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Migration, fate and in vivoimaging of adult stem cells in
the CNS

E Sykova*"*® and P Jendelova"*®

Adult stem cells have been intensively studied for their potential use in cell therapies for neurodegenerative diseases, ischemia
and traumatic injuries. One of the most promising cell sources for autologous cell transplantation is bone marrow, containing a
heterogenous cell population that can be roughly divided into hematopoietic stem and progenitor cells and mesenchymal stem
cells (MSCs). MSCs are multipotent progenitor cells that, in the case of severe tissue ischemia or damage, can be attracted to the
lesion site, where they can secrete bioactive molecules, either naturally or through genetic engineering. They can also serve as
vehicles for delivering therapeutic agents. Mobilized from the marrow, sorted or expanded in culture, MSCs can be delivered to
the damaged site by direct or systemic application. In addition, MSCs can be labeled with superparamagnetic nanoparticles that
allow in vivo cell imaging. Magnetic resonance imaging (MRI) is thus a suitable method for in vivo cell tracking of transplanted
cells in the host organism. This review will focus on cell labeling for MRI and the use of MSCs in experimental and clinical studies

for the treatment of brain and spinal cord injuries.
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Stem and progenitor cells from various sources are currently
studied for their broad potential use in the treatment of
numerous neurodegenerative diseases, brain ischemia and
spinal cord injury (SCI). It has been observed in many animal
models'™® that their transplantation induces functional im-
provement. Cells, based on their origin during development or
their location in the body, can be classified as embryonic stem
cells, fetal multipotent stem cells or adult stem and progenitor
cells. Based on their unlimited differentiation potential, the
most promising are embryonic stem cells derived from
the inner cell mass of the blastocyst. However, using these
cells in human medicine is still a distant goal because their
proliferation and differentiation cannot be controlled and
the risk of tumor formation or differentiation into an improper
phenotype is still considerable. Fetal stem cells, although
they are organ-specific committed cells, are very limited in
quantity and cannot be used in autologous transplantations.
Adult stem cells can be found in the already developed
tissues of the adult organism, including the brain,*® fat,®®
skin,®'  kidney,"""'2 peripheral blood'®'* and bone
marrow.'®='7 Their main advantage is their potential use in
autologous transplantation without the need for immunosup-
pressive treatment. In addition, stem cells from fat, skin, blood
and bone marrow can be relatively easily isolated and
expanded in vitro.

Mesenchymal Stem Cells

Bone marrow can serve as a source of different cell
populations that can be roughly divided into hematopoietic
stem and progenitor cells and mesenchymal stem cells
(MSCs). These are multipotent adult progenitor cells that
are capable of differentiating into bone,'® cartilage,'®
muscle®® tendon and ligament,2' and fat cell” phenotypes.
The demonstrated ability of MSCs to differentiate into different
phenotypes makes MSCs excellent candidates as therapeutic
cells for the repair of damaged tissue. Several laboratories
have studied MSCs in tissue repair models. The results from
these experiments have been mixed: often, MSCs have been
shown to express differentiated markers in very low numbers
accompanied by a measurable therapeutic effect, or a
therapeutic effect is present but no differentiation is detected.
In the case of severe tissue ischemia or damage, MSCs can
be attracted to the damaged site, where they secrete bioactive
factors that trophically influence the repair and regenerative
process. MSCs can be mobilized from the marrow or can be
expanded in culture and delivered to the damaged site by
direct or systemic injection.?? Once at the site of injury, MSCs
produce factors that inhibit scarring and apoptosis, promote
angiogenesis and stimulate host progenitors to divide and
differentiate in order to repair the injured tissue. In this regard,
the trophic effects of MSCs may have important clinical use.
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Cellular Imaging

Non-invasive cellular imaging allows the real-time tracking of
grafted cells as well as the monitoring of their migration.
Several techniques for in vivo cellular imaging are now
available that allow the characterization of transplanted cells
in the living organism, including magnetic resonance imaging
(MRI),2® bioluminescence,* positron emission tomography®®
and multiple photon microscopy.?® All of these imaging
methods, based on different principles, provide distinctive,
usually complementary information. In this review, we will
focus on cell labelling for MRI, as MRI is non-invasive,
clinically translatable and displays good resolution, ranging
from 50 um in animals up to 300 um in whole body clinical
scanners. In addition to information about grafted cells, MRI
can provide information about the surrounding tissue (i.e.,
lesion size, edema or inflammation), which may have an effect
on graft survival or the functional recovery of the tissue.?”~>°

Cell Labeling

For cellular MR, cells need to be labeled with MR contrast
agents in order to visualize them in the host tissue. MR
contrast agents contain metal ions, which define their
relaxation properties. Paramagnetic metals such as gado-
linium, iron and manganese mainly affect T1 relaxation,
whereas superparamagnetic iron oxide (SPIO) nanoparticles
predominantly reduce T2 and T2*3' Particularly, T2* is
reduced due to the induction of strong field inhomogeneities.

For cell labeling, contrast agents can be either bound to the
external surface of the cell membrane or internalized into the
cytoplasm. Immunomagnetic labels that are used for mag-
netic cell sorting, that is, microbeads, may serve as a contrast
agent linked to an antibody that is bound to the respective cell.
The immunomagnetic label has a superparamagnetic core,
the size of which is comparable to the metal compound of an
MR contrast agent. Particles that do not internalize do not
affect cell viability, and keeping cells in culture is not required
for cell labeling; however, their attachment to the outer cell
membrane is likely to interfere with cell-surface interactions,
and they may easily detach from the membrane or be
transferred to other cells. Commercially available cell isolation
kits for the magnetic separation of CD34 * cells were tested.%?
The average iron content per cell, determined by spectro-
metry, was 0.275 pg. This value was lower by two orders of
magnitude than in the case of cell labeling using intracellular
labels; nevertheless, it still provided sufficient MR contrast.
The cells were grafted into rats with a cortical photochemical
lesion and were detected as a hypointense spot on T2-
weighted images 24 h after grafting.3? The presence of cells in
the lesion was confirmed by staining for human nuclei and by
polymerase chain reaction (PCR).

Intracellular magnetic labels have their surface modified to
facilitate their uptake by cells. Several modifications of iron
oxide particles have now been described that induce an
efficient internalization of the contrast agent while trying to
minimize any deleterious effects on cellular functions. Surface
coating (e.g., by dextran or polymers) ensures iron oxide
nanoparticle stabilization and solubility in order to prevent
aggregation. A suitable contrast agent for labeling rat or
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human MSCs, embryonic stem cells and olfactory ensheath-
ing cells is a commercially available contrast agent based on
dextran-coated SPIO nanoparticles, Endorem™ (Guerbet,
France).223334 Endorem can be easily incorporated by
endocytosis, and its uptake does not need to be facilitated
by a transfection agent, which can damage large numbers of
cells.® On the day that nanoparticles were withdrawn, the
efficiency of both rat or human MSC labeling (i.e., how many
cells out of the total number of analyzed cells were labeled)
was 50-70%. Another labeling approach is based on
combining a commercially available dextran-coated SPIO,
such as Feridex®% or Sinerem®,®” and a commercially
available transfection agent, for example, Superfect™ poly-
L-lysine, Lipofectamin or Fugene™.3®%® Transfection agents
effectively transport nanoparticles into cells through electro-
static interactions. However, each combination of transfection
agent and dextran-coated SPIO nanoparticle has to be
carefully titrated and optimized for different cell cultures, as
lower concentrations of transfection agent may result in
insufficient cellular uptake, whereas higher concentrations
may induce the precipitation of complexes or may be toxic to
the cells.®® To overcome these drawbacks, polycation-bound
superparamagnetic iron oxide (PC-SPIO) nanoparticles were
developed.*® PC-SPIO nanoparticles combine the advan-
tages of a low concentration of iron in the cell culture media
(15.4 ug/ml) with facilitated uptake without the further use of
any additives.*! A comparison of standard dextran-coated
SPIO and PC-SPIO showed that labeling cells with PC-SPIO
nanoparticles was more efficient than labeling with Endorem;
that is, more cells out of the total number of analyzed cells
were labeled with PC-SPIO nanoparticles than with Endorem
(Figure 1a). The PC-SPIO nanoparticle suspension was used
at a much lower iron concentration per milliliter of culture
media (15.4 ug/ml), in comparison with Endorem, for which
112.4 ug/mlin the culture media was used, and the cells were
incubated with both labels for 3 days. The average amount of
iron present in rat MSCs was determined by spectrophoto-
metry after mineralization of iron-labeled cell suspensions. In
PC-SPIO-labeled cells, even though the concentration of iron
in the culture media was 10 times lower (15.4 ug/ml culture
media), the average amount of iron was 38 pg/cell, whereas in
Endorem-labeled cells only 17 pg/cell. MR images of phan-
toms containing suspensions of PC-SPIO-labeled cells
showed a much stronger hypointense signal than did MR
images of Endorem-labeled cells (Figure 1b—d). The MR
detection limit in vitro was 0.4 cells in the image voxel,
whereas in vivoit was 1000 cells injected in 2 ul of PBS (Figure
1e and f). Compared with Endorem, the better internalization
of PC-SPIO particles into the cells enables the easier MRI
detection and tracking of the cells in the tissue after
transplantation. As another suitable surface modification to
enhance nanoparticle transport into the cells, D-mannose was
selected, as the cell surface is known to possess receptors for
this molecule*? and thus the coated nanoparticles can be
easily internalized. New surface-modified iron oxide nano-
particles were developed by the precipitation of Fe(ll) and
Fe(lll) salts with ammonium hydroxide followed by the
oxidation of the precipitated magnetite with sodium hypo-
chlorite with the subsequent addition of D-mannose solution.*®
The efficiency of rat MSC labeling was about 80%, and cells
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Figure 1

(@) PC-SPIO-labeled rat MSCs in culture stained with Prussian blue. (b-¢) MR images of phantoms formed by a set of test tubes containing a suspension of rat

MSCs in 0.5 ml gelatin. The control (Co) cells were unlabeled (b) or labeled with Endorem (¢) or with PC-SPIO nanoparticles (d). There were 10 000 cells in the phantoms,
corresponding to 0.4 cells per image voxel. (e) Axial and coronal (f) MR images of a rat brain with 1000 cells labeled with PC-SPIO nanoperticles implanted in the left
hemisphere (PC) and 1000 Endorem-labeled cells implanted in the right hemisphere (En). MR images were taken 3 days after implantation. Modified from Sykova and

Jendelova®!

labeled with D-mannose-coated nanoparticles possessed
very high relaxivity (12.1/s/million of cells/ml) when compared
to cells labeled with Endorem (1.24/s/million of cells/ml). The
average amount of iron as determined by spectrophotometry
after mineralization was 51.7 pg of iron per cell. Therefore,
D-mannose-modified iron oxide nanoparticles are another
promising tool for labeling living cells for diagnostic and
therapeutic applications in cell-based therapies. Other stra-
tegies for developing MR contrast agents that are easy to
detect include the utilization of viral protein cages** or the use
of internalizing monoclonal antibodies.*® Cells in suspension
can be labeled using magnetoelectroporation.*®

The Use of MSCs in the Treatment of CNS Disorders

Preclinical studies. Recently, numerous studies have been
published that describe the use of rat or human MSCs in the
treatment of brain or spinal cord disorders. After
transplantation into the brain, they respond to intrinsic
signals and migrate toward the site of injury. In some
studies, they differentiated in vivo into astrocytes and even
neurons.*”*® Human MSCs were injected into rats after
middle cerebral artery occlusion.*®®® In both studies,
implanted cells reduced the lesion volume and elicited
functional improvement compared with the control sham
group. As MSCs can be easily genetically modified,
numerous studies in which MSCs overexpress some
bioactive molecules have appeared.’***> Human MSCs
expressing brain-derived neurotrophic factor or human
MSCs producing placental growth factor have an enhanced
effect on functional outcome and lesion volume compared to
human MSCs alone, suggesting the use of human MSCs as
vehicles for the delivery of growth factors. As MSC-based
treatments for brain disorders have advanced rapidly, the
visualization of implanted stem cells in experimental models
of brain disorders is at the leading edge of potential
applications of MRI. Endorem-labeled human MSCs, or

Cell Death and Differentiation

Endorem/BrdU-co-labeled rat MSCs, were grafted into rats
(Wistar, males, 2-3 months old) with a cortical
photochemical lesion.>*3* The cells were grafted either
intracerebrally into the hemisphere contralateral to the
lesion or intravenously into the femoral vein (Figure 2).
Rats with grafted stem cells were examined weekly for a
period of 3—7 weeks post transplantation using a 4.7T Bruker
spectrometer. Single sagittal, coronal and transversal
images were obtained by a fast gradient echo sequence for
localizing subsequent T2-weighted transversal images
measured by a standard turbospin echo sequence. The
lesion was visible on T2-weighted images as a hyperintense
signal (Figure 2a). One week after grafting, a hypointense
signal was found in the lesion, which intensified during the
second and third weeks regardless of the route of
administration; its intensity corresponded to Prussian blue
staining or anti-BrdU staining (Figure 2b—f, 3a). Human
MSCs were demonstrated in the lesion by GFP labeling and
by the PCR detection of human DNA (a human-specific
850 bp fragment of «-satellite DNA from human chromosome
17; Figure 3b—d). Less than 3% of the MSCs that migrated
into the lesion expressed the neuronal marker NeuN when
tested 28 days post-implantation.®®* No GFAP-positive cells
were found in the lesion.

A different approach was adopted when tracking human
MSCs in a rat model of chronic stroke.>® A standard contrast
agent, gadolinium diethylenetriamine pentaacetic acid (Gd-
DTPA), was transfected using the cellular labeling substance,
Effectene, in immortalized human MSCs. The Gd-DTPA-
labeled cells migrated and homed into the penumbric area.
Using double immunofluorescence, the transplanted cells
were seen to differentiate into glial cells, neurons and vascular
endothelial cells.

For their trophic and potential neuroprotective effects,
MSCs are widely used in the treatment of SCI. Rat MSCs
have been reported to bridge the epicenter of an SCI.>*
Evaluating the effect of different bone marrow cell (BMC)
populations on morphological and functional recovery after
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Figure 2

(a) Cortical photochemical lesion visible on MR images 2 weeks after induction as a hyperintensive area. (b) Both the cell implant (MSCs in the hemisphere

contralateral to the lesion) and the lesion are hypointense in MR images 2 weeks after implantation. (c) A few cells weakly stained for Prussian blue were found in the
photochemical lesion in animals without implanted cells. (d and e) A hypointense signal in the lesion was seen 7 days after the i.v. injection of Endorem-labeled rat MSCs (d)
and persisted for 7 weeks (). Insets show a higher magnification view of the lesion. (f) Massive invasion of rat MSCs (Prussian blue staining counterstained with hematoxylin)
into a photochemical lesion 7 weeks after i.v. injection. (g) Longitudinal section of a spinal cord compression lesion on MR images, 5 weeks after compression. The lesion is
seen as a hyperintensive area (arrow). (i) Longitudinal image of a spinal cord compression lesion populated with intravenously injected nanoparticle-labeled MSCs, 4 weeks
after implantation. The lesion with nanoparticle-labeled cells is visible as a dark hypointensive area (arrow). (h) Prussian blue staining of a spinal cord compression lesion
(control animal). (j) Prussian blue staining of a spinal cord lesion with intravenously injected nanoparticle-labeled MSCs. The lesion is populated with Prussian blue-positive

cells. Modified from Sykova and Jendelova®

SCl is an important aspect of preclinical research. In rats with
a balloon-induced spinal cord compression lesion, an
improvement of locomotor and sensory function was found
following an intravenous (i.v.) injection of Endorem-labeled
non-hematopoietic rat MSCs.>%°® The results obtained were
compared with those following the implantation of a freshly
isolated mononuclear fraction of bone marrow containing
stromal cells, hematopoietic and non-hematopoietic stem and
precursor cells and lymphocytes (BMCs), and with those
following the injection of granulocyte colony-stimulating factor
(G-CSF). G-CSF is a growth factor that mobilizes endogenous
BMCs containing mainly hematopoietic stem cells, but also
progenitor cells and lymphocytes.??

Rat MSCs labeled with Endorem were injected intra-
venously into the femoral vein 1 week after lesioning.?? MR
images were taken ex vivo 4 weeks after implantation using a
standard whole body resonator. Functional status was

assessed weekly for 5 weeks after spinal cord lesioning,
using the Basso-Beattie-Bresnahan (BBB) locomotor rating
score and the plantar test. Lesioned animals with grafted
MSCs, BMCs or treated with G-CSF had higher locomotor
scores as indicated by their BBB scores and showed better
responses in sensitivity testing using the plantar test than did
control animals. However, the functional improvement was
more pronounced in MSC-treated rats. On MR images, the
lesion was observed as an inhomogeneity in the tissue texture
with a hyperintense signal only in the area of the SCI (Figure
2g and i). Images of longitudinal spinal cord sections from
animals grafted with nanopatrticle-labeled MSCs showed the
lesion as a dark hypointense area. Prussian blue staining
confirmed a large number of positive cells present in the lesion
site (Figure 2h and j). Colocalization of ED1 staining
(microglia/macrophages) and Prussian blue staining excluded
the possibility that free nanoparticles were taken up by
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Figure 3

(a) A hypointensive signal in a lesion 4 weeks after the i.v. grafting of human MSCs labeled with Endorem. (b) Prussian blue-positive cells in a cortical

photochemical lesion. (¢) GFP-human MSCs in a lesion 2 weeks after i.v. injection. (d) PCR detection of a human-specific 850 bp fragment of «-satelite DNA from human
chromosome 17 in brain sections with a photochemical lesion, 1-4 weeks after grafting (Tw—4w, Co — animal injected with PBS)

macrophages, as Prussian blue staining did not, for the most
part, colocalize with ED1 staining. Morphometric measure-
ments in the center of the lesions showed an increase in white
matter volume in cell-treated animals. The spared cross-
sectional area of the gray matter was also significantly larger
in MSC-treated animals.

Transplantation of MSCs in rodent models has proved to be
an effective therapeutic approach for SCI. Additionally, MSCs
isolated from rhesus monkey bone marrow were induced ex
vivo to differentiate into neural lineage cells, then injected into
rhesus monkeys with SCI. Monkeys achieved Tarlov grades 2
and 3 and nearly normal sensory responses 3 months after
cell transplantation. Cortical somatosensory-evoked poten-
tials as well as motor-evoked potentials showed recovery
features. About 10% of the implanted cells expressed some
neural marker.

Clinical studies. Clinical studies are necessary for
transferring preclinical findings from animal experiments to
humans. The therapeutic window, the implantation strategy,
the best method of administration, the number of cells and
the possible side effects must finally be tested in human
clinical trials. Recently, several case reports and clinical
studies (Phase I/ll) have been published. These studies
mainly used autologous MSCs or BMCs. Based on recent
experimental studies, autologous BMC implantation was
used in our Phase I/1I clinical trial in patients (n=20) with a
transversal spinal cord lesion at Motol Hospital in Prague,
Czech Republic.%” The patients received transplants 10-467
days post-injury. The follow-up examination was performed
at 3, 6 and 12 months after implantation using standard
neurological classification of SCI, including the ASIA
protocol, the Frankel score, the recording of motor and
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somatosensory-evoked potentials, and MRI evaluation of
lesion size. The study compared intra-arterial (via
catheterization of vertebral artery) versus i.v. administration
of all mononuclear cells in groups of acute (10-30 days post-
SCI, n=7) and chronic patients (2—17 months post-injury,
n=13). Improvement in motor and/or sensory functions was
observed within 3 months in five of six patients with intra-
arterial administration, in five of seven acute, and in one of 13
chronic patients (Figure 4). There have been no
complications during patient follow-up for 2-3 years after
implantation. A recent clinical study was performed by Park
et al.%® on six patients with SCI. A combination of autologous
BMCs implanted as early as 7 days after SCI and sub-
sequent repetitive mobilization of BMCs with granulocyte
macrophage-colony-stimulating factor (GM-CSF) resulted in
five out of six patients showing improved motor and/or
sensory function. Both clinical studies showed that the
implantation of autologous BMCs is safe, suggesting
that the observed effects could be due to cell therapy.
Also, the outcome in one chronic patient, who was in stable
condition for several months before cell implantation, is
promising.%”

Among other studies that have been performed, we would
like to highlight a case report from Argentina on the
electrophysiological and functional recovery of two patients
with chronic SCI.>° MSCs were cocultured with the patients’
autoimmune T (AT) cells to be transdifferentiated into neural
stem cells (NSCs). Forty-eight hours before NSC implant, the
patients received an i.v. infusion of 5 x 1081 x 10° AT cells.
NSCs were infused via an artery feeding the lesion site.
Patient 1 was a 19-year-old man with a SCI who presented
with paraplegia and a sensitivity level corresponding to his
sixth thoracic segment (T6). He received two AT-NSC
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markedly improved in one patient with intra-arterial (case 1) and one with i.v. (case
4) BMC implantation. Adopted from Sykova et al.*’

treatments and neurorehabilitation for 6 months. At present,
his motor level corresponds to his first sacral segment (S1)
and his sensitive level to the fourth sacral segment (S4).
Patient 2 was a 21-year-old woman who had a lesion that
extended from her third to her fifth cervical vertebrae (C3-C5).
Before her first therapeutic cycle, she had severe quadriplegia
and her sensitive level corresponded to her second cervical
segment (C2). After 3 months of treatment, her motor and
sensitive levels reached her first and second thoracic
segments (T1-T2). No adverse events were detected in
either patient. Intraspinal autologous MSC application was
used in seven amyotrophic lateral sclerosis patients in ltaly.5°
No patient manifested major adverse events such as
respiratory failure or death. Minor adverse events were
intercostal pain irradiation and leg sensory dysesthesia, both
reversible after a mean period of 6 weeks. No modification of
the spinal cord volume or other signs of abnormal cell
proliferation were observed. A significant slowing down of
the linear decline of the forced vital capacity was evident in
four patients 36 months after MSC transplantation.

Stem cells in CNS
E Sykovéa and P Jendelova

Conclusions and Further Perspectives

Preclinical and clinical studies have not shown any deaths or
significant health complications in experimental animals or
patients given MSCs, demonstrating that this approach is safe
for future use. For clinical studies, it is obvious that traditional
histopathological methods for cell detection are not sufficient
to inform us about the migration and fate of the grafted cells in
the host tissue. Because of its high spatial resolution, MR
imaging is suitable for monitoring the distribution of magne-
tically labeled cells. The technique of using MR to track
magnetically labeled cells gives us information about the
migration speed of the transplanted cells toward a brain or
spinal cord lesion and about the cells’ fate in CNS tissue. With
proper attention to the limitations described above, labeling
cells with superparamagnetic agents would enable us to
follow the migration of such cells when transplanted into
humans, establish the optimal number of transplanted cells,
define therapeutic windows and monitor cell growth and
possible side effects (malignancies).

In the case of large lesions, MSC transplantation can be
combined with biocompatible artificial scaffolds that will bridge
the cavities. By their rescue function, MSCs can assist the
repair and regeneration of even large tissue defects.
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