of gliomas. Expert Rev Anticancer Ther. 2009;9(5):
597-612.

Kim SU. Neural stem cell-based gene therapy for brain
tumors. Stem Cell Rev. 2011;7(1):130-140.

Bexell D, Scheding S, Bengzon J. Toward brain tumor
gene therapy using multipotent mesenchymal stromal cell
vectors. Mol Ther. 2010;18(6):1067-1075.

Fan CG, Zhang QJ. Tropism of bone marrow mesen-
chymal stem cells for glioma. Zhongguo Zuzhi Gongcheng
Yanjiu. 2012;16(36):6815-6819.

Fan CG, Zhang QJ. Application prospect of bone marrow
mesenchymal stem cells in the treatment of glioma.
Zhongguo Zuzhi Gongcheng Yanjiu. 2012;16(41):7737-
7741.

Fan CG, Zhou JR, Zhang QJ. Therapeutic potential of
huam umbilical cord blood derived mesenchymal stem
cells in therapy of glioma. Guo Ji Shen Jing Bing Xue
Shen Jing Wai Ke Xue Za Zhi. 2011;38(6):604-607.

Wang GS, Zhang QJ, Han ZC. Evaluation of neurological
function recovery following human umbilical cord mesen-
chymal stem cells transplantation to injured spinal cord in
rats. Zhonghua Shenjing Waike Zazhi. 2006;22(10):18-21.
Fan CG, Tang FW, Zhang QJ, et al. Characterization and
neural differentiation of fetal lung mesenchymal stem cells.
Cell transplant. 2005;14(5):311-321.

Fan CG, Zhang QJ, Han ZC. Neural differentiation of
mesenchymal stem cells from umbilical cord. Zhonghua
Shenjing Waike Zazhi. 2005;21(7):388-392.

Dominici M, Le BK, Mueller I, et al. Minimal criteria for
defining multipotent mesenchymal stromal cells. The In-
ternational Society for Cellular Therapy position statement.
Cytotherapy. 2006;8(4):315-317.

Koh SH, Kim KS, Choi MR, et al. Implantation of human
umbilical cord-derived mesenchymal stem cells as a
neuroprotective therapy for ischemic stroke in rats. Brain
Res. 2008;1229:233-248.

Liao W, Zhong J, Yu J, et al. Therapeutic benefit of human
umbilical cord derived mesenchymal stromal cells in
intracerebral hemorrhage rat: implications of anti-inflam-
mation and angiogenesis. Cell Physiol Biochem. 2009;24
(3-4):307-316.

2101



Fan CG, et al. / Neural Regeneration Research. 2013;8(22):2093-2102.

(36]

[37]

(38]

(39]

[40]

[41]

(42]

[43]

[44]

2102

Weiss ML, Medicetty S, Bledsoe AR, et al. Human umbil-
ical cord matrix stem cells: preliminary characterization
and effect of transplantation in a rodent model of Parkin-
son’s disease. Stem Cells. 2006;24(3):781-792.

Zhang S, Liu XZ, Liu ZL, et al. Stem cells modified by
brain-derived neurotrophic factor to promote stem cells
differentiation into neurons and enhance neuromotor
function after brain injury. Chin J Traumatol. 2009;12(4):
195-199.

Fan CG, Zhang QJ. The potentials of human adipose
tissue derived mesenchymal stem cells in targeted ther-
apy of experimental glioma. Zhongguo Xiandai Shenjing
Jibing Zazhi. 2012;12(6):651-654.

Fan CG, Zhang QJ, Zhou JR. Therapeutic potentials of
mesenchymal stem cells derived from human umbilical
cord. Stem Cell Rev. 2011;7(1):195-207.

Roobrouck VD, Ulloa-Montoya F, Verfailie CM.
Self-renewal and differentiation capacity of young and
aged stem cells. Exp Cell Res. 2008;314(9):1937-1944.
Shetty P, Cooper K, Viswanathan C. Comparison of proli-
ferative and multilineage differentiation potentials of cord
matrix, cord blood, and bone marrow mesenchymal stem
cells. Asian J Transfus Sci. 2010;4(1):14-24.

Schichor C, Birnbaum T, Etminan N, et al. Vascular en-
dothelial growth factor A contributes to glioma-induced
migration of human marrow stromal cells (hMSC). Exp
Neurol. 2006;199(2):301-310.

Birnbaum T, Roider J, Schankin CJ, et al. Malignant gli-
omas actively recruit bone marrow stromal cells by se-
creting angiogenic cytokines. J Neurooncol. 2007;83(3):
241-247.

Hata N, Shinojima N, Gumin J, et al. Platelet-derived
growth factor BB mediates the tropism of human mesen-
chymal stem cells for malignant gliomas. Neurosurgery.
2010;66(1):144-156.

[45]

[46]

[47]

(48]

[49]

(50]

(51]

[52]

(53]

Ho IA, Chan KY, Ng WH, et al. Matrix metalloproteinase 1
is necessary for the migration of human bone marrow-
derived mesenchymal stem cells toward human glioma.
Stem Cells. 2009;27(6):1366-1375.

Chien LY, Hsiao JK, Hsu SC, et al. In vivo magnetic re-
sonance imaging of cell tropism, trafficking mechanism,
and therapeutic impact of human mesenchymal stem cells
in a murine glioma model. Biomaterials. 2011;32(12):
3275-3284.

Park SA, Ryu CH, Kim SM, et al. CXCR4-transfected
human umbilical cord blood-derived mesenchymal stem
cells exhibit enhanced migratory capacity toward gliomas.
Int J Oncol. 2011;38(1):97-103.

Aboody KS, Brown A, Rainov NG, et al. Neural stem cells
display extensive tropism for pathology in adult brain:
evidence from intracranial gliomas. Proc Natl Acad Sci
U S A. 2000;97(23):12846-1251.

Parr AM, Tator CH, Keating A. Bone marrow-derived me-
senchymal stromal cells for the repair of central nervous
system injury. Bone Marrow Transplant. 2007;40(7):
609-6109.

Panciani PP, Fontanella M, Tamagno |, et al. Stem cells
based therapy in high grade glioma: why the intraventri-
cular route should be preferred? J Neurosurg Sci. 2012;
56(3):221-229.

Boulland JL, Leung DS, Thuen M, et al. Evaluation of
intracellular labeling with micron-sized particles of iron
oxide (MPIOs) as a general tool for in vitro and in vivo
tracking of human stem and progenitor cells. Cell Trans-
plant. 2012;21(8):1743-17509.

The Ministry of Science and Technology of the People’s
Republic of China. Guidance Suggestions for the Care
and Use of Laboratory Animals. 2006-09-30.

Dai Y, Sun AH, Fan CG, et al. Mesenchymal stem cells
(MSCs) show tropsim for intracranial gliomas in adult rats.
Zhongguo Shenjing Jiepou Zazhi. 2005;21(1):45-49.

(Reviewed by Wallace M, Norman C, Wang D, Hu W)
(Edited by Mu WJ, Qiu Y, Li CH, Song LP, Liu WJ, Zhao M)



