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Summary: About 30% of patient with epilepsy do not re-
spond to available antiepileptic drugs. In addition to seizure
suppression, novel approaches are needed to prevent or al-
leviate epileptogenic process after various types of brain
injuries. The use of cell transplants as factories to produce
endogeneous anticonvulsants or as bricks to repair abnormal
ictogenic and epileptogenic neuronal circuits has generated

hope that cell-based therapies could become a novel thera-
peutic category in the treatment arsenal of epilepsy. Herein
we summarize the current status and future perspectives of
cell-based therapies in the treatment of epilepsy. Key
Words: Brain, disease modification, drug-refractory epilepsy,
epileptogenesis, genetically-engineered cell lines, transplanta-
tion.

PROGRESS TOWARD A CELL-BASED
TREATMENT FOR EPILEPSY: WHERE ARE
WE TODAY?

Boosting local inhibition: the case for cell
transplantation in epilepsy

Much of the current excitement surrounding stem cell
research lies in the promise of cell-based approaches to the
treatment of disease. Many diseases that are often discussed
as potentially amenable to this approach are conditions in
which a single well-defined cell type is the disease target,
and replacement cells are an attractive therapeutic possibil-
ity. Examples include type 1 diabetes in which beta islet
cells are deficient; Parkinson’s disease in which midbrain
dopamine neurons degenerate; disorders of myelination in
which oligodendrocytes are lacking; and possibly amyotro-
phic lateral sclerosis in which motor neuron replacement is
contemplated. Indeed, the notion that injured or diseased
cells can be replaced has invigorated the field of regenera-
tive medicine. Can epilepsy be a candidate disorder for cell
replacement therapy? A number of lines of transgenic mice
have now been characterized in which a subtype of cortical
inhibitory gamma-aminobutyric acid (GABA)ergic neuron
is missing and seizures are a major feature.'~* Transplant-
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ing GABAergic neurons or their precursors into the cortex
of these animals could be considered a form of cell replace-
ment. So far, however, there are few examples of human
seizure disorders that are known to be due to dysfunction or
lack of a specific subtype of inhibitory interneuron. One
example may be patients who have mutations in the gene
for alpha-thalassemia/mental retardation syndrome X-linked
(ATRX), a chromatin remodeling protein. This mutation
causes a syndrome characterized by severe cognitive defi-
cits, microcephaly, and epilepsy among other features.’
When the ATRX gene was conditionally inactivated in the
forebrain of mice, a severe reduction in GABAergic inter-
neurons was observed in the cortex,® a finding that could
account for many of the nervous systems manifestations of
the human disease, including seizures. Spreafico and col-
leagues have also shown interneuron loss in focal cortical
dysplasia associated with epilepsy.” However, seizures
themselves may cause selective loss of GABAergic neurons
in the hippocampus or amygdala, a finding that has been
well documented to be a consequence of status epilepticus
(SE) in animal models (for example®”). Examination of
hippocampal tissue resected from patients with temporal
lobe epilepsy has also demonstrated loss of subpopulations
of GABAergic neurons,' but whether this is the primary
cause of the underlying seizure disorder or a consequence
of seizures is still debated.

The causes of epilepsy are numerous, and in most cases
they are not understood. Many of the genetic disorders
associated with epilepsy in humans can be characterized as
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“channelopathies” that produce changes in membrane ex-
citability or result from mutations in transmitter receptors or
synaptic proteins.'' These disorders have as a common
consequence, either an increase in neuronal excitability or
attenuation of inhibition. Given that some anti-epileptic
drugs enhance GABA-mediated inhibition, boosting local
inhibition in the brain or cortex could be an effective mode
of treatment in carefully selected cases. In cases of intrac-
table focal epilepsy, the use of a cell-based approach to
inhibit local circuit hyperactivity is a potentially attractive
strategy. However, even in disorders in which excitability is
globally disordered, focal treatment may be helpful. For
example, the pars reticulata, a subregion of the substantia
nigra, is thought to participate as a gate for the generaliza-
tion of seizure activity.'? Lesioning this region, or enhanc-
ing local GABAergic function, can produce anticonvulsant
effects. Therefore, in addition to focal cortical epilepsy, it
may be possible to treat generalized seizures using local-
ized, cell-based therapy.

Non-GABAergic fetal cells

A key advantage of a cell transplant approach over drug
therapy is that cell treatment can be locally restricted,
whereas drugs can have widespread and systemic adverse
effects. The first attempts at cell therapy for epilepsy used
fetal noradrenergic neurons derived from the rat locus co-
eruleus that were grafted bilaterally to the hippocampus of
adult rats following chemical lesioning of the central cate-
cholamine pathway.'*'* The noradrenergic neurons were
presumed to exert tonic inhibitory effects'> and were able to
suppress the development of kindling-induced seizures.
However, adrenergic grafts did not suppress kindling in
nonlesioned animals and did not suppress seizures if grafted
after kindling. Fetal catecholamine-releasing neuron trans-
plants have been shown to be moderately effective at sup-
pressing a variety of seizures in animal models. Intraven-
tricular grafting of fetal locus coeruleus or hippocampal
neurons has mild beneficial effects on seizure frequency
after kainic acid (KA) induced chronic epilepsy,'® and it
also has modest effects on seizure duration in the audio-
genic seizure prone rat.'” Grafting fetal serotonergic or
cholinergic neurons has also been shown to suppress sei-
zures in epilepsy-prone animals that have had either their
serotoninergic or cholinergic pathways, respectively, le-
sioned.'® 2 Whether serotoninergic or cholinergic neuron
grafts would be effective in other epilepsy models is uncer-
tain, and lesions of catecholamine or cholinergic pathways
are not commonly found in human epilepsy.>' Transplant-
ing fetal hippocampal neurons, but not neocortical neurons,
bilaterally to the hippocampus in kindled rats has been
reported to shorten seizure episodes, but the mechanism is
unknown and the effects were not longlasting.?

Genetically-engineered cell lines
Another approach, based on the observation that aden-
osine has anticonvulsant and neuroprotective properties,
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has been to use adenosine-releasing cells as a means to
focally deliver adenosine to an epileptogenic brain re-
gion. Synaptic adenosine is regulated by the adenosine
metabolizing enzyme, adenosine kinase (ADK), which is
present in glial cells. The “ADK hypothesis of epilepto-
genesis” proposes that brain injury leads to astrogliosis
and upregulation of ADK activity, thus producing a focal
adenosine deficiency and epileptogenesis.>* Boison and
colleagues have pursued a series of cell-based therapeu-
tic strategies to prevent epileptogenesis based on the
ADK hypothesis. The first attempt was based on rodent
fibroblasts engineered to release adenosine that were en-
capsulated in a semi-permeable polymer membrane to
prevent immune rejection. Intraventricular grafting tran-
siently reduced kindled seizures in rats, but the encap-
sulated cells did not survive long.>* In subsequent ex-
periments, mouse embryonic stem cell-derived neural
precursor cells were used, after they had been engineered
to release adenosine. These cells survived well and at-
tenuated kindling in grafted animals,? and also protected
against the development of spontaneous seizures when
grafted 24 hours after intrahippocampal KA injection.?
Although this approach is still a long way from possible
clinical application, it is likely that use of a genetically
engineered cell line will present an even higher barrier to
regulative approval than would a genetically unaltered
cell line.

Mesenchymal stem cells

Human mesenchymal stem cells obtained from the
bone marrow have attracted interest as potential autolo-
gous cell therapy agents because they could be grafted
without triggering an immune response. As reported by
Detlev Boison in this issue of Neurotherapeutics, human
mesenchymal stem cells (hMSCs) have been engineered
to release adenosine through micro-RNA directed knock-
down of the adenosine-metabolizing enzyme, ADK. The
micro-RNA was introduced using a lentiviral vector, and
the hMSCs release adenosine after transplantation.
ADK-knockdown hMSCs were able to reduce acute KA-
induced seizures and to improve neuron survival when
grafted to the hippocampus one week prior to KA-in-
duced seizures. These results suggest that adenosine-
releasing hMSCs may have anti-epileptogenic potential.
However, when the cells were grafted one day after KA
injection, even though the frequency and duration of
spontaneous seizures occurring three weeks later were
reduced, this effect was reversed with an adenosine re-
ceptor antagonist, suggesting that the underlying process
leading to the development of epilepsy (epileptogenesis)
was not altered by the presence of the grafted cells. Thus,
for anti-epileptogenic effects, the timing of the graft
appears key, and even though chronic seizures develop
over the weeks after KA injection, unless adenosine-
releasing hMSCs are present at the time of acute KA-
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induced SE, the underlying seizure producing events ap-
pear not to be modified by hMSC grafts. It would
obviously not be possible to treat patients in advance of
an epileptogenic insult, but adenosine-releasing hMSCs
may nonetheless be able to attenuate pre-existing focal
seizure activity.

Fetal GABAergic cells

Possibly the first study to graft fetal GABAergic neu-
rons in an effort to treat pilocarpine-induced seizures
used cells derived from the ganglionic eminence of E16
rats.”’” However, benefit was also observed with control
cells from the sciatic nerve, suggesting that the effect
may have resulted from lesioning of the substantia nigra
during grafting.?” Grafting fetal GABAergic cells to sub-
stantia nigra produced transient anticonvulsant effects in
kindled rats,”® as did grafting of an immortalized cortical
cell line engineered to produce GABA.*® Variations on
this approach have included pretreatment of fetal cells
with fibroblast growth factor-2 and a caspase inhibitor in
attempts to increase the number of surviving cells and
extend their lifetime in the host brain.*® In these exper-
iments cells were injected bilaterally into the hippocampi
four days after KA-induced SE and the frequency of
spontaneous seizure-like behaviors was significantly re-
duced compared to sham controls as long as one year
later.

In 1998, Diacrin Inc. initiated a trial using fetal porcine
GABAergic cell grafts in three patients with medically
refractory epilepsy.’! Seizure frequency reportedly de-
creased, but the Food and Drug Administration halted the
trial over safety concerns.’”> Experiments have recently
demonstrated that inhibitory interneurons derived from
the embryonic medial ganglionic eminence can migrate
from the injection site and integrate into the cortex of
adult rats.” These cells also increase local inhibition in
the adult brain and may be able to limit the initiation or
spread of seizure discharges.

Genetically-engineered GABAergic cells

An alternative to the use of fetal GABAergic neurons,
is the use of genetically-engineered GABA-producing
cells, as described by Thompson in this issue of Neuro-
therapeutics. Several cell lines have been engineered to
enhance their potential to serve as GABA “pumps” when
grafted into focal epileptic brain regions. Either
GABAergic or non-GABAergic neural progenitor cells
have been immortalized and made to overexpress the
GABA synthetic enzymes, GAD67 or GAD65.%°>* In
addition, cell lines were engineered with a temperature-
sensitive oncogene so that cell division could be regu-
lated, and also engineered to express the GADG6S trans-
gene under the control of a tetracycline-off promoter so
that GABA release could also be controlled. When these
cells were transplanted into the substantia nigra of chron-
ically seizing (KA-treated) animals, the frequency of

spontaneous seizures was reduced, but not if animals also
received doxycycline to turn off GAD65 expression.*
However, the long-term survival of the engineered cell
lines remains a limiting factor. The possibility of gener-
ating GABA-producing cells, possibly also engineered
for regulated GABA release from stem cells may provide
a solution to the problems of integration and survival.
Indeed, Thompson describes genetically engineered
GABA-producing cells that are generated from stem
cells, and reports that when grafted bilaterally to the
hippocampi the cells appear to suppress spontaneous
seizures. Although this is encouraging, the use of genet-
ically-engineered cell lines will present an additional
hurdle to regulative approval.

HOW FAR ARE WE FROM APPLYING
EXPERIMENTAL CELL THERAPY TO THE
TREATMENT OF HUMAN EPILEPSY?

Candidate indication areas

Approximately 30% of patients with epilepsy are drug
refractory and do not respond to current treatments.>®
Novel approaches are needed, and as previously noted,
many of the cell-based therapies applied in experimental
models suppress evoked and/or spontaneous seizures in a
variety of seizure models, including rats with audiogenic
seizures, evoked seizures in kindling models, or sponta-
neous seizures that develop within days to weeks after
SE. The anticonvulsant effect of cell therapies is believed
to relate to either the increased availability of anticon-
vulsant substances like GABA or adenosine in the focal
area, > or the “normalization” of abnormal ictogenic
circuitry in the hippocampus.***’ The initial experiments
are promising, but larger preclinical studies are needed to
demonstrate the percentage of animals that respond to
treatment; “who” the responders are (e.g., lesion type and
severity); the long-term efficacy; possible adverse events;
and co-morbid effects (e.g., altered memory processing). In
particular, if the cell therapies are presumed to provide a
“cure” by normalizing ictogenic circuitry, more experi-
ments are necessary to expand the studies from SE models
to other acquired and genetic etiologies with different cel-
lular alterations to examine how broadly this approach
might work and, in particular, how likely it might apply in
cases where the etiology is unknown.

Another indication is the prevention of epileptogen-
esis, for example, after traumatic brain injury. A large
number of cell transplantation studies have demonstrated
enhanced motor and cognitive recovery after experimen-
tal traumatic brain injury.>® The proposed mechanisms
are multiple, varying from repair of circuitry to increase
in availability of neurotrophic and other factors to facil-
itate self-repair process in the damaged brain area. Un-
fortunately, none of these experiments investigated “epi-
lepsy” as an outcome measure. Studies have investigated
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the efficacy of cell therapies on epileptogenesis in the
kindling model and in models in which spontaneous
seizures develop after SE. Interpretation of the data from
these experiments has been difficult. The suppression of
a kindling stimulus by the transplant can affect the kin-
dling process. In SE models, it becomes critical to dem-
onstrate the lack of effect of transplantation on the “ini-
tial epileptogenic insult,” that is, SE itself. Alleviation of
SE results in prolongation of latency to the appearance of
the first spontaneous seizure, and to lower seizure fre-
quency (disease modification). Even if transplantation is
post-injury, the question remains of how to differentiate
the anticonvulsant effect from a true antiepileptogenic
effect. This question is difficult to resolve unless the cell
graft is removed or inactivated. Also, it is unknown for
how long the animals should be followed by video-EEG
monitoring to demonstrate anti-epileptogenesis (no sei-
zures), or even disease modification. Finally, use of SE
models present a challenge for any candidate anti-epilepto-
genic treatment because of the possibility of false negative
findings related to the robust damage produced in this
model. Therefore, studies in SE models in which the sever-
ity of SE is reduced, or use of models with more limited
brain damage (e.g., stoke, traumatic brain injury models)
might be more sensitive. Finally, guidelines are needed to
define what preclinical evidence will be required to dem-
onstrate an anti-epileptic or anti-epileptogenic effect of cell
therapy prior to initiating a clinical trial.

Availability, cost, and ethical issues related
to the use of cell therapy in the treatment of
epileptogenesis and epilepsy

Like any new technology, cell-based therapy is asso-
ciated with many practical problems that will need to be
overcome before cell treatment would be part of the
treatment arsenal for epilepsy. These include availability
of embryonic or other starting tissue, safety issues related
to engineering of viral constructs and their transduction,
production of cells under GMP conditions, targeted dif-
ferentiation of transplanted cells, graft rejection, tumor
formation, and legislative and ethical issues. Thorny as
some of these issues may be, progress is already being
made in all of these problem areas. Solutions could in-
clude ex vivo manipulation of grafts toward an appropri-
ate stage of lineage commitment, use of autologous cell
transplants, use of transplanted cells as delivery vehicles
for drug or gene therapy, patient-specific induced cells,
and engineering of transplants that can be removed by
suicide gene inserts. Cell-based therapies are unlikely to
become the mainstays of treatment for most epilepsies
any time soon, but in cases of medically-intractable sei-
zures, and especially in cases in which surgery may not
be an option, such an approach (if perfected) could well
address a currently unmet need.
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