
© 2012 Landes Bioscience.

Do not distribute.

www.landesbioscience.com Cell Cycle 2303

Cell Cycle 11:12, 2303-2313; June 15, 2012; © 2012 Landes Bioscience

 RepORT RepORT

*Correspondence to: Jasti S. Rao; Email: jsrao@uic.edu
Submitted: 03/19/12; Revised: 05/11/12; Accepted: 05/15/12
http://dx.doi.org/10.4161/cc.20766

Introduction

Glioblastoma multiforme (GBM) is a tumor that arises from 
glia or their precursors within the central nervous system. 
Currently, no optimal treatment for glioblastoma exists, and 
patients typically survive less than one year after diagnosis.1,2 
Despite surgical excision and adjuvant radiotherapy and che-
motherapy, GBM remains incurable and difficult to treat.3 
This resistance is primarily due to the complex character of the 
tumor itself, and the inability to deliver therapeutic agents to 
the tumor.4 Emerging evidence suggests that glioma stem cells 
(GSC) are resistant to radiation and chemotherapy and ulti-
mately responsible for the inevitable recurrence and high infil-
tration of glioblastoma.5,6 In particular, GSC migration and 
subsequent invasion of normal neural tissues reduces the effec-
tiveness of delivered therapeutic agents. Thus, clear attempts to 
deliver therapeutic agents to infiltrate gliomas are necessary to 
improve brain tumor therapy.

efficient homing of human umbilical cord blood mesenchymal stem cells (hUCBSC) to inflammation sites is crucial for 
therapeutic use. In glioblastoma multiforme, soluble factors released by the tumor facilitate the migratory capacity of 
mesenchymal stem cells toward glioma cells. These factors include chemokines and growth inducers. Nonetheless, the 
mechanistic details of these factors involved in hUCBSC homing have not been clearly delineated. The present study 
is aimed to deduce specific factors involved in hUCBSC homing by utilizing a glioma stem cell-induced inflammatory 
lesion model in the mouse brain. Our results show that hUCBSC do not form tumors in athymic nude mice brains and do 
not elicit immune responses in immunocompetent SKH1 mice. Further, hUCBSC spheroids migrate and invade glioma 
spheroids, while no effect was observed on rat fetal brain aggregates. Several cytokines, including GRO, MCp-1, IL-8, IL-3, 
IL-10, Osteopontin and TGFβ2, were constitutively secreted in the naive hUCBSC-conditioned medium, while significant 
increases of IL-8, GRO, GRO-α, MCp-1 and MCp-2 were observed in glioma stem cell-challenged hUCBSC culture filtrates. 
Furthermore, hUCBSC showed a stronger migration capacity toward glioma stem cells in vitro and exhibited enhanced 
migration to glioma stem cells in an intracranial human malignant glioma xenograft model. Our results indicate that 
multiple cytokines are involved in recruitment of hUCBSC toward glioma stem cells, and that hUCBSC are a potential 
candidate for glioma therapy.
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Current efforts involve the use of stem cells in repairing and 
replacing damaged tissue in order to facilitate functional recovery. 
Recent evidence suggests that mesenchymal stem cells isolated 
from bone marrow exhibit tropism for brain tumors and can be 
used as delivery vehicles.7 Moreover, locally injected neural stem 
cells engineered to deliver interleukin-12 reduced the growth of 
brain tumors.8,9 Studies suggest that bone marrow-derived mes-
enchymal stem cells and human cord blood stem cells exhibit 
high similarity in cell characteristics and multi-lineage differ-
entiation potential.10-12 Moreover, higher availability and lower 
immunogenicity of hUCBSC compared with other sources of 
bone marrow stem cells have made them a considerable resource 
for cell therapy. However, before the potential of stem cell-based 
therapies can be realized, the behavior of these cells after implan-
tation in vivo and the practicalities of different administration 
routes must be understood.

Additionally, we and other researchers have previously shown 
that hUCBSC exhibit extensive migratory capacity and tropism 
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of athymic nude mice, we injected 0.5 x 106 hUCBSC labeled 
with Qtracker-Red (Invitrogen) into the left side of the brain. 
Between 14 and 56 d, the stem cells were distributed through-
out the entire body (data not shown). After 56 d and up to 90 
d, all the stem cells were concentrated only in the brain region. 
The multiplication and proliferation of hUCBSC in the nude 
mice brains reached its peak by 90 d, as indicated by red signals 
when observed using an in vivo Xenogen live imager (Fig. 1A). 
Observations persisted until 120 d, upon which the intensity of 
the red signal decreased. The mice were observed to be healthy 
without any disease symptoms. Our results are in accordance with 
previous results reported by Devine, et al. (2003);22 however, the 
distribution of these stem cells throughout the body needs to be 
further studied. After 120 d, the mice were euthanized; at that 
point, the mice appeared healthy and did not exhibit any disease 
symptoms (data not shown). The brains were formalin fixed for 
further processing. H&E staining of these nude mice brain sec-
tions did not show any tumor formation (Fig. 1B). Brain sections 
were then analyzed using immunofluorescence with CD29 and 
CD81 markers (specific for hUCBSC), Tuj1 (specific for neu-
rons), Olig2 (specific for oligodendrocytes) and GFAP (specific 
for astrocytes). Co-localization of hUCBSC markers with Tuj1, 
Olig2 or GFAP indicated that these hUCBSC were differentiated 
to neural cells in the brains of the nude mice (Fig. 1C). These 
results indicate that hUCBSC in the normal nude mice brains 

for gliomas.13-15 Chemoattractants, namely cytokines and growth 
factors, likely mediate this migration. The inflamed tumor cells 
secrete cytokines, such as SDF-1, IL-8, GRO-α, while the cord 
blood stem cells express receptors such as CXCR4 and CD9. It 
can be thus hypothesized that interactions between ligands and 
receptors direct the migration of hUCBSC toward the inflamed 
cells.14-17

We have previously demonstrated that co-culture of hUCBSC 
with parental glioma cells or glioma stem cells (GSC) signifi-
cantly inhibits pre-established tumor growth.13,18-21 Here, we 
explore how hUCBSC migrate to GSC tumors and regress tumor 
growth when administered in mice via the tail vein. Our study 
assesses the expression levels of multiple inflammatory cytokines 
during hUCBSC migration toward inflammation sites. In addi-
tion, we attempt to show the mechanistic role and specificity of 
hUCBSC in regulating the glioma cell invasion. We also examine 
the therapeutic role of hUCBSC by using in vitro and in vivo 
functional assays of migration and homing. Finally, we demon-
strate the immunogenicity of hUCBSC when injected intracrani-
ally into the immunocompetent mice.

Results

hUCBSC did not form tumors in the brains of athymic nude 
mice. To confirm whether hUCBSC form tumors in the brains 

Figure 1. In vivo imaging of hUCBSC in nude mice brains. Control hUCBSC (0.5 x 106 cells) stained with Qtracker-Red were injected into the left side of 
the brain by intracranial implantation and their migration throughout the body of the mice was visualized by in vivo imaging weekly for 120 d using 
Xenogen IVIS-200 Optical In Vivo Imaging System. (B) hUCBSC-treated nude mice brain sections were stained with Hematoxylin and eosin to check for 
tumor growth in nude mice brains. (C) hUCBSC-treated nude mice brain sections were labeled with CD29 and CD81 markers (specific for hUCBSC), Tuj1 
(specific for neurons), Olig2 (specific for oligodendrocytes) and GFAp (specific for astrocytes). Co-localization of hUCBSC markers with Tuj1, Olig2 or 
GFAp indicates that these hUCBSC differentiated into neural cells in the brains of the nude mice. CD29 and CD81 were conjugated with Alexa Fluor 488 
secondary antibodies, and Tuj1, Olig2 and GFAp were conjugated with Alexa Fluor 594 secondary antibodies. Bar = 100 μm; n ≥ 4.
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migration and progression.20,28,29 To further investigate the extent 
of hUCBSC migratory and invasive potential toward glioma cells 
at the cellular level, we conducted a spheroid invasion assay. The 
hUCBSC spheroids were labeled with fluorescent CellTrackerTM 
Red, and the glioma spheroids were labeled with fluorescent 
CellTrackerTM Green dye. hUCBSC migrated and engulfed 
5310 glioma spheroids by 50% on day 2 and 90% on the day 
3, as indicated by yellow-colored merger, (Fig. 3A). To demon-
strate glioma cell invasion, glioma cells were confronted against 
spheroids obtained from the 18-day-old rat fetal brain aggregates 
labeled with CellTrackerTM Red dye. By 72 h, 95% of the glioma 
spheroids engulfed rat fetal brain aggregates and formed a single 
entity (Fig. 3B). However, hUCBSC spheroids remained separate 

do not form tumors. Moreover, hUCBSC did 
differentiate to neural cell types of the host 
system.

hUCBSC did not elicit an immune 
response in immunocompetent mice. 
hUCBSC suppress the allogeneic response of 
lymphocytes, suggesting its use in allogeneic 
cell therapies.23 Several investigators have 
demonstrated that hUCBSC induces low 
immunogenicity.23-27 In the present study, 
we injected naïve hUCBSC (1 x 105) into the 
brains of euthymic, immunocompetent SKH1 
mice (Charles River) via intracranial admin-
istration. Separately, human astrocytes (1 x 
105) were intracranially administered into the 
brains of SKH1 mice and used as controls. 
Both hUCBSC and astrocytes were labeled 
with Cell Tracker-Red CMTPX (Invitrogen) 
and observed over a period of 4 weeks by 
in vivo imaging using IVIS200 (Caliper 
Life Sciences). hUCBSC were distributed 
throughout the mice as observed by yellow-
colored intensity of epifluorescence (Fig. 2A). 
Presence of cyclosporine showed little effect in 
the animals treated with hUCBSC. Further, 
cyclosporine offered little difference in human 
astrocyte distribution, which was detected 
until the third week (data not shown). 
However, no astrocytes were found by the end 
of the fourth week. Mice were then eutha-
nized and checked for tumor formation in 
all treatments using H&E staining (Fig. 2B). 
Infiltration of macrophages was examined by 
intracranial administration of hUCBSC or 
astrocytes. Immunostaining of the brain sec-
tions by IBA1 antibody revealed that macro-
phages were abundant in mice injected with 
astrocytes (without cyclosporine) (Fig. 2C). 
This finding confirms that hUCBSC neither 
induced the infiltration of macrophages nor 
elicited any immune response. Further, we 
estimated the percentage of CD8+ cells in all 
of the animal groups tested. Blood was drawn 
from the individual mice separately. White blood cells were iso-
lated, labeled with anti-CD8+ antibody and processed for FACS 
analysis. hUCBSC did not elicit immune response in both treat-
ments (with or without cyclosporine), as evidenced by the lower 
percentage of CD8+ cells compared with control SKH1 mice (Fig. 
2D). CD8+ percentage increased drastically in mice injected with 
astrocytes, whereas mice injected with astrocytes treated with 
cyclosporine demonstrated reduced CD8+ percentage (Fig. 2E). 
Taken together, our results confirm that hUCBSC do not elicit 
any immune response in euthymic, immunocompetent mice.

Inhibitory and chemotactic effects of hUCBSC on glioma 
migration and invasion. Previously, we demonstrated that 
hUCBSC inhibit U251 and 5310 glioma parent cell invasion, 

Figure 2. Immunogenicity of hUCBSC and human astrocytes in immunocompetent mice. 
(A) hUCBSC and human astrocytes (250,000 cells each) were injected into the brains of SKH1 
mice by intracranial administration. For the cyclosporine group, mice received Cyclospo-
rine-A one day before the injection of cells and at 1 week (10 mg/kg body weight) after the 
injection of cells. The mice were observed for a period of 4 weeks and then euthanized (n = 6 
per group). (B) The brain sections were checked for the presence of tumors by H&e staining. 
(C) IBA1 staining of the mice by DAB immunohistochemistry. For (B and C), bar = 200 μm; 
n = 4. (C) CD8 cells were isolated from the blood of control and treated mice, labeled with 
pe-conjugated CD8 antibody, and sorted by FACS analysis; n = 4. (D and e) Bar diagram repre-
senting the percent CD8 expression as depicted by FACS analysis.
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hUCBSC might be possibly secret-
ing into the surrounding medium 
to facilitate chemotactic movement 
toward malignant cells.

Inflammation mediates 
hUCBSC migration. Several 
researchers have demonstrated the 
expression of hUCBSC secretory 
soluble factors into the surrounding 
medium.14,30,31 Based on our pre-
vious studies, we propose that the 
hUCBSC demonstrate conditional 
behavior toward glioma cells. To 
test our hypothesis, we studied the 
cytokine profile from hUCBSC-
conditioned medium using a cyto-
kine antibody array. We observed 
the constitutive secretion of 
numerous chemokines, including 
GRO, MCP-1, IL-8, IL-3, IL-10, 
Osteopontin, NAP-2, IGFBP-2, 
TIMP2, MDC, Rantes and 
TGFβ2, in the naive hUCBSC-
conditioned medium (Fig. 4A). 
To determine if hUCBSC secrete 
other soluble factors exposed to 
malignant glioma cells, we immo-
bilized hUCBSC under serum-free 
medium in the lower Boyden cham-
ber. In the upper compartment, 
we cultured highly invasive 4910 
glioma stem cells. The chamber 
was incubated for 24 h. hUCBSC 
culture filtrates were then sub-
jected for cytokine array analysis. 
We observed significant increases 
of IL-8, GRO, GRO-α, MCP-1 
and MCP-2, along with IL-6 
expression, when compared with 
the protein studies in the nascent 
hUCBSC-conditioned medium 
(Fig. 4B). Interestingly, the expres-

sion levels of Osteopontin, MDC, RANTES, IL-3 and IL-10 
were decreased in the hUCBSC-challenged culture filtrates, while 
oncostatin and VEGF newly appeared in the latter array (Fig. 
4B). To study the expression profiles of these cytokines in co-cul-
ture, we subjected hUCBSC, U251, 5310 and 4910 glioma stem 
cells along with their respective hUCBSC co-cultured culture 
filtrates for immunoblot analysis. Western blotting using IL-8, 
SDF1, MCP-1 and GRO-α demonstrated an increased expression 
of these cytokines in the hUCBSC co-cultured lysates when com-
pared with their respective control glioma stem cells (Fig. 4C). 
We then studied the expression of receptors CXCR4 and CD9 
in the tissue lysates of hUCBSC, U251, 5310 and 4910 glioma 
stem cells and their hUCBSC treated counterparts in the mouse 
xenografts. Negligible expression of both molecules was observed 

from 18-day-old rat fetal brain aggregates (Fig. 3C), suggesting 
hUCBSC specificity toward the pathogenic condition. Upon 
observing hUCBSC migration toward glioma spheroids and to 
explore the chemotactic effect of hUCBSC in regulating glioma 
stem cell invasion and migration, we immobilized and supple-
mented hUCBSC with complete medium using the Matrigel 
Transwell system. U251, 5310 and 4910 GSC were cultured in 
the upper chamber. After culturing, glioma stem cells migrated 
more effectively toward the hUCBSC, thereby suggesting its che-
moattractive behavior (Fig. 3D). In another experiment, U251, 
5310 and 4910 glioma stem cells were immobilized, and hUCBSC 
were cultured in the Matrigel chamber. hUCBSC did migrate 
to the lower chamber but in relatively fewer numbers (Fig. 3E). 
These data suggest the existence of certain soluble factors that 

Figure 3. Cord blood stem cells inhibit glioma cell migration and invasion. U251 and 5310 glioma spher-
oids labeled with fluorescent Cell TrackerTM green dye were confronted with hUCBSC and fetal rat brain 
aggregates labeled with fluorescent CellTrackerTM red dye. progressive destruction of glioma spheroids by 
hUCBSC spheroids (A) and fetal brain aggregates by glioma tumor spheroids (B) were observed. hUCBSC 
spheroids remained away from fetal brain aggregates (C) when confronted for 72 h. (D) U251, 5310 and 
4910 GSC were allowed to invade through the Matrigel for 24 h. (e) In another experiment, either hUCBSC 
or glioma cells were immobilized or their counterparts were allowed to pass through the Matrigel. After 
24 h, migrated cells in all of the treatments were counted under the microscope.
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hUCBSC migration, whereas functional blocking of CXCR4 in 
the hUCBSC promoted poor migration, even when supplemented 
with recombinant IL-8 (Fig. 4F). These results suggest that the 
migration or homing of the hUCBSC might be due to multiple 
factors regulating their migration toward sites of inflammation.

hUCBSC is home to glioma tumors when injected via the 
tail vein in nude mice. After establishing the role of hUCBSC 

in controls, while the hUCBSC and hUCBSC-treated sections 
demonstrated increased expression levels, suggesting the possible 
interaction of these receptors with the respective growth factors 
and cytokines (Fig. 4D). RT-PCR conducted with the cDNA 
of the abovementioned tissues produced similar results to our 
western blot analysis (Fig. 4E). Additionally, our Boyden cham-
ber results indicated that addition of recombinant IL-8 increases 

Figure 4. Upregulation of various cytokines in culture filtrates of hUCBSC challenged with 4910 GSC. Conditioned media was collected from hUCBSC 
and hUCBSC challenged with 4910 GSC. The culture filtrates were incubated on the array membrane and visualized by eCL reagents as described in 
Materials and Methods. The orange and green boxes represent the positive and negative controls, respectively. (A) Cytokine antibody array analysis 
of hUCBSC. (B) Cytokine antibody array analysis of challenged hUCBSC. (1:GRO; 2:GRO-α; 3:IL-6; 4:IL-8; 5:IL-10; 6:MCp-1; 7:MCp-2; 8:Rantes; 9:IGFBR2; 
10:Osteopontin; 11:TIMp-1; 12:TIMp-2). (C) Levels of IL-8, SDF1, MCp-1, GRO-α and IL-6 were detected by western blotting of culture filtrates of control 
hUCBSC, GSC and GSC co-cultures with hUCBSC. (D) Total protein was simultaneously isolated from mouse xenografts for western blotting to deter-
mine the expression of CXCR4 and CD9. The blots were stripped and reprobed with GApDH antibody as a loading control. (e) Measurement of the lev-
els of GRO-α, IL-8, SDF-1 and CXCR4 by RT-pCR in U251, 5310 and 4910 GSCs co-cultured with hUCBSC. Fold changes relative to the control are shown. 
(F) In vitro migration assay of hUCBSC toward recombinant IL-8. Representative photomicrographs of stained Matrigels demonstrating migration of 
control hUCBSC and CXCR4 functionally blocked hUCBSC toward the conditioned medium substituted with 10 ng/mL recombinant IL-8. Cell migration 
was evaluated after staining from randomly selected fields, enumerating migrating cells (n = 3).
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distributed throughout the body regions (Fig. 5C). These results 
confirm that hUCBSC migrated toward the regions of stress or 
inflammation or tumors in the mice body, and their migration 
was specific to the point of stress or inflammation. Mice injected 
with 4910 GSC demonstrated glioma characteristics within 2 
to 3 weeks. hUCBSC injected into pre-established 4910 GSC 
tumors increased the lifespan of mice until 8 weeks. Although 
healthy, animals injected with only hUCBSC were euthanized 
after 120 d. Sham controls (mice injected with only phosphate 
buffered saline) were left alone till the completion of the experi-
ment (Fig. 5E).

Multiple factors articulate the homing of hUCBSC toward 
glioma stem cells. Cytokines, growth factors and their recep-
tors regulate mesenchymal stem cell migration.32,33 Previous 
studies, including our own, revealed that neuronal stem cells/
cord blood stem cells migrate toward glioma cells mediated by 
SDF-1α. SDF-1α functions as a chemoattractant for hematopoi-
etic cells, facilitating their transmigration through endothelial 
cell barriers.13,14,34 Kim et al.,14 using U87 malignant glioma par-
ent cells, demonstrated that cord blood stem cells exhibit high 

in migration and immunogenicity, we evaluated their character-
istic property of homing toward tumor cells in mice brains. We 
implanted 4910 GSC (labeled with cyto-tracker green dye) into 
the athymic nude mice brains via intracranial administration. 
The aggregated cells (tumors) were observed after 2 weeks and 
confirmed by in vivo imaging (Fig. 5A). We then administered 
hUCBSC (labeled with cyto-tracker red dye) via the tail vein 
or intracranial administration (contra-lateral). The mice were 
observed for 3 weeks by in vivo imaging to analyze the homing 
efficiency of hUCBSC toward the tumor cells. Cord blood stem 
cells injected by the tail vein migrated toward the brain tumors, 
and by the end of the fifth week, they were concentrated on the 
tumors of the mice brains (Fig. 5A). We also observed that cord 
blood stem cells injected contra-laterally also migrated toward 
the tumor cells (Fig. 5B). In both cases, we observed the regres-
sion of the tumors by 70–90% (Fig. 5A, B and D), as evidenced 
by H&E stain. As a control, we injected sterile PBS into the mice 
brains, and after one week, the labeled hUCBSC were injected by 
the tail vein and observed for 3 weeks. As there was no specific 
trauma or inflammation, the cord blood stem cells migrated and 

Figure 5. Homing of hUCBSC toward tumors in the mice brains. 4910 GSC (250,000 cells) were injected into the brains of athymic nude mice by 
intracranial administration. After 2 weeks, hUCBSC (250,000 cells) were injected into either (A) the tail vein or (B) intracranially (contra-lateral) and 
observed for 3 weeks. From the 2nd week until the end of the 5th week, mice were subjected to in vivo imaging using the IVIS Imaging System (n = 6 for 
each group). (C) Mice brains were injected with 10 μL of sterile pBS by intracranial administration. After 1 week, labeled hUCBSC (250,000 cells) were 
injected by through the tail vein and observed for homing by in vivo imaging; n = 3. (D) The brain sections of mice (A and B) were checked for the pres-
ence of tumor formation by H&e staining; bar = 500 μm; n = 3. (e) Survival curves were plotted for control and treated mice.
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migratory capacity toward the malignant U87 parental glioma 
cells and attributed their chemotactic migration to high levels 
of IL-8 production. Based on prior literature, we attempted to 
unravel the migratory/homing potential of cord blood stem cells 
toward the glioma stem cells. To examine the mechanisms by 
which hUCBSC home to glioma tissues, we examined the expres-
sion levels of cytokine IL-8, factor SDF1 and receptor CXCR4 
in control hUCBSC, 4910 GSC and hUCBSC-treated (tail vein) 
tumor sections. CXCR4 was highly expressed in the control 
hUCBSC and hUCBSC-treated brains as compared with 4910 
GSC control brain sections (Fig. 6A). In another experiment, we 
studied the expression levels of IL-8 and SDF1 in both control 
and hUCBSC-treated mice brain tumor sections. IL-8 and SDF1 
expression was observed in all tested conditions, while hUCBSC-
treated sections demonstrated an increased expression of these 
molecules when compared with the controls (Fig. 6B and C). 
All immunohistochemical analysis was performed using CD81 
(mesenchymal stem cell marker). Negligible CD81 levels were 
observed in the control 4910 glioma stem cell sections, whereas 
hUCBSC and hUCBSC-treated brain sections showed high 
expression levels of CD81 (Fig. 6A–C). Collectively, these results 
indicate that hUCBSC might employ multiple factors in homing 
toward glioma stem cells.

Discussion

Glioblastoma multiforme is the most common intracranial tumor 
in adults and is characterized by extensive heterogeneity, both at 
the cellular and molecular levels. Different tumor cell populations 
establish a complex network of interactions between each other 
and within the tumor microenvironment, thereby strengthening 
tumor growth.35 Glioblastoma migration and invasion operates 
primarily due to multiple genetic alterations and signaling path-
ways. This invasive behavior spreads individual tumor cells into 
regions of brain essential for survival of the patient, which makes 
the cancer difficult to target and treat. The complexity of glioma 
tumors is increased by the discovery of differences in the phe-
notype of cancer stem cells derived from tumors of equivalent 
histological class and grade.36,37

It has been reported that neural stem cells engineered to 
deliver tumor necrosis factor-related, apoptosis-inducing ligand 
inhibits the growth of brain tumors.8 In the present study, we elu-
cidated the pathogenic-specific mechanism of hUCBSC. From 
spheroid invasion experiments, hUCBSC migrate and invade the 
glioma spheroids, indicating their tropism and regulation of gli-
oma infiltration by inducing apoptosis. In this process, hUCBSC 
also prevent migration upon their encounter with the pathogenic 
glioblastoma. When confronted with fetal rat brain aggregates, 
hUCBSC did not migrate. Further, Matrigel experiments con-
ducted using hUCBSC demonstrate the functional ability of the 
hUCBSC in crossing the blood-brain barrier. We observed that 
immobilized hUCBSC attract the glioma stem cells, whereas 
challenged hUCBSC are attracted toward the glioma, suggesting 
their conditional behavior in treating pathological glioblastoma.

Recent use of mesenchymal stem cells for glioma treatment 
depends on tumor tropism;14,15,38,39 it was reported that soluble 

Figure 6. Inflammatory cytokines drive hUCBSC migration toward 
glioma stem cells. Nude mice with pre-established intracranial human 
glioma stem cell tumors (4910 GSC) were treated via injection of hUCB-
SC via the tail vein. The hUCBSC-treated and control brain sections were 
harvested, sectioned and immunoprobed for the presence of CXCR4, 
IL-8 and SDF using appropriate secondary antibodies. each experiment 
was performed in duplicate with each sample (n = 6). (A) CXCR4 expres-
sion was observed only in hUCBSC and hUCBSC-treated brain samples. 
Brown colored arrow indicates CXCR4 expression. (B) IL-8 expression 
was observed in hUCBSC, 4910 GSC control and hUCBSC-treated sec-
tions. Brown colored arrow demonstrates IL-8 expression. (C) SDF ex-
pression was observed more in the 4910 GSC sections as compared with 
hUCBSC and hUCBSC-treated sections. Brown colored arrow indicates 
SDF1 expression. The yellow colored arrow indicates CD81 expression, 
whereas the blue colored arrow represents CD81 co-localization. In all 
cases, DApI was used to stain the nuclei; bar = 200 μm.
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SDF-1-CXCR4, could partially mediate the trafficking of these 
cells to impaired sites in the brain. Moreover, in a previous study, 
Bieback et al. (2004) demonstrated that transplanted human 
umbilical cord blood stem cells were used to treat inborn meta-
bolic errors. Additionally, unlike embryonic stem cells, hUCBSC 
showed low levels of HLA antigens49 with no evidence of forming 
teratomas.50 Further, hUCBSC did not trigger immune reactions, 
even in unrelated donor transplantation.51 In the present study, we 
injected hUCBSC and astrocytes into immunocompetent mice. 
In another cohort, we administered hUCBSC and astrocytes 
along with the common immunosuppressant Cyclosporine-A. 
Mice injected with hUCBSC and hUCBSC treated with 
Cyclosporine-A demonstrated normal CD8+ levels as compared 
with the control mice. The cohort with astrocytes demonstrated 
a dramatic increase in the CD8+ expression levels, whereas the 
cohort of astrocytes treated with Cyclosporine-A behaved nor-
mally. Interestingly, graft rejection was not observed in any of 
these treatments. Our IBA1 staining confirming the absence of 
teratomas is similar to the previous studies, thus confirming the 
potential use of hUCBSC for the allogenic treatment of glioma.

Due to their ability to repair damaged or inflamed tissues, 
hUCBSC offer a potential treatment option in clinical therapy. 
Although several researchers have shown the possible role of cyto-
kines in regulating the homing of hUCBSC, we demonstrated the 
possibility of multiple cytokines being secreted from the inflamed 
glioma tissues, affecting the expression of co-stimulatory recep-
tor molecules and aiding in increased homing of hUCBSC. Our 
experiments also demonstrated that hUCBSC control the GSCs 
when encountered. In conclusion, our findings provide detailed 
analysis of the effects of hUCBSC in homing, migration, inva-
sion and immunogenicity, thereby providing more insights into 
human stem cell biology.

Materials and Methods

Antibodies and reagents. We used the following antibodies: 
mouse anti-IL-6, mouse anti-IL-8, goat anti-GRO-α, mouse 
anti-MCP-1, rabbit anti-SDF-1, rabbit anti-CXCR4, rabbit 
anti-CD9, rabbit-anti-IBA1 and mouse anti-GAPDH (1:200 
dilution). All these antibodies were obtained from Santa Cruz 
Biotechnology. Recombinant IL-8 was obtained from R and D 
Systems.

Preparation and culture of human umbilical cord blood stem 
cells (hUCBSC). Human umbilical cord blood samples were 
collected from the umbilical vein of newborns with informed 
maternal consent according to the protocol approved by the 
Institutional Review Board at the University Of Illinois College 
Of Medicine at Peoria. hUCBSC harvests were processed within 
24 h of collection, with viability of more than 90%. Isolation, 
culture and expansion of hUCBSC were performed as described 
previously in reference 28.

Glioma cell cultures. U251 cells obtained from the National 
Cancer Institute (NCI) were grown in DMEM supplemented 
with 10% fetal bovine serum (FBS) (Hyclone) and 1% penicillin-
streptomycin (Invitrogen). Xenograft parent cell lines 4910 and 
5310 (a kind gift from Dr. David James at University of California) 

factors secreted from tumors mediate hUCBSC tropism toward 
glioma cells. Earlier, Schimdt et al.40 demonstrated that the tro-
pism of neural stem cells is dependent on the overexpression of 
VEGF by glioma cells along with cytokines like CXCR4 and 
CXCL12. Kim et al.41 conducted in vivo efficacy experiments 
and showed that intratumoral injection of engineered hUCBSC 
significantly inhibited tumor growth and prolonged the survival 
of glioma-bearing mice as compared with controls. Ryu et al. 
(2011),42 recently studied the migratory capacity of hUCBSC 
mediated by IL-12 toward GL26 mouse glioma cells in vitro and 
in vivo in gliomas implanted in C57BL/6 mice. Similarly, Park, 
et al.43 found that overexpression of the SDF-1α receptor CXCR4 
in hUCBSC enhanced the migratory capacity toward gliomas. 
Several researchers have observed that cytokines, such as IL-6, 
IL-8, MCP-1, Rantes, GRO and GRO-α, were constitutively 
expressed by both the bone marrow stem cells and umbilical cord 
blood stem cells.31 Our results, obtained by challenging hUCBSC 
with glioma stem cells, are in agreement with the previously pub-
lished results. Western blot and RT-PCR analyses conducted on 
the culture filtrates demonstrated increased expression levels of 
these cytokines along with the homing receptors CXCR4 and 
CD9 in hUCBSC and hUCBSC co-cultured xenograft lysates.

Various sources of mesenchymal stem cells exist, such as 
the bone marrow, adipose tissue, umbilical cord blood and pla-
centa. hUCBSC utilization offers significant advantages, which 
include relative ease of availability, tumor tropism and infiltrative 
potential across the blood brain barrier. In the present study, we 
observed that hUCBSC possessed the ability to cross the blood-
brain barrier of glioblastoma tumor bearing athymic mice and 
showed higher seeding efficiency when compared with the mice 
with no glioblastoma tumors. This observation was similar to 
the other studies, which demonstrated that mesenchymal stem 
cells have the capability to cross the blood brain barrier of rats 
after artificial cerebral ischemia.44 Later an important role for 
chemokines (CCL2, CCL3 and CXC18) involvement in mediat-
ing mesenchymal stem cell migration in the ischemic brain was 
evidently shown.45,46 Furthermore, Ji et al. (2004) provided an 
important insight into the understanding of the mechanisms 
governing the trafficking of transplanted mesenchymal stem 
cells. These data suggested that the interactions of some chemo-
kines-chemokine receptors, such as fractalkine-CX3CR1 and 

Table 1. primer sequences for the target genes

Gene Forward primer Reverse primer

GRO-α
5'-AGG GAA TTC ACC CCA 

AGA AC-3'
5'-TGG ATT TGT CAC TGT 

TCA GCA-3'

IL-8
5'-TTT TGC CAA GGA GTG 

CTA AAG A-3'
5'-AAC CCT CTG CAC CCA 

GTT TTC-3'

SDF-1
5'-CTT CAG ACA CTG AGG 

CTC CC-3'
5'-AGG CAA TCA CAA ACC 

CAG TC-3'

CXCR-4
5'-TCA TCT ACA CAG TCA 

ACC TCT ACA-3'
5'-GAA CAC AAC CAC CCA 

CAA GTC ATT-3'

β-actin
5'-GGC ATC CTC ACC CTG 

AAG TA-3'
5'-GGG GTG TTG AAG GTC 

TCA AA-3'
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Western blot analysis. Western blotting was performed as 
described previously in reference 29. Culture filtrates were col-
lected after 24 h from all of the treatment conditions. Culture 
filtrates, treated cell lysates and controls were subjected to SDS-
PAGE analysis, followed by transfer to nitrocellulose membrane 
(Bio-Rad). The membranes were then probed with specific pri-
mary and secondary antibodies.

CD8+ estimation by FACS analysis. The Institutional 
Animal Care and Use Committee of the University of Illinois 
College of Medicine at Peoria approved all surgical interventions 
and post-operative animal care. Immunocompetent mice SKH-1 
were injected intracranially with hUCBSC or human astrocytes. 
Cyclosporine (10 mg/kg) (Bedford Labs) was administered to 
another group for one week. A cohort of six animals was used for 
this study. Whole blood was collected from animals just before 
complete euthanization. Buffy coat containing white blood cells 
(WBC) was collected from blood after centrifugation. WBC 
obtained from various treatment groups were labeled with FITC-
conjugated CD8+ (BD Biosciences). Isotypic negative controls 
were used to establish background fluorescence. Positive cells 
were identified after excitation with the appropriate laser. Ten 
thousand events were counted for each analysis, and all experi-
ments were performed in quadruplicate for each group.

Immunohistochemical staining. Tissue sections were de-par-
affinized and subjected to antigen retrieval for 10 min at 90°C in 
0.1 M sodium citrate buffer (pH 6.0). After permeabilizing with 
0.3% Triton X-100, tissue sections were incubated with respec-
tive primary antibodies overnight at 4°C. For secondary antibody 
labeling, HRP-conjugated antibodies were used. These sections 
were washed in PBS and developed with the diaminobenzidine 
(DAB) substrate (Sigma-Aldrich) to produce color. After coun-
terstaining with Hematoxylin, sections were mounted, cleared, 
coverslipped and examined using a confocal microscope. Cell 
nuclei were counterstained with DAPI (10 ng/mL, Sigma). For 
immunofluorescence, sections were treated with primary anti-
bodies overnight at 4°C and then treated with appropriate Alexa 
Fluor secondary antibodies at room temperature for 1 h. Negative 
controls were maintained either without primary antibody or 
using IgG. All immunostained sections, which were stained with 
fluorescent antibodies, were counterstained with DAPI. The sec-
tions were blind reviewed by a neuropathologist.

Intracranial administration of hUCBSC in vivo. Approximately 
250,000 4910 GSC were injected intracerebrally into the right side 
of nude mice brains under isofluorane anesthesia with the aid of 
a stereotactic frame. hUCBSC (250,000) labeled with fluorescent 
CellTrackerTM Red CMPTX (Invitrogen Molecular Probes) were 
injected left of the sagittal suture and bregma of mouse brain 
two weeks after tumor implantation. The ratio of the hUCBSC 
to cancer cells was maintained at 1:1. In another experiment, 
hUCBSC labeled with fluorescent CellTrackerTM Red CMPTX 
(250,000 cells/50 μL) were injected via the tail vein two weeks 
after tumor implantation. From the second week until the fifth 
week, the mice were visualized using the IVIS Imaging System. 
Mice injected with 10 μL of sterile PBS were treated as controls. 
Paraffin-embedded sections were stained with Hematoxylin and 
Eosin (H&E) to visualize tumor regression.

were grown in RPMI-1640 medium supplemented with 10% 
FBS and 1% penicillin-streptomycin at 37°C in a humidified 
atmosphere containing 5% CO

2
. GBM neurospheres of the 4910 

xenograft cell line were cultured in neurobasal medium supple-
mented with N2 (1%), B27 (1%), 20 ng/ mL bFGF, 20 ng/mL 
EGF and 10 ng/mL LIF (Millipore).52 Experiments for the pres-
ent study were conducted using the neurospheres of the eighth 
passage. Human astrocytes were purchased from ScienCell 
Research Laboratories and grown in astrocyte medium supple-
mented with 2% FBS, 1% penicillin-streptomycin and 1% astro-
cyte growth supplements.

Spheroid invasion assay. U251, 5310, hUCBSC and fetal rat 
brain cells (each 1 x 106/mL) were cultured in low-attachment, 
48-well culture plates with constant shaking until multicellular 
spheroids formed. Single glioma spheroids with a diameter of 
100–200 mm were placed in the center of each well of a 48-well 
microplate. In separate experiments, hUCBSC spheroids and 
fetal rat brain aggregates were confronted with glioma spheroids 
and each other as well. U251 and 5310 glioma spheroids were 
labeled with fluorescent CellTrackerTM Green CMFDA (5-chlo-
romethylfluorescein diacetate) dye. Both hUCBSC and fetal rat 
brain aggregates were labeled with fluorescent CellTrackerTM 
Red CMPTX (Invitrogen Molecular Probes). Migration was 
monitored for 72 h. Progression of U251 and 5310 spheroids was 
observed under a confocal laser scanning microscope and photo-
graphed as described previously in reference 53.

Migration and chemotaxis assays. Migration (in vitro) was 
studied using Transwell migration assays. U251, 5310 and 4910 
GSCs (1 x 105) along with CXCR4, SDF-1 and GRO-α were 
added to the upper compartment while the lower compart-
ment contained immobilized hUCBSC. In another experiment 
hUCBSC (1 x 105) were added to the upper chamber with the 
lower chamber containing immobilized U251, 5310 and 4910 
GSCs along with recombinant IL-8 (10 ng/mL). Similarly, 
hUCBSC were subjected to functional blocking using CXCR4 
and challenged with recombinant IL-8. In all cases, culture 
supernatants in the lower chamber were used as chemoattrac-
tants. After 24 h, invaded cells were fixed, stained with Hema 3 
and counted under a light microscope.

Cytokine antibody array. One milliliter of conditioned 
medium from the hUCBSC control and hUCBSC challenged 
with 4910 GSC were subjected to human cytokine antibody array 
(Ray Biotech) to detect the presence of cytokines. The assays 
were performed as per the manufacturer’s instructions.

Reverse transcription PCR analysis. Primer sequences were 
designed from human GenBank sequences using Primer 3 soft-
ware (v.0.4.0). For real time polymerase chain reaction (RT-PCR) 
analysis, total cellular RNA was isolated using the RNeasy kit 
(Qiagen). Total RNA was reverse transcribed into first strand 
cDNA using the Transcriptor First Strand cDNA Synthesis Kit 
(Roche). Target primers for the amplification of IL-8, GRO-α, 
SDF-1 and CXCR4 are listed in Table 1. Reverse transcriptase 
PCR was conducted using the following PCR cycle: 95°C for 5 
min, (95°C for 45 sec, 55–60°C for 45 sec and 72°C for 45 sec) 
x35 cycles, 72°C for 10 min. Each sample was measured in trip-
licate and normalized to β-actin gene expression.
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