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Abstract | Neural stem cells are a self-renewing population that generates the
neurons and glia of the developing brain. They can be isolated, proliferated,
genetically manipulated and differentiated in vitro and reintroduced into a
developing, adult or pathologically altered CNS. Neural stem cells have been
considered for use in cell replacement therapies in various neurodegenerative
diseases, and an unexpected and potentially valuable characteristic of these cells
has recently been revealed — they are highly migratory and seem to be attracted
to areas of brain pathology such as ischaemic and neoplastic lesions. Here, we
speculate on the ways in which neural stem cells might be exploited as delivery
vehicles for gene therapy in the CNS.
Neural stem cells can be defined operationally
as cells that can continuously self-renew and
have the potential to generate intermediate
and mature cells of both glial and neuronal
lineages1. There are various subpopulations
of neural stem cells that could be restricted to
particular developmental stages or regions of
the mature brain, and each of these populations is expected to have specific biological
features2,3. It remains unclear whether
cultured cells that are derived from the nervous system and fit the operational definition
of neural stem cells — multipotency and
the ability to self-renew — are identical to
resident populations that have been reported
in vivo. In addition, as there are few consensus
criteria that can be used to define neural stem
cells in vitro, the cells known as neural stem
cells in one laboratory may differ considerably
from similarly named cells derived in another
laboratory. For the purposes of this review,
we use an inclusive view, assuming that cells
that are called neural stem cells by individual
investigators do have common features that
allow generalization. However, we do add the
caveat that all claims made for a particular
neural stem cell line or preparation might not
apply to all populations (for more detailed
data on this broad topic see REFS 3–6; for
reviews, see REFS 2,7,8).

Neural stem cell homing and drug delivery
The migratory abilities of endogenous and
exogenous neural stem cells are well known,
and it has been speculated for many years
that these properties, along with the cells’
differentiative abilities, might be harnessed
for replacing neurons in degenerative
disease. In 2000, some reports showed for
the first time how these cells might be used
in a novel way, not for cell replacement, but
to deliver therapeutic substances to specific
sites in the brain9–11. These reports showed
that neural stem cells that were transplanted
into animal models of brain neoplasia were
found near metastatic tumour cells far from
the site of their transplantation9–11 (FIGS 1,2).
These observations suggest that neural stem
cells engineered to have chemotherapeutic
qualities might be used to track down and
destroy malignant cells. This opens up a possible new realm for stem cell therapy. Rather
than being viewed solely as restorative cell
therapeutics, the cells could help to solve
one of the most persistent challenges of gene
therapy — how to target therapeutic genes to
diseased tissues.
The characteristics of neural stem cells
make them suitable as therapeutic delivery
vehicles for CNS disorders and distinguish
them from other cell types that might
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be considered for this purpose. Unlike
fibroblast cells, which might be suitable
carriers in other organs, neural stem cells
have the potential to integrate seamlessly
into the host brain without disrupting
normal function. For example, neural
stem cells could differentiate into glia or
neurons, but are unlikely to become connective tissue. In addition, neural stem cells
can be propagated for long periods, and
are therefore amenable to the techniques
required for genetic manipulation. Because
stem cells can disperse throughout the brain
after transplantation, the use of these cells
for targeted delivery might be preferable to
multiple stereotactic injections for the delivery of molecules that require distribution
throughout the brain, such as for enzyme
replacement in lysosomal storage diseases12.
Another characteristic of neural stem cells
that makes them attractive vehicles for
targeted delivery is their tropic behaviour
toward neoplasms, which could be exploited
to target minute brain metastases and
infiltrating malignant satellites after main
tumour resection.
Neural stem cell pathotropism
Neural stem cells (endogenous and transplanted) seem to be attracted to various
experimental brain lesions of disparate
aetiologies, such as cancers and areas of
neurodegeneration. For example, neural
stem cells have shown tropism toward
gliomas and toward degenerating spinal
cord motor neurons in a transgenic mouse
model of amyotrophic lateral sclerosis11,13,14
(ALS, see TABLE 1). Neural stem cell cancer
tropism is not limited to primary brain
malignancies and has also been observed in
the periphery15.
The fate of neural stem cells in the
presence of lesions is not well understood,
because most preclinical studies use only
surrogate markers (for example, reduction
in tumour burden or survival time after
treatment)9,16. In certain pathologies, such
as stroke lesions, transplanted cells appear
to form astrocytes and neurons17. A glial
fate may not be ideal, but might be preferable to neuronal differentiation that could
participate in abnormal, possibly damaging,
circuits.
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Figure 1 | Neural stem cell homing in brain tumours. a | Transplanted neural stem cells (NSCs)
showing tropism for malignant cells in rodent models of brain neoplasia. b–e | Exogenous neural stem
cells implanted at sites distant from experimental brain tumours have been shown to home to lesions.
It is believed that this phenomenon could be exploited to track down widespread metastatic CNS
pathology and to deliver antineoplastic therapeutic systems into brain malignancies. Panels show a
time series for murine neural-stem-cell-like cells (C17.2 cell line) transfected with the ‘luciferase’ gene
(Luc) and implanted into one hemisphere of experimental brain tumour-bearing mice. Photon emission
imaging of Luc expression for these animals is shown on day 9, day 15, day 22 and day 36 (REF. 82).
Migration towards the experimental tumour (black circle in b ) was evident from day 15.
f–h | Pathotropism of human neural-stem-cell-like cells (HB1.F3 cell line)2. f | Distribution of the cells
(red) within a U87 (a glioblastoma cell line) xenograft (arrows indicate tumour border; cell nuclei shown
in purple). g | Distant tumour satellite of a U251 (a glioblastoma cell line) xenograft, surrounded by
HB1.F3 cells (a blood vessel is marked by an asterisk). Note that neural stem cells can migrate
transcallosally from one hemisphere to the other and also infiltrate small tumour satellites that have
dislodged from the main tumour mass. h | Proximity of a HB1.F3 cell (red) to a blood vessel (green) in a
U87 xenograft. Panels b–e reprinted, with permission, from REF. 82 © (2003) Macmillan Magazines Ltd.
Panels f–h reprinted, with permission, from REF. 23 © (2005) Neoplasia.

in the environment due to brain pathology
can profoundly affect stem cell behaviour by
disrupting the environmental equilibrium
and exposing the cells to factors that they do
not normally encounter. For example, gradients of factors such as vascular endothelial
growth factor (VEGF) or stromal cell-derived
factor 1 (SDF1), which emanate from distant
brain lesions, may act as attractants for stem
cells23,24.
In attempting to predict the behaviour
of stem cells in the brain, it is important to
consider both endogenous stem cells and
those that are transplanted to the brain.
Endogenous and transplanted neural stem
cells are often found to respond similarly
to pathology, but there are some important
differences to keep in mind. Cultured
neural stem cells used for transplantation
have been expanded in culture well beyond
their expected proliferative capacity in vivo.
Because culture conditions have a strong
influence on the phenotype of cells, culture
could markedly alter the cells’ response
to their environment when reintroduced
in vivo. The results of a recent study showed
that exposure to the mitogen epidermal
growth factor (EGF) may confer an invasive
and more ‘stem-like’ phenotype to neuronal
progenitors4. Until more is known about
the receptors expressed by neural stem cells
in situ and their effects on genetic, epigenetic,
transcriptional and translational levels, information about exogenous populations needs
to be applied cautiously to interpretations of
endogenous stem cell behaviour5,6,8.
The molecular basis of neural cell
pathotropism is not well understood and
different pathologies may involve different
factors. Cultured neural stem cells express a
wide variety of receptors that should enable
them to respond to many chemotactic signals
that emanate from brain pathologies (TABLE 2).
Experimental studies show that they home
to localized and widespread lesions after
transplantation (TABLE 1). Some factors that
can be held responsible for this phenomenon
belong to the chemokine superfamily24–26
(chemotactic cytokines; TABLE 2). Chemokine
and cytokine production is a common feature
of many brain lesions, including stroke and
brain malignancy, which suggests that these
factors could be important in mediating the
responses of stem cells to pathology24–26.

neural stem cells are populated by astroglia,
microglia and endothelial cells, which are
important regulators of stem cell generation,
migration and differentiation during maintenance of brain homeostasis18–22. Disturbances

Regulation of neural stem cell tropism
The available information suggests that there
are at least three important physiological processes that influence the migratory behaviour of
transplanted neural stem cells: inflammation,
reactive astrocytosis and angiogenesis (FIG. 3).
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The normal course of neural stem cell
development and migration in vivo is controlled primarily by the microenvironment in
regions of the brain that harbour neural stem
cells. The microenvironments surrounding
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Inflammation. In vitro, microglia can
induce neural stem cell migration22,27. It is
an attractive hypothesis that the inflammatory response to brain pathology is the
common denominator responsible for
the seemingly uniform attraction of stem
cells to disparate brain lesions. The prevailing view, based on studies of multiple
sclerosis, epilepsy, lipopolysaccharideinduced encephalitis and brain irradiation,
is that brain inflammation is detrimental
to the CNS in general and neurogenesis
in particular28–31. Microglia are the first
line in defence against brain pathologies,
functioning as a damage surveillance
system in the brain and responding to
insults by producing cytokines, which, in
turn, initiate further reactive responses32.
However, activated immune cells also
release neurotrophins29,33, which would be
expected to protect neurons, and microglial
cells or inflammatory cytokines can modulate the mobilization of neural stem cells
both in vitro and in vivo. This suggests that
microglia might have a role in initiating
and coordinating neural-stem-cell-based
brain repair mechanisms22,27,29,34.
Reactive astrocytosis. As inflammatory
cytokines are released by microglia in
response to a pathological process, reactive
astrocytosis, characterized by hyperplasia,
hypertrophy and an increase in glial fibrillary acidic protein (GFAP), follows35,36.
Triggers and mechanisms of this multifaceted response are not fully understood, but
some factors known to be involved
are the proximity of the astrocytes to a
CNS pathology, the type of lesion and the
types of cytokine produced (for example,
interleukin-1β (IL-1β))35,37.
Studies of the acute effects of inflammatory signals suggest that certain types
of activated astrocyte promote neuronal
survival, tissue regeneration and stem cell
migration38–40 (FIG. 4). For example, reactive
astrocytes in the stroke penumbra secrete
SDF1, which is at least partially responsible
for the attraction of neural stem cells to
these lesions24. Adult astrocytes are also
involved in the guidance of leukocyte and
glial homing toward brain injuries41,42 and
can revert in response to soluble factors
invoked by tissue damage to a phenotype
resembling radial glia in the developing
brain43. These cells can support directed
neural progenitor migration43. Although
some types of glial activation might have
beneficial effects, it is important to note that
certain reactive astrocytes are thought to
interfere with neuronal–glial signalling and
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Figure 2 | Determinants of neural stem cell homing to brain tumours for delivery of gene
therapy. Neural stem cells express various receptors for chemoattractant signals as a result of brain
pathology. Among these chemoattractants are chemokines such as stromal cell-derived factor 1
(SDF1, also known as chemokine (C–X–C motif) ligand 12, CXCL12) and monocyte chemoattractant
protein 1 (MCP1, also known as chemokine (C–C motif) ligand 2, CCL2) or other chemotactic
proteins such as vascular endothelial growth factor (VEGF). Stem cells can be genetically engineered
to express enzymes that metabolize non-toxic prodrugs locally, thereby allowing production of the
active form of the drug or expression of cytokines that act directly on the tumour or activate immune
cells, which, in turn, attack the tumour.

impede neural progenitor homing by forming glial scars and secreting factors such as
slit homologue 2 (SLIT2), tumour necrosis
factor-α (TNFα) and high molecular weight
hyaluronic acid44–46.
Angiogenesis. Evidence is emerging for an
intimate relationship between CNS morphogenesis and endothelial cells47,48. The
basal lamina produced by endothelial cells
contains many components that are believed
to be important for the maintenance of a
neurogenic niche21,49. Therefore, endothelial
cells could also be involved in the regulation of the response of neural stem cells to
pathology. Vasculogenesis resulting from
brain pathology could enhance neural
stem cell mobilization by producing chemoattractants such as VEGF. VEGF-mediated
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homing of stem cells might have a key role
in brain development as well as neural stem
cell glioma tropism23,50,51. In addition, SDF1
is expressed by endothelial cells as well as
astrocytes in stroke lesions and could be
important for attraction of neural stem
cells24. Because neural stem cells seem to
interact with pathology-activated endothelial cells from the luminal side, adhering
and transmigrating in a similar fashion to
leukocytes52,53, it is possible that they can be
delivered via the bloodstream. In support of
this idea, a recent report shows that neural
stem cells injected into the bloodstream in a
mouse model of multiple sclerosis establish
atypical niches around blood vessels, where
they remain in an undifferentiated state
and appear to suppress the inflammatory
process53,54.
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Table 1 | Disease models with neural stem cell tropism

Animal model

Human disorder

Refs

Primary brain malignancy

11,13

Neoplastic lesion
Glioma graft
Lung carcinoma vasculature

Malignancy

83

Breast tumour, prostate cancer, malignant
melanoma

Brain metastases, malignancy

15

Chronic/degenerative lesion
Intrastriatal 6-OHDA lesion model

Parkinson’s disease

84,85

MPTP-lesioned aged mice

Parkinson’s disease

55

Selective cortical motor neuron ablation

Neurodegeneration

86

Mutant superoxide dismutase 1 transgenic
mouse (TgN(SOD1-G93A)1Gur)

Amyotrophic lateral sclerosis

14

β-Glucuronidase-deficient mouse

Sly disease (MPS VII)

78

Acid sphingomyelinase-knockout mouse

Type A Niemann–Pick disease

87

Metabolic lesion

Acute/traumatic lesion
Middle cerebral artery occlusion

Stroke

17

Rice–Vanucci model

Neonatal stroke

88

Traumatic brain injury

Traumatic brain injury

89,90

Inflammatory lesion
Experimental allergic encephalomyelitis

Multiple sclerosis

53,54,91,92

MHV-MS

Multiple sclerosis

93

6-OHDA, 6-hydroxydopamine; MHV-MS, mouse hepatitis virus model of multiple sclerosis;
MPS, mucopolysaccharidosis; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

Choosing a vehicle for delivery
There is considerable diversity among neural stem cell lines and they may not all be
equally suited for therapy. The ideal neural
stem cell delivery vehicle would be stable
in tissue culture and capable of sustained,
preferably regulated, expression of therapeutic molecules. The cells should have
predictable and appropriate differentiation
patterns in culture and after transplantation, and survive long term in vivo without
forming tumours. For the therapeutic
strategy to be effective, the neural stem cells
chosen should demonstrate responsiveness
to the chemotactic signals produced by
the type of pathology that they are used to
treat. Ideally, there would be a means for
facile delivery of the cells (for example, via
the bloodstream).

Should cell lines be immortalized?
Historically, non-tumour cells had to be
immortalized to expand specific cell types
sufficiently to facilitate their characterization.
Immortalizing cells usually involves introduction of an oncogene that allows the cells to
expand beyond the time at which they would
normally reach senescence. Identification

of growth factors that enhance long-term
culture of non-immortalized neural stem cells
has made immortalization less necessary, and
there are concerns about the utility of immortalized cells as research tools and in clinical
settings. Immortalized neural stem cells
appear to have characteristics that are atypical
of most neural stem cell populations, such as
extraordinary migratory abilities in vivo (for
examples, compare REFS 55,56), and a higher
degree of multipotency, which may increase

the probability of tumour formation by fast
growing stem cells57,58.
However, there are some cases in which
oncogene immortalization is an asset. Safety
concerns may be mitigated by the therapeutic
value of the more pronounced invasiveness
and migratory capabilities of immortalized
neural stem cells. Pragmatically, immortalization can allow propagation of cells with
definable properties almost indefinitely, so
that clonal populations with particular traits
can be established. Furthermore, if immortalized cells could be shown to be reliably nonmalignant, it would be much easier to control
their quality than the quality of primary
cell preparations for use in clinical settings,
because the cell lines could be subjected to
much more thorough analysis.
Primary cells for transplantation. Although
it can be argued that the ideal cell type for
transplantation would be as similar to the
endogenous neural stem cell as possible,
there are some serious limitations to the
use of primary cells. Unlike haematopoietic
stem cell reconstitution of bone marrow, it
is unlikely that a single neural stem cell or
small group of cells would be sufficient to
regenerate damaged brain tissue, so expansion of cells in culture will be required. How
much expansion will be needed to produce
a sufficient number of viable stem cells for a
successful transplant has to be determined
empirically for each disease.
In vitro culture creates its own problems.
There are many neural stem cell lines and
preparations in use, and each has been
derived under different conditions from
diverse sources and maintained under a wide
variety of culture conditions. If neural stem
cells are to be used clinically, an important
challenge will be for investigators to agree
on a common set of culture conditions and
characterization criteria.

Table 2 | Cytokines potentially involved in neural stem cell pathotropism

Receptor/ligand

Possible function in neural stem cells

Refs

CCR2/CCL2 (MCP1) and other
chemokines

Migration

26,94

CCR3/various chemokines

Migration?

95

CCR5/various chemokines

Migration?

CXCR4/CXCL12 (SDF1)

Survival, migration, extravasation

94
24,25,83

CXCR1/CX3CL1 (fractalkine)

Survival, migration?

94,95

c-KIT/SCF

Proliferation, migration

97,98

VEGFR1 and R2/VEGF

Proliferation, migration

23,99

CC/CXC/CXC3C, names for chemokines (ending -L) and chemokine receptors (ending -R) following the
systematic nomenclature based on the position of the ligands’ first two cysteine residues; c-KIT, kit oncogene;
MCP1, monocyte chemoattractant protein 1; SCF, stem cell factor; SDF1, stromal cell-derived factor 1;
VEGF, vascular endothelial growth factor; VEGFR1/2, VEGF receptor 1/2.
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Human embryonic stem cell-derived cells:
can they be effective and safe? Human embryonic stem (ES) cells have several powerful
advantages over other types of stem cell for
therapeutic approaches. ES cells are cell lines
derived from the 30–50 cells of the inner cell
mass of blastocyst-stage embryos. Unlike
neural stem cells, differentiation of ES cells is
not limited to elements of the nervous system.
ES cells are also immortal and do not undergo
senescence after long periods of time in culture. Perhaps most importantly, the focused
efforts to characterize ES cells in many laboratories means that all researchers can start
with the same well-studied cell populations.
This reduces the problems of reproducibility
and quality control that have plagued studies
with other stem cells. Human ES cells can
be induced to differentiate along neuronal
lineages59, and isolated at a stage at which they
resemble somatic neural stem cells. However,
there are several important challenges that
are unique to ES cell-based therapeutic
approaches. First, we have to anticipate that
because they have not experienced normal
developmental cues, ES-derived cells might
not develop conventional cellular phenotypes,
and this may result in unpredictable outcomes in vivo56. At present, not much data are
available on the migratory potential of human
ES-cell-derived neural stem cell preparations compared with other neural stem cells.
Furthermore, populations of ES-derived
transplanted cells must be shown to be free
of the tumourigenic cells that characterize
undifferentiated populations. It is also important to keep in mind that the use of ES cells
sometimes evokes ethical concerns associated
with the derivation of these cells from early
embryos.
How will we decide? The decision for or
against a certain cell preparation must be
based on the medical principle of doing no
harm, and the modern concept of evidencebased medicine. At present, a widely held
view is that primary and ES-derived cells will
be the most relevant therapeutic systems for
targeting brain pathologies. However, there is
insufficient evidence to clearly favour any cell
type, and there is a need for comprehensive
studies that compare different cell populations in the same preclinical setting3. New
approaches, such as improved in vivo cell
tracking tools, will be important for resolution of this issue60,61.
Neural stem cell-based gene therapy
In the nervous system, replacement of
neurons is often considered to be the main
goal of cell therapy. But cells, including stem
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Figure 3 | Determinants of neural stem cell pathotropism. Neural stem cells are attracted by at
least three physiological processes that are common to many brain pathologies: inflammation,
reactive astrocytosis and angiogenesis. Pathology-induced CNS inflammation is mediated by
activated microglia that release cytokines and chemokines, which, in turn, increase the inflammatory
reaction (for instance, the cytokines interleukin-1β, IL-1β, interleukin-6, IL-6, and monocyte
chemoattractant protein 1, MCP1, also known as chemokine (C–C motif) ligand 2, CCL2). MCP1
gradients can also attract neural stem cells. The brain lesion and subsequent inflammation trigger
reactive astrocytosis. In response to signals emanating from inflammation, activated astrocytes
secrete chemotactic factors (for example, stromal cell-derived factor 1, SDF1, also known as
chemokine (C–X–C motif) ligand 12, CXCL12, and vascular endothelial growth factor, VEGF). VEGF
and SDF1 can act both as chemoattractants for neural stem cells and as promoters of pathologyinduced angiogenesis. The lesion-induced angiogenesis and inflammation-activated endothelial
cells enhance neural stem cell homing to brain pathology by secreting chemoattractant factors (such
as SDF1), and also offer an atypical, perivascular niche for support of immigrating neural stem cells.

cells, are already being used as gene delivery
tools and for rescuing neurons rather than
replacing them. The general rationale for
gene therapy is that diseases that are caused
by the lack of some crucial protein can
be treated by restoring the protein using
appropriate gene expression vectors. This
idea was originally proposed for hereditary
diseases such as lysosomal storage diseases62.
In these diseases, a mutated catabolic
enzyme causes a metabolic logjam in the
upstream pathways and consequently floods
the affected cells and surrounding tissue
with accumulating substrates and toxic side
products. In theory, the targeted therapeutic
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expression of a functional replacement gene
in or near the affected area would restore
the metabolic pathway. This originally
well-defined concept has been broadened
to include any genetic manipulation of cells
or tissue to treat a disease. For example,
proposed gene therapies for Alzheimer’s disease include targeted expression of choline
acetyltransferase to compensate for deficits
in acetylcholine, which therefore results in
the localized delivery of small molecules, in
this case acetylcholine63. Exactly how stem
cells will be used therapeutically depends
on the nature of the disease or damage that
requires treatment.
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Figure 4 | Model of activated astrocyte mediation of neural stem cell homing to brain pathology.
CNS injury, hypoxia, microglial activation and the subsequent release of inflammatory cytokines
(such as interleukin-1β (IL-1β), IL-6 and ciliary neurotrophic factor (CNTF)) invoke complex responses
known collectively as gliosis3. As a consequence of brain injury, some mature glia revert to a
developmental, radial-glia-like state, and can directly mediate neural progenitor migration towards
brain lesions. Cytokine release also causes transient activation of astrocytes. These transiently
activated astrocytes are a source of chemoattractants (such as stromal cell-derived factor 1 (SDF1),
vascular endothelial growth factor (VEGF) and monocyte chemoattractant protein 1 (MCP1)) that
act on neural stem cells (NSCs)3–6. SDF1 may direct neural stem cell chain migration toward brain
pathology along non-stereotypical routes4. Other factors (such as fibroblast growth factor 2 (FGF2)
and insulin-like growth factor 1 (IGF1)) supplied by reactive astrocytes support neural stem cell
proliferation, survival and differentiation3,7. Other astrocytes proliferate reactively, become
hypertrophic and increase their glial fibrillary acidic protein (GFAP) content. This eventually results
in the formation of a tightly compacted astrogliotic scar, which is the source of factors (such as slit
homologue 2 (SLIT2), tumour necrosis factor-α (TNFα) and hyaluronan) that repel neural stem cells
and might limit progenitor cells’ regenerative capacity3,8,9.

Parkinson’s disease. A lack of dopamine in
the putamen (caused by the degeneration of
innervating neurons in the substantia nigra)
has a central role in the pathogenesis of
Parkinson’s disease (PD). Systemic l-DOPA
(3,4(OH)2-phenylalanine) therapy is an
effective treatment for the symptoms of PD
early in the course of the disease, but does
not prevent the continuation of degeneration
and eventually becomes ineffective. Because
the degeneration is relatively localized, PD
was one of the first targets for cell therapy,
and experimental transplants of fetal
dopamine neurons into the putamen were
pioneered in the 1980s. In these patients,
the successful transplants seemed to work
as dopamine pumps, similar to the systemic
administration of l-DOPA, with the chief
advantage of a transplant being a smoothing
of the on–off cycle of symptoms, in which
patients cycle through periods of being
unable to move and periods of uncontrollable movement67,68. A concern about this
approach is the patient-to-patient variability,
which is partly due to the inconsistency of
the fetal tissue used for transplant and is also
dependent on intrinsic characteristics of the
disease in each patient; in a controlled study,
the best therapeutic benefit of transplants
was on a par with the best achievable symptomatic improvement using l-DOPA in the
same patient68. The mechanisms by which
the transplants act are not clear; because
of the paucity of functional connections in
many transplants, it has been proposed that
the transplanted cells were acting more as
gene therapy vehicles for dopamine delivery
than as replacement neurons. But the effects
of fetal transplants might not be limited to
acting as dopamine pumps; in some cases,
functional connections have been observed,
and it has been suggested that the transplanted cells may produce trophic factors
that help to protect remaining dopaminergic
neurons. Active preclinical investigations
are testing the use of genetically induced
production of neurotrophic factors such
as glial cell line-derived neurotrophic factor (GDNF) or VEGF in neural stem cell
transplants69–71 (see also the following two
paragraphs on neurotrophic factor delivery
in neurodegenerative diseases).

Neural stem cells can be genetically
transduced in vitro and in vivo12,64. Currently,
the most efficient and popular way of
introducing genes into neural stem cells is by
means of lentiviral vectors; the chief concerns
about this approach are frequent transgene
silencing in situ and that integration of the

Alzheimer’s disease. Alzheimer’s disease
presents a greater therapeutic challenge than
PD, because the degeneration of neurons is
widespread, beginning in the hippocampus,
cortex and amygdala, and progressing to
other regions of the brain. Current strategies
for cell and gene therapy are focused on
using cells to deliver neurotrophic factors.

Hypoxia

CNS injury

Microglial activation

Reactive
microglia

Radial-glia-like
astrocyte

Reactive
astrocyte

Transiently activated
astrocyte
Migration towards
brain lesion

Glial scar

Neural stem cell

Factors promoting NSC
engagement, for example,
SDF1, MCP1, FGF2, IGF1, VEGF

Factors impeding NSC
engagement, for example,
TNFα, Hyaluronan, SLIT2

Cytokines, for example,
CNTF, IL-6, IL-1β

transgene can activate a nearby oncogene,
leading to selection of abnormally growing
subclones58,65,66.
To highlight various stem cell-mediated
gene delivery strategies, we discuss in more
detail six examples of disorders of the nervous
system that may benefit from such therapy.
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Table 3 | Examples of studies on neural stem cell-based gene therapy in animal models

Stem cells (source)

Route of administration

Disease model

Therapeutic strategy

Outcome

Refs

HiB5–E8

Intracerebral
transplantation into medial
septum and NBM

Transplantation: middleaged rats
Memory tests: aged rats

Overexpressed NGF

Improved memory tasks
at old age, less cholinergic
atrophy

96

HiB5–human BDNF
(rat)

Intracerebral
transplantation into
striatum and NBM

Intact rat brain

Overexpressed BDNF

Cholinergic hypertrophy

100

Embryonic cells from
septal fetal nuclei

Intrahippocampal
transplantation

Fornix lesion in rats

Endogenous ChAT activity

Behavioural recovery in
memory tasks

101

C17.2 (mouse)

Intratumoural
transplantation

Rat glioma line (CNS1) in
nude mice

HSV-1tk vector

Not tested

C57.npr.IL-4 (mouse)

Intratumoural
transplantation

Mouse glioma cell line
(GL261) in C57/B6 mice

IL-4

Extended survival

9

ST14A.IL-4.3 (rat)

Intratumoural
transplantation

Rat glioma cell line (C6) in
Sprague–Dawley rats

IL-4

Extended survival

9

C17.2-CD (mouse)

Intracranial transplantation: Rat glioma cell lines
C17.2 mixed with glioma
(CNS-1, D74) and in rats
cells
and nude mice

CD (5-FC i.p.)

~80% reduction in tumour
volume

NSC-IL-12 (mouse)

Intratumoural
transplantation

Mouse glioma cell line
(GL26) in C57/B6 mice

IL-12

Extended survival

NSC-TRAIL (mouse)

Intratumoural
transplantation

Human glioma cell line
(U343MG) in nude mice

TRAIL

Tumour size reduction

ST14A (rat)

Intracranial transplantation: Rat glioma cell line (C6) in
ST14A mixed with C6 cells
Sprague–Dawley rat

CD (5-FC i.p.)

~50% reduction in tumour
growth

103

Human NSC and
MDNCC (human)

Intracranial transplantation: Human glioma cell line
distant to tumour
(U87-MG) in nude mice

sPF4 TRAIL

Reduced vascularization
Extended survival

104

NSCtk (rat)

Intratumoural
transplantation: NSCtk
cells mixed with C6 cells
and after establishment of
tumour

Rat glioma cell line (C6) in
nude mice and in rats

HSVtk (GCV i. p.)

100% survival when
co-implanted, 70% after
establishment of tumour

16

C17.2-FL-sTRAIL
(mouse)

Intracerebral
transplantation

Human glioma cell line
(Gli26) in nude mice

TRAIL and luciferase

Decrease in tumour
burden

H1B-F3-PEX (human)

Intracerebral
transplantation

Human glioma cell line
(U87-MG) in nude mice

PEX

90% decrease in tumour
burden

RN46A-B14/V1,
Intrathecal transplantation
RN33B and 33G10.17
(rat)

CCL-model in rats

5-HT secretion, BDNF
overexpression and GAD67
overexpression

Improvement of painrelated behaviour
GAD/GABA system
modulation

106
107
108

33GAL.19 (rat)

Intrathecal transplantation

CCL-model in rats

Overexpressed galanin

Improvement of painrelated behaviour

109

33BDNF.4 (rat)

Subarachnoidal injection

CCL-model in rats

Overexpressed BDNF

Improvement of allodynia

110

Spinal cord NPC (rat)

Intrathecal injection

CCL-model in rats

Endogenous GADcompetence

Improvement of allodynia

111

RN46A-B14/V1 (rat)

Subarachnoidal injection

Hemisection model of
chronic central pain in
rats

5-HT and overexpressed
BDNF

Improvement of
locomotor function and
allodynia

80

Spinal cord NSC (rat)

Intraspinal injection

Spinal cord contusion

Native NSC/NSC directed
into oligodendrocyte
fate with NGN2
overexpression

Improvement of
locomotor function and
allodynia

81

Alzheimer’s disease

Brain malignancy
10

11

102
76

105
77

Injury-induced neuropathic pain

5-FC, 5-fluorocytosine; 5-FU, 5-fluorouracil; 5-HT, 5-hydroxytryptamine (serotonin); BDNF, brain-derived neurotrophic factor; CCL-model, chronic constriction injury of the
sciatic nerve model of chronic pain; CD, cytosine deaminase; ChAT, choline acetyl transferase; CNS1, conserved non-coding sequence 1; GABA, γ-aminobutyric acid; GAD,
glutamic acid decarboxylase; GCV, gancyclovir; HiB5, rat hippocampus transformed SV40 large T antigen cell line; HSV-1, herpes simplex virus 1; IL-4 , interleukin-4;
i.p., intraperitoneal; MDNCC, marrow-derived neural-competent cells; NBM, nucleus basalis Meynert; NGF, nerve growth factor; NGN2, neurogenein 2; NPC, neural progenitor
cells; NSC, neural stem cells; NSPC, neural stem/progenitor cells; PEX, carboxy-terminal homeopexin-like domain containing fragment of matrix metalloproteinase 2;
sPF4, secreted platelet factor 4; tk, thymidine kinase; TRAIL, tumour necrosis factor-related apoptosis-inducing ligand.
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Neurotrophic factors are thought to protect
neurons from degeneration and to re-activate impaired circuitry in neurodegenerative
diseases; the first phase of a clinical trial
using fibroblasts to deliver nerve growth
factor (NGF) has recently been completed72.
An extension of this trial is using adenoassociated virus (AAV) to deliver NGF
expression vectors directly to the brain.
Most recently, we have proposed that the
homing qualities of neural stem cells might
be exploited to directly target amyloid
plaques with therapeutic enzymes (F.-J.M.
and J.F.L., unpublished observations).
Amyotrophic lateral sclerosis. Experimental
studies show that overexpression of growth
factors such as GDNF, insulin-like growth
factor 1 (IGF1) or VEGF can have beneficial effects on the course of ALS in animal
models73,74. The challenge for adapting
this sort of therapy for clinical use is the
delivery of these large molecules across the
blood–brain barrier. So far, viral vectors
seem to be the best means of increasing
the production of these factors in situ. Cell
therapy might be a more effective means of
delivering these large proteins to specific
areas of the CNS where they can aid in the
survival of neurons75.
Brain malignancy. Neural stem cells seem
to be attracted to certain brain tumours
and this characteristic can be exploited,
allowing these cells to be used for local
chemotherapy (FIG. 2). The main issues
under investigation in preclinical studies
are the optimal choice of stem cell type,
and the most effective therapeutic system
to use (TABLE 3). So far, most studies have
used immortalized neural stem cell-like
cells in preclinical models. The large variety
of therapeutic systems tested encompasses
lytic viruses, prodrug-converting enzymes,
immunomodulatory cytokines, proteins
with anti-angiogenic activity and cytokines
with direct anti-tumoural activity9–11,76,77.
Disorders of brain metabolism. Inborn
genetic defects affecting the CNS, such as
lysosomal storage diseases, are some of the
most promising targets for stem cell therapy. Dispersion of genetically normal stem
cells in the brain would allow widespread
delivery of missing enzymatic activities12,78.
The current preclinical research objectives
for this type of therapy are the optimal timing of treatment, which could be in utero,
and the type of stem cell to use. The most
straightforward targets of this therapy are
storage diseases that are frequently accom-

panied by an extremely prominent neuroinflammatory component such as that seen
in galactocerebrosidase deficiency (Krabbe
disease in humans and the twitcher mouse).
Significant progress has been made recently
in protecting neural stem cells from inflammatory damage and could be applied to this
particular situation30,31,79.
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1.

Neuropathic pain. The delivery of cells and
genes to treat certain forms of neuropathic
pain is an active area of research (TABLE 3).
Potentially therapeutic molecules such
as growth factors and neurotransmitters
delivered by stem cells or other cells seem
to alleviate forms of chronic pain in animal
models. An emerging conceptual aspect
of these studies is that neural stem cells
(and their derivatives — astrocytes and
oligodendrocytes) might have another
unexpected application; they may be useful
for modulating injury-induced central
pain by influencing neuronal circuitry and
excitability80,81.
From the pioneering work in PD to the
emerging exploration of stem cell therapy
for Alzheimer’s disease, there is growing
enthusiasm for the potential of stem cells
for the treatment of various diseases of the
nervous system. Neural stem cell-based
drug delivery has the potential to maximize
the therapeutic impact of drugs. However,
most stem cell-based gene therapy concepts
are still in the preclinical testing phase
and will have to pass significant hurdles to
become viable therapeutic options.

2.
3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

Summary
Neural stem cells could be exploited as
delivery vehicles for therapeutic molecules
to treat CNS diseases. They show tropism
towards brain pathology, which appears to
be mediated at least in part by chemokines.
The challenges for the clinical development
of this approach are in determining which
neural stem cells are appropriate for each
application, what genes or chemicals can
be delivered, and what diseases are suitable
targets for this approach.
It is important to remember that
the current dominant concept in this
field predicts that neural stem cells are
appropriate mainly for cell replacement
therapy. Although experiments continue
to be designed with the expectation of this
result, the outcomes could yield surprising
new interpretations. We will benefit from
remaining receptive to unconventional
concepts and unexpected results that will
lead us to future discoveries that we cannot
imagine today.
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