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Different methods of immunosuppresion do not prolong
the survival of human cord blood-derived neural stem cells
transplanted into focal brain-injured immunocompetent rats
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Cerebrovascular diseases are the leading cause of severe disability worldwide, with an enormous financial burden for society.
There is growing evidence that stem cell-based therapy may positively influence recovery from stroke. Cord blood is an
attractive source of ontogenetically young, yet safe, stem cells. Conceptually, preclinical studies in which donor cells were
of human origin have been the most valuable, and thus, it is likely that these cells will be used in clinical trials. Unfortunately,
immunological barriers impede discordant xenotransplantations. We have previously observed acute rejection of cord blood-
derived neural stem cells (HUCB-NSC) after transplantation to the brains of intact animals. Since it was reported recently
that a brain lesion may actually improve the chances of graft survival, in this study, we used infarcted animals as graft
recipients. In ongoing studies, we tested three immunosuppressive regimes: group I received cyclosporine A (CsA: 10 mg/
kg i.p.); group Il received a triple-drug therapy (CsA: 10 mg/kg i.p., azathioprine: 5 mg/kg i.p., and methylprednisolone: 1.5
mg/kg im.); group III included rats that were formerly desensitized with HUCB, group IV had not undergone
immunosuppression.. Animals were sacrificed at five time-points: 1, 3, 7, 14, and 21 days post-transplantation to evaluate
graft survival and the time-course of immunological response. We observed a gradual decrease in the number of transplanted
cells, with complete disappearance by day 14, surprisingly, with no difference among the experimental groups. The
involvement of the innate immune system in the process of graft rejection dominated over an adaptive immunoresponse,
with the highest activity on day 3, and subsequent fading of immune cell infiltration. In this work, we have shown that none
of our immunosuppressive strategies proved adequate to prevent rejection of human stem cell grafts after transplantation into
immunocompetent animals.
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INTRODUCTION

Cerebrovascular diseases are the leading cause of
severe disability worldwide, with an enormous finan-
cial burden for society. Brain injuries, and, in particu-
lar, ischemic stroke, are one of the most difficult thera-
peutic challenges for physicians. Brain ischemia is
caused by cerebral artery occlusion, inducing the
infarction of brain tissue with acute loss of neurons,
astroglia, and oligodendroglia and disruption of the

Correspondence should be addressed to B. Lukomska,
Email: barbara.lukomska@imdik.pan.pl

Received 11 February 2013, accepted 19 March 2013

synaptic architecture in the brain (Anderson et al. 2003,
Wechsler and Kondziolka 2003, Haas et al. 2005).

Recently, it has been shown that the adult brain has
the capacity to repair itself. Spontaneous neural tissue
recovery occurs in neurological disorders by endoge-
nous neural progenitor cell activation in response to
ischemia. However, this process is not robust enough
to promote a functional and stable recovery of the cen-
tral nervous system (CNS) architecture (Pluchino et al.
2005, Munoz et al. 2005, Lindvall and Kokaia 2005,
Jin et al. 2006). For this reason, there is a great interest
in the possibility of repair of the nervous system
through the transplantation of new cells that can
replace those lost through damage.
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Potential sources of stem cells are bone marrow,
peripheral blood, and cord blood. Stem cells from
these sources were shown to be capable of transdif-
ferentiating in vitro into neural lineages (Buzanska
et al. 2002, Zhao et al. 2003, Hermann et al. 20 04,
McGuckin et al. 2004, Habich et al. 2006). During
the past two decades, the human umbilical cord
blood has garnered great interest as a novel, valu-
able source for stem cells that possess several
unique characteristics (Zigova et al. 2002, Sun et al.
2005, Buzanska et al. 2006, Jurga et al. 2009, Ali et
al. 2012). In contrast to adult bone marrow, stem
cells in cord blood are at the intermediate point
between embryonic/fetal and adult life, with high
proliferative potential associated with an extended
life span and longer telomeres (Kogler et al. 2004).
Apart from this biological superiority, cord blood is
also a valuable source of stem cells in terms of
access and supply, and the noninvasive and ethi-
cally accepted method of collection.

The clinical use of exogenous stem cells for neu-
roregeneration is critically dependent on preclinical
studies in animal models that are relevant to human
disease. Over the last several years, several models of
brain injury, mainly in rodents, have been established.
Most experimental studies have been performed using
a middle cerebral artery occlusion (MCAO), either
permanently (Hicks et al. 2009, Dubois-Dauphin and
Julien 2010) or transiently (Rosen et al. 2005, Takahashi
et al. 2008, Steiner et al. 2012). However, while this
model is widely used by researchers, it causes exten-
sive damage to the brain, with symptoms related to
brain edema (Hofmeijer et al. 2004). To limit the isch-
emic injury related to the small deep brain structures,
Veldhuis and coauthors (2003a) invented a chemical
insult using the Na/K ATP-ase pump inhibitor, oua-
bain. The lesion induced by the intraparenchymal
injection of ouabain brings metabolic and structural
brain changes that mimic focal ischemic injury. This
model of lacunar deep-brain ischemic lesions observed
in clinical practice has been successfully used in mor-
phologic and neuroprotection studies (van der Stelt et
al. 2001, Veldhuis et al. 2003b, Janowski et al. 2008).

Conceptually, studies in which the donor cells were
of human origin are the most valuable because it is
highly likely that only human-derived cells will be
approved for use in clinical trials. However, xenotrans-
plantation of human cells raises the high risk of rejec-
tion in discordant recipients. Donor cells evoke an
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immunological response triggering host-versus-graft
reaction, which abrogates the beneficial effect of the
graft due to its limited survival.

Our previous data demonstrated that intracere-
bral transplantation of human umbilical cord blood-
derived neural stem cells (HUCB-NSC) into the
intact brain of healthy rats resulted in their acute
rejection by the host. Surprisingly, it was reported
that CNS injury, when compared with intact tissue,
apparently improved the viability of stem cell grafts
(Olstorn et al 2007).

The goal of the present study was to analyze the
survival, proliferation rate, and differentiation pat-
terns of HUCB-NSC transplanted into ouabain-in-
jured rat brains. In addition, several strategies,
including different immunosuppression protocols, or
desensitization, were investigated to avoid eventual
rejection problems with HUCB-NSC grafted into
xenogeneic recipients.

METHODS
Cell culture

A human umbilical cord blood-derived neural stem
cell (HUCB-NSC) line was derived from CD34 and
CD45- cord blood mononuclear cells, as described pre-
viously by Buzanska and colleagues (Buzanska et al.
2006), and cultured in DMEM/F12 supplemented with
2% fetal bovine serum, 1% insulin-transferrin-seleni-
um, and 1% antibiotic/antimycotic solution (Invitrogen).
At 24 h before transplantation, HUCB-NSC were
moved into serum-free NeuroBasal medium supple-
mented with B27 to avoid serum content and the risk
of immunological reaction of the host. Immediately
before grafting, HUCB-NSC were pre-labeled with
CellTracker™ Green (Molecular Probes) to facilitate
their identification in the recipients. For transplanta-
tion, HUCB-NSC were suspended in PBS at a concen-
tration of 1x10° cells/pl.

Animals

The experiments were performed in adult male
Wistar rats weighing 250 g. The animals were kept in
standard conditions with a 12:12 photoperiod and
unlimited access to water and food. All procedures
were approved by the First Warsaw Local Ethics
Committee, and were consistent with EU guidelines.
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Neonatal desensitization

On the day of birth (P0), the rat pups were anesthe-
tized by hypothermia on ice for three-to-four minutes
and injected i.p. with 1 pl of HUCB-NSC (1x10°), sus-
pended in PBS, using a Hamilton syringe equipped
with a 33G micro-needle. Animals were allowed to
recover from cryoanesthesia, and, after reaching nor-
mothermia, and a normal respiratory rate, they were
returned to their mothers. Six weeks after desensitiza-
tion, these rats received HUCB-NSC grafts.

Ouabain model of brain injury

Adult rats were anesthetized with ketamine (10%;
90 mg/kg bw., given i.p.) and xylazine (2%; 10 mg/kg
bw., given ip.), and immobilized in a stereotactic
apparatus (Stoelting). A small burr hole was drilled in
the cranium over the right hemisphere. The needle
(length 15 mm, gauge 33), connected to a 10-pl syringe
(Hamilton), was lowered into the right striatum (coor-
dinates A 0.0, L 3.0, D 5.0 mm). To minimize brain
shift, there was a delay of five min between needle
insertion and the injection of the active substance. A
1-pul of 5 mmol ouabain (Sigma) was then injected into
the brain at a rate of 0.1 pl/min via a microinfusion
pump (Stoelting) mounted on the stereotaxic appara-
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Fig. 1. Scheme of surgical procedures; the area bounded by
the box depicts the brain region analyzed histochemically
for the presence of transplanted human cells and immune
response activation of the host effectors (A), and the time-
table of experimental procedures (B).

tus. After injection, the needle was left in situ for five
min to avoid leakage of injected fluid through the
needle tract. The needle was then withdrawn and the
skin closed with a suture.

Transplantation procedure

Three days after the ischemic insult, the rats were
anesthetized with ketamine/xylazine 90/10 mg/kg i.p.,
and immobilized in a stereotactic apparatus. After a
median skin incision on the skull, a burr hole was
drilled in the cranium over the right hemisphere, and a
33G micro-needle attached to a 5-ul Hamilton syringe
was lowered into the corpus callosum using the follow-
ing coordinates: A 0.0, L 4.0, D 3.0, in reference to the
bregma. Animals were injected with 2 pl of CMFDA-
labeled HUCB-NSC (2x10°), at a rate of 0.5 pl/min.
Then, the needle was withdrawn, the surgical wound
was suture-closed, and animals were allowed to recov-
er from anesthesia. Four experimental groups of oua-
bain brain-injured rats that received HUCB-NSC
transplantation were divided according to the type of
immunosuppression: group I, which received
cyclosporine A (CsA, 10 mg/kg i.p.); group II, which
received a three-drug therapy regimen (CsA: 10 mg/kg
1.p., azathioprine: 5 mg/kg i.p., and methylprednisolo-
ne: 1.5 mg/kg i.m.); group III, which included rats that
were formerly desensitized with HUCB-NSC; group
IV, which had not undergone immunosuppression. The
immunosuppression treatment was started two days
prior to transplantation, with daily injections of CsA or
three-drug therapy, which continued for the entire sur-
vival period of the animals (Fig. 1). The control group
had undergone ouabain brain injury without HUCB-
NSC transplantation.

Immunohistochemistry and image acquisition

Rats were sacrificed sequentially at post transplan-
tation day 1, 3, 7, 14, or 21, and then, the brains were
removed and snap frozen. Twenty micron-thick coro-
nal tissue sections were cut using a cryostat and immu-
noassayed with the primary antibodies: anti-Ki67
(Leica, 1:100), recognized marker of proliferating
cells; anti-NF200 (Sigma, 1:400); anti-BTubulin-II1
(TUJI) (Covance, 1:750); and anti-GFAP (Cappel,
1:100) to determine the neural fate of implanted
HUCB-NSC. For characterization of the host immune
response, anti-CD5 (Serotec, 1:25) as T cell, anti-



CD45RA (Serotec, 1:100) as B cell, anti-CD68 (ED1)
(Serotec, 1:100), as macrophages/microglia, anti-CD15
(Serotec, 1:50) as neutrophils, and anti-IgM (Southern
Biotech, 1:500) specific antibodies for the following
molecules were applied. Positive cells were visualized
by secondary staining with goat anti—rabbit (Alexa
Fluor-488, green) and goat anti-mouse IgG (Alexa
Fluor-594, red) (1:200, Molecular Probes) antibodies.
Cell nuclei were stained with 5 uM Hoechst 33258.
Images were acquired using a Zeiss confocal LSM.
Following acquisition, images were processed using
the software Zeiss LSM 510.

Cell counting

To calculate the neural phenotypes of transplanted
HUCB-NSC or immunological induction of the host
response in the brain, the positively stained cells present
in the implantation site and at the border of infarction,
including the lesioned and perilesioned areas, were ran-
domly analyzed via confocal laser scanning microscopy
(Fig. 1 box). To determine the number of desired cells,
12 slide-mounted coronal sections were sampled from
the brain of each of the five rats used in one experimen-
tal group. In each brain section stained with antibodies,
the specific marker of double-positively labeled cells
with CMFDA for HUCB-NSC or Hoechst for rat cells
were counted (at least 2 500 cells). Quantitative analysis
was presented as the percentage of immunopositive
cells and the data are expressed as mean + SE.
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Fig. 2. Analysis of cell-counts of the different phenotypes of
HUCB-NSC, expressed as the percent of positive cells in the
ipsilateral hemisphere of the ouabain-injured rat brain after
human cell transplantation revealed significant differences
at various time-points of observation. The results are
expressed as the mean + SE, n=6. *P<0.05; **P<0.01;
***P<0.001.
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Statistical analysis

All values are given as mean + SE. All statistical
calculations were performed using GraphPad Prism
5.0. One-way ANOVA with the Bonferroni Multiple
Comparison test was used for comparison between
mean values. Statistical significance was deemed to be
present if P<0.05.

RESULTS

Characterization of HUCB-NSC after their
transplantation into the ouabain-injured brain
of rats without immunosupression

To investigate the proliferation, capacity, and
phenotype distribution of HUCB-NSC in vivo after
their transplantation into ouabain-injured rats,
immunohistochemistry was performed on brain tis-
sue samples at 24 hours as well as at 3, 7, and 14
days post-grafting. One day after transplantation
into the ouabain-injured rat brain, all HUCB-NSC
were detected in the injection bolus, most of them
as undifferentiated precursors. Identification of the
proliferation marker Ki67 revealed 4.1 = 0.3% posi-
tive cells. Immunohistochemical staining of donor
cells located in the graft area showed the expression
of neuronal NF-200 (22.8 + 0.6%) and astrocyte
GFAP (22.8 + 0.6%) proteins. After three days, a
smaller proportion of human cells expressed NF-200
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Fig. 3. Analysis of cell counts of immune cells expressed as
the percent of positive cells in the ipsilateral hemisphere of
the ouabain-injured rat brain after HUCB-NSC transplanta-
tion revealed significant differences at various time-points
of observation. The results are expressed as the mean + SE,
n=6. *P<0.05; **P<0.01; ***P<0.001.
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(10.73 £ 1.5%) and GFAP (11.8 £ 0.6%) markers.
Some occasional HUCB-NSC migrated from the
graft core to the surrounding parenchyma. The per-
centage of Ki67-positively labeled HUCB-NSC was
5.1 = 1.1%. Seven days after transplantation, sig-
nificantly more donor cells migrated along white
matter fibers toward the lesion. Cells situated
between the graft and the lesion border rarely
expressed NF-200 (1.3 £ 0.7%) or GFAP (5.5 =
2.1%) and Ki67 (1.0 £ 1.0%) markers (Fig. 2). At 14
days, there was no evidence of viable human cells
remaining either at the transplant site or in the
injured area.

The effectors of innate and adaptive immune
response in the brain of untreated rats after
HUCB-NSC transplantation

To demonstrate the reaction of the host to human
cells (HUCB-NSC) being transplanted in the setting
of our model, immunostaining of rat brain tissue was
performed using phenotypic markers of cell charac-
teristics for innate and adaptive immunity effectors.
At 24 hours, intensive staining for ED1, a marker for

microglia/macrophages, was evident in the ischemic
region and close to the cell graft. A similar activa-
tion of astrocytes was also observed, with the
appearance of a cell population that demonstrated
the expression of CDI5, a cell-surface marker for
neutrophils, CD5, a marker of T lymphocytes, and
CD45RA, a phenotypic marker of B lymphocytes.
The analyses of brain tissue three days after HUCB-
NSC transplantation revealed a significant increase
in ED1* and GFAP' cells relative to the first day,
whereas no differences were observed between the
numbers of CD15*, CD5", and CD45" cells. At seven
days post-graft, a significant decrease of microglia/
macrophages, neutrophils, and T and B lymphocytes
occurred, representing a shift in the population of
inflammatory cells observed during the follow-up
after HUCB-NSC administration. Two weeks after
human cell grafting, a few cells expressing EDI,
CD15, CD5 and CD45R A markers were found in the
rat brain, located mainly at the border of the scar
formation area. The activity of immune cells posi-
tively correlated with the presence of transplanted
HUCB-NSC, and no viable human cells were
observed at this time-point (Figs 3, 4).

Fig. 4. Detection of host response in the ischemic brain three days after HUCB-NSC (green by CMFDA) transplantation.
Cells stained with Texas Red (red) after specific immunoreactions for ED1 (A); GFAP (B); CD15 (C); CD5 (D); CD45RA
(E); 1gM (F); and Hoechst 33258 staining (blue) showed their nuclei. Scale bar is 50 pm.



Characterization of donor cells and the immune
cells of the host after HUCB-NSC grafting into
the brain of CsA-treated rats

The effectiveness of CsA immunosuppression of the
human graft recipients was studied in our experimental
model by comparing the survival rate of HUCB-NSC
and their functional potential to proliferate and mature
in the brain tissue to that of untreated and CsA-treated
rats. The results of our study showed no difference in
the survival time of human cells transplanted into oua-
bain-injured rat brain between both groups of animals
at any of the time-points compared (24 hours, 3, 7, 14,
21 days). Despite the increasing total cell number of
HUCB-NSC (<10°), the viable donor cells in the brains
of the CsA-immunosuppressed group could be detected
only up to two weeks post-grafting. Moreover, human
cells transplanted into CsA-treated rats displayed the
same properties as HUCB-NSC in the control untreated
recipients. Most of the grafted HUCB-NSC were found
at the injection site, showing no or only a little migra-
tion capacity. Immunohistochemical staining for neu-
ronal and astrocyte markers performed on brain sec-
tions to analyze the state of differentiation of the grafted
cells revealed no significant differences between cohorts
in the number of certain phenotypes observed in rats
with and without CsA immunosuppression.
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It is worth noting that CsA treatment did not affect
the inflammatory response in the brain of lesioned
animals after HUCB-NSC transplantation.
Interestingly, CsA, which exerts its immunosuppres-
sive action to depress the cellular immune response
of T cells, did not reduce the number of T lympho-
cytes appearing at 24 hours in human cell grafts, and
persisted during two weeks of observation. Similarly,
B lymphocytes were noticed in the transplant area.
The pattern of adaptive immune response seen in
CsA-immunosuppressed rats was comparable to that
observed in the non-suppressed graft recipients. The
analysis of the innate immune reaction revealed
quantitative and morphological changes in reactive
microglial EDI" cells and GFAP* astrocytes, and
infiltration of CD15" neutrophils in post-ischemic tis-
sue and at the HUCB-NSC injection site of CsA-
immunosuppressed rats. This inflammatory reaction
reached its peak on the 3 day after cell transplanta-
tion; then, the number of cells was gradually reduced
with much less detected at a later time, i.e., two-to-
three weeks, when surviving human cells were not
observed. In our experimental model, no significant
differences in the activation of the immunological
response were detected between the two groups of
human graft recipients (with and without CsA immu-
nosuppression (Fig. 5).
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Fig. 5. Analysis of cell counts of immune cells expressed as the percent of positive cells in the ipsilateral hemisphere of the
ouabain-injured rat brain after HUCB-NSC transplantation. No significant differences in the cell counts were observed,
either without immunosuppression or with CsA treatment of graft recipients, at various time-points of observation. The

results are expressed as the mean + SE, n=8.
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Characterization of donor cells and the immune
cells of the host after HUCB-NSC grafting into the
brain of triple-immunosuppression-treated rats

Since CsA treatment appeared to be insufficient to
protect HUCB-NSC grafts, we utilized a three-drug
pretreatment regimen to interfere with a much wider
range of immunological response parameters. The
combination of CsA, azathioprine, and methylpredni-
solone was chosen to suppress both adaptive and innate
immunity. Unfortunately, we did not prove a positive
effect for the triple-immunosuppression protocol. After
HUCB-NSC transplantation into the brain of ouabain-
lesioned rats, most of the cells remained at the site of
deposit with only minimal ability to disperse and
migrate into surrounding tissue. Graft cells expressed
the proliferation marker Ki67, as well as neuronal
NF-200 and astrocyte GFAP markers similar in expres-
sion to those observed in rats without immunosuppres-
sion. There was gradual depletion of donor cells, indi-
cating the inability of the immunosuppressant drugs
used in our experimental settings to prolong graft sur-
vival. There was a strong negative correlation between
the number of inflammatory cells that represented
adaptive and innate host immunity in the rat brain and
the survival rate of transplanted HUCB-NSC cells.
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Again, between triple-immunosuppression-treated and
non-treated rats, there were no statistically significant
differences in the number of activated host immune
cells at various time-points. A strong GFAP and ED1
expression was observed in brain tissue located close to
the injection site of HUCB-NSC at 24 hours post-graft.
Simultaneously, CD15, CD5, and CD45R A immunore-
active cells were found. The increase in innate and
adaptive immunity effectors could be clearly discerned
in confocal laser scanning microscopy over the next
seven days despite continuous immunosuppression.
Then, the number of immune cells was reduced after 14
days in the almost absolute absence of previously trans-
planted human cells (Fig. 6). Heavy immune suppres-
sion using CsA, azathioprine, and methylprednisolone
was unable to protect HUCB-NSC from acute rejec-
tion; however this treatment regimen was associated
with adverse effects. Moreover, triple-immunosuppres-
sion was highly detrimental to the animals. Several rats
developed superficial infections, as indicated by symp-
toms of respiratory and gastrointestinal tract failure.
All animals lost weight. Three rats died, presumably
due to side effects of the three-component immunosup-
pression treatment. A few animals had to be euthanized
before the end of the experiments in accordance with
the rules of the animal license.
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Fig. 6. Analysis of cell counts of immune cells expressed as the percent of positive cells in the ipsilateral hemisphere of the
ouabain-injured rat brain after HUCB-NSC transplantation. No significant differences in the cell counts were observed,
either without immunosuppression or with CsA + azathioprine + methylprednisolone treatment of graft recipients, at various
time-points of observation. The results are expressed as the mean + SE, n=8.



Characterization of donor cells and the immune
cells of the host after HUCB-NSC grafting into
the brain of desensitized rats

To improve graft survival, selective tolerance induc-
tion was substituted for the immunosuppression para-
digm. Encouraged by the study of Kelly and coauthors
(2009), which proposed neonatal desensitization that
induced selective tolerance of the host to transplanted
cells, we followed the same method in our experi-
ments. Immunohistochemistry used for visualization
of HUCB-NSC transplanted into the brain of ischemic
rats, six weeks after their desensitization, revealed an
abundance of donor cells at one and three days after
grafting. However, the number of HUCB-NSC
decreased substantially at later time points, with hard-
ly any cells detectable in rat brain tissue after 21 days.
The immunological/inflammatory rejection of human
cells was associated with activated astrocytes and
microglial cells, and infiltration of neutrophils and
lymphocytes. The number of EDI, CD15, CD5, and
CD45RA cells detected in the proximity of the graft
increased on day 3 and 7 after HUCB-NSC transplan-
tation. The loss of human cells in the host brain at day
14 coincided with a gradual decrease of immune cell
activation and infiltration (Fig. 7). Overall, in our
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experiments, the neonatal desensitization method
failed to induce specific tolerance of the recipients to
transplanted HUCB-NSC.

DISCUSSION

Cord blood is widely used for the purpose of
hematopoietic stem cell replacement therapies.
Recently, it has been demonstrated that human umbili-
cal cord blood cell transplantation is not limited to the
treatment of hematopoietic diseases, and the cells have
the ability to enhance regeneration in numerous tissue
types, including the nervous system. This has, in part,
been attributed to the heterogeneous population of
cord blood stem cells.

Several experimental studies employing cord blood
transplantation in animal models of CNS disease
raised hope that the application might be expanded to
the treatment of neurological disorders. To assess and
quantify the resulting functional improvements after
cord blood cell transplantation various behavioral tests
were performed. The first study exploring the thera-
peutic effects of HUCB cells in the treatment of stroke
was performed by (and colleagues (Chen 2001). Other
studies have also demonstrated the beneficial influ-
ence of cord blood cell transplantation on lesion-in-
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Fig. 7. Analysis of cell counts of immune cells expressed as the percent of positive cells in the ipsilateral hemisphere of the
ouabain-injured rat brain after HUCB-NSC transplantation. No significant differences in the cell counts were observed,
either without any treatment or with desensitization of graft recipients, at various time-points of observation. The results are

expressed as the mean + SE, n=8.



96 A. Jablonska et al.

duced paresis (Willing et al. 2003, Vendrame et al.
2004, Borlongan et al. 2004, Meier et al. 2006). Also,
in our previous studies, we have shown that systemic
treatment of ouabain brain-injured rats with freshly
isolated HUCB cells ameliorated the impaired limb
movements of graft recipients (Gornicka-Pawlak et al.
2011). However, despite the positive effect of HUCB
cell grafting on brain lesion-induced functional impair-
ments, the mechanism of how transplanted cord blood
cells exert their beneficial effects is unknown. Previous
studies described the expression of neural marker pro-
teins by mononuclear cord blood cells under specific
culture conditions (Sanchez-Ramos et al. 2001,
Buzanska et al. 2002, Neuhoff et al. 2007). Based on
this evidence from in vitro work, results from the
behavioral tests in animal models suggest that a cell
replacement mechanism is likely responsible for the
observed beneficial effects. In order to address these
issues, we transplanted a human umbilical cord blood-
derived neural stem cell (HUCB-NSC) line, estab-
lished previously in our lab (Buzanska et al. 2006),
into the ischemically injured rat brain to follow the fate
of the donor cells in the host microenvironment. The
phenotypic and functional identity of the HUCB-NSC
line, their stability, ability to form neurospheres, and
differentiation potential into all neural cell types were
confirmed in several studies (Buzanska et al. 2006,
Jurga et al. 2006, Ruiz et al. 2008, Jurga et al. 2009,
2011, Zychowicz et al. 2012). This cell line serves as a
useful prototype for the ideal transplantable material,
and, based on our in vitro studies, it has a strong poten-
tial for clinical use.

The grafted HUCB-NSC ceased to survive up to
two weeks after their implantation in the ouabain-in-
jured rat brain. Most of the donor cells were observed
to persist in the injection bolus. Approximately 5%
were immunoreactive for Ki-67, indicating that some
of the transplanted cells continued ongoing prolifera-
tion in the host brain. One day after transplantation,
HUCB-NSC expressed astroglial (GFAP) and neuronal
(NF-200, B-Tublll) proteins; however, these markers
were present in low numbers at seven days. In our
experiments, HUCB-NSC never fully acquired the
terminal phenotype of mature neurons in vivo. Scant
migration of donor cells was observed in the corpus
callosum, radiating toward the peri-infarct region of
the striatum. These results are in accordance with
other observations, where few HUCB cells transplant-
ed into the brain of rats with cerebral ischemia were

observed in the lesion site displaying various neural
markers (Kuh et al. 2005, Liu et al. 2006, Kozlowska
et al. 2007). In some studies, neural differentiation of
human cord blood cells was not observed in vivo at all
(Taguchi et al. 2004, Meier et al. 2006); however, the
presence of transplanted HUCB cells has been demon-
strated in the vicinity of brain lesions. Despite the
indication of targeted migration of transplanted cells
as a response to injury, the survival of human cells in
the rat brain is equally poor. We did not find a signifi-
cant difference in the total survival of grafted HUCB-
NSC between healthy and ischemic animals.

The local inflammatory response associated with a
brain lesion seems to work against transplanted cells.
In addition, xenogeneic human cells grafted into the
brain of adult rats are the subject of considerable
immune surveillance. The transplantation procedure is
also another critical issue and invariably leads to
inflammation. All these factors initiate the effector
mechanisms that coordinate the innate and adaptive
immune responses. The dynamic interactions between
immune cells, the injured neural tissue, and trans-
planted cells enable the CNS to respond to the graft.
As a consequence, the majority of HUCB-NSC trans-
planted to the adult brain of rats exhibit poor survival
and meager differentiation due to the short time of
observation. From a clinical perspective, it must be
noted that human neurons require several months to
fully acquire their terminal functional phenotype after
transplantation (Kelly et al. 2004). The previously
view that the brain was an absolute immunologically
privileged site, allowing indefinite survival without
rejection of cell grafts, has proven to be in error. Thus,
the brain should be regarded as a place where immune
responses can occur, albeit in a modified form, and,
under certain circumstances, these responses are as
vigorous as those seen in other peripheral sites.

The elimination of human cord blood cells after
their transplantation might be the result of graft rejec-
tion, since a remarkable immunological response was
observed in adult rat ischemic brain around the HUCB-
NSC injection site. In our studies, brain injury obtained
after ouabain injection into the striatum of adult rats
revealed activation of macrophage/microglia and astro-
cytes in the host brain. Human cord blood cell trans-
plantation potentiates the acute inflammatory response
initiated by the ischemic insult. The accumulation of
EDI- and GFAP-positive cells adjacent to the implant-
ed HUCB-NSC clusters was detected at 24 hours after



transplantation. There was a two-fold increase in the
density of microglia at three days. Reactive astroglio-
sis was observed in locations similar to those of acti-
vated microglia. Further analysis of the reactive
response to brain injury and cell transplantation
revealed a less pronounced activation of microglia and
astrocytes that indicated the disappearance of donor
cells. These results are in accordance with previously
published data describing a time-dependent increase
in innate immune effector activation of human neural
stem cells implanted near the brain injury site of
immunocompetent animals (Walczak et al. 2004,
Olstorn et al. 2007, Molcanyi et al. 2007, Chen and
Palmer 2008). Microglia and astrocytes are the major
players involved in the neuro-inflammatory response,
and their activation results in a change in the balance
between different mediators of the brain environment.
The local innate mechanisms of immune response play
the main role in xenogeneic transplantation, but they
also function in allogeneic, syngeneic, or even autolo-
gous cell transplants into the CNS (Coyne et al. 2006,
Tambuyzer et al. 2009, Bergwerf et al. 2009, Glover et
al. 2010).

In our studies, low levels of infiltrating neutrophils
and T and B lymphocytes were consistently found
from the earliest time-point examined after HUCB-
NSC transplantation into the ischemic rat brain. The
number of immune cells was constant beyond two
weeks of observation. First, both neutrophils and T and
B lymphocytes localized to the graft area; then, they
were seen close to the scar formation area. A similar
pattern of lymphocyte infiltration in rejecting xeno-
grafts has been reported previously (Armstrong et al.
2001, Larsson et al. 2001). Wood and colleagues (1996)
showed that T-cytotoxic/suppressor lymphocytes
(CD8") were unable to mediate xenogeneic graft rejec-
tion in the absence of T-helper cells (CD4"). Indeed,
depletion of CD4* lymphocytes reduced the incidence
of human cell rejection in the mouse brain. The adap-
tive immune response plays an important role in the
mechanism underpinning graft rejection in the brain,
as investigators have observed the prolonged survival
of allogeneic or xenogeneic grafts among nude rats or
NOD/SCID mice deprived of T lymphocytes (Walczak
et al. 2007).

Previous studies have demonstrated that graft rejec-
tion was never a problem in studies utilizing neonatal
hosts (Zigova et al. 2002, Jablonska et al. 2010).
However, with adult animals, a remarkable immuno-
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logical reaction was accompanied by donor cell elimi-
nation. Several strategies have been proposed to avoid
these problems, including immunosuppression of the
graft recipients, the use of genetically immunodefi-
cient animals, or desensitization of the host immune
system to xenogeneic transplanted cells (Pedersen et
al. 1997, Walczak et al. 2004, Kelly et al. 2009, Gorelik
et al. 2012). The immunosuppressive drug most com-
monly used in neuronal transplantation has been
cyclosporin A (CsA). It produces specific, reversible
inhibition of pro-inflammatory cytokine transcription;
thus, the effect of CsA relies on T-lymphocyte suppres-
sion. To date, the effectiveness of CsA treatment in
xenotransplantation is debatable. A few groups have
shown that immunosuppression with CsA prolonged
the graft survival of human cells transplanted into the
ischemic rat brain (Olstorn et al. 2007, Rota-Nodari et
al. 2010, Hovakimyan et al. 2012); however, immuno-
suppression did not affect the inflammatory response
in ischemic brain-lesioned animals. This was in con-
trast to our results. CsA treatment of ouabain-injured
rats (recipients of HUCB-NSC) had no favorable effect
on graft survival, and did not even ameliorate T cell
response at any of the time-points studied. Similarly,
the studies that directly compared the percentage of
surviving donor grafts between untreated and CsA-
treated rats showed no difference in the survival rate
between groups (Larsson and Widner 2000, Kogler et
al. 2004, Walczak et al. 2004, Pan et al. 2005, Niranjan
et al. 2007, Hicks et al. 2009). Although the lympho-
cytic infiltrate was scant or absent, the immunological/
inflammatory rejection was associated with activated
microglial cells.

To cope with the adaptive as well as the native
immunity of the host, we used immunosuppression
with combined CsA, azathioprine, and methylpredni-
solone. This triple-drug immunosuppression interferes
with a much wider range of immunological response
parameters than CsA monotherapy, and it seems valu-
able for experimental xenotransplantation studies. The
protection of intracerebral mouse-to-rat hippocampal
grafts upon treatment with three drugs has been
reported previously (Pedersen etal. 1997). Nevertheless,
our studies applying HUCB-NSC in an ouabain model
of rat brain injury did not confirm these findings. The
combination immunosuppression therapy was ineffec-
tive for the sustained survival of human cells. Host
microglia activation and leukocyte infiltration, togeth-
er with the astrogliosis observed in triple-medicated
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recipients, was comparable with that seen in rats that
received CsA alone. Walczak and coworkers (2004)
found no prolongation of human cord blood cell sur-
vival in the brain of rat recipients pretreated with a
combination of CsA, azathioprine, and methylpredni-
solone. Despite the decreased microglial activity,
donor cell survival was poor. The authors suggested
that the observed differences were related to concor-
dant and discordant xenografts because of phyloge-
netically closely related (e.g., mouse-rat) or distant
pairings (e.g., human-rat) of donor and recipients. In
concordant systems, the graft rejection seems to follow
the allograft-like mechanism, with relatively longer
cell survival, whereas, in discordant systems, graft
rejection is an acute or hyperacute mechanism.

The limited survival of human cells in the rat brain
necessitated the search for some other methods to
ensure acceptance of the graft by the recipients. The
strategy of desensitization of the rodent to human cells
in the neonatal period proposed by Kelly and col-
leagues (2009) was very attractive. We followed the
same procedure to induce tolerance in the host to the
cells transplanted in the same animals in their adult-
hood. However, in our experiments, the neonatal
desensitization method failed to prolong HUCB-NSC
survival and induced a native inflammatory reaction
(e.g., microglial activation and astrogliosis) and an
adaptive immunological response (T and B lymphocyte
infiltration) in the rat brain. No difference was observed
in the dynamics of donor cell elimination between
desensitized and control animals. Recently, a group
from the Johns Hopkins University confirmed our
findings using human glial-restricted precursors
derived from fetal brains. Transplantation of these cells
into desensitized mice revealed immune cell infiltra-
tion in the area of the graft, followed by elimination of
donor cells at two weeks (Janowski et al. 2012).

CONCLUSIONS

Over the past few years, extensive data have sug-
gested that human cord blood cell grafts have a tre-
mendous potential to improve functional recovery
from motor deficits due to ischemic brain damage.
However, clinical cell transplantation for the treatment
of neurological disorders is still in a nascent stage due
to the preliminary and insufficient experimental data.
The elimination of human cells transplanted into dis-
cordant xenogeneic animals is a major setback.

Establishing the experimental models for long-term
survival of human cells in immunoprivileged, e.g.,
immune-deficient or humanized (human/animal chi-
meras) graft recipients, is one of the greatest chal-
lenges in stem cell transplantation research.
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