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Currently what are the biggest challenges in the field of stem cell therapy
for stroke rehabilitation?

Borlongan: The biggest challenge is the coalescing cell therapy with rehabilitation therapy
in an effort to realize improved outcomes in stroke patients. Indeed, in the recent Stem Cell
Therapeutics as an Emerging Paradigm for Stroke or STEPS 3 meeting, a key theme that
was advanced by the group is to examine stem cell therapy vis-a-vis with rehabilitation
therapy to reveal not only stand-alone effects of each therapy [1, 2], but to potentially assess
the concept of combination therapy for stroke. Although stroke rehabilitation is well
recognized in the clinic [3], most of the preclinical studies on stem cell therapy have not
incorporated this rehabilitation effect in the experimental design. Accordingly, this lack of
rehabilitation control arm in the laboratory represents as a major disconnect between the
preclinical arena and the clinical setting, limiting the recognition of the potential benefits of
stem cell therapy to stroke rehabilitation and vice versa. Notwithstanding, if we define
rehabilitation as ‘exercise’, there are excellent studies in the laboratory that have assessed
the beneficial role of exercise in influencing the fate of endogenous stem cells. The concept
that exercise enhances neurogenesis was popularized by Rusty Gage and colleagues [4]. In
particular, in this paper and several other subsequent papers from this group and others
showed that new cells almost doubled in the hippocampus after just 12 days of daily
running. A paper by Mark Mattson [5], fittingly titled ‘take away my food, and let me run’
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discusses the benefit of running, as well as good diet! Over the next decade or so since the
milestone publication by Gage and colleagues, exercise has been demonstrated to reverse
some of the symptoms of age-related disorders, such as AD [6], PD [7], stroke [8] and TBI
[9]. Fast forward to our paper in 2007 [10], we show that we could capture the adverse
effects of withholding exercise using the hindlimb suspension model, in that animals with no
access to exercise over a 2-week period displayed a reduction in neurogenesis in the
hippocampus and in the other neurogenic niche SVZ. | think our reverse paradigm of ‘lack
of exercise’ closely mimics the scenario in the aging population whereby there is a challenge
for these individuals to access daily/ regular exercise. Interestingly, in the young animals
(i.e., newly weaned rats as opposed to our adult rats), when a similar model of hindlimb
suspension was employed, hippocampal neurogenesis was not severely affected (i.e., newly
generated neurons only slightly decreased by hindlimb suspension) [11]. Our model of
hindlimb suspension leading to impaired neurogenesis in hippocampus has been similarly
replicated using a ‘restraint stress’ protocol (animal is placed into a conical tube, which
prevents forward or backward movement) [12,13], with females more prone to such
hippocampal alterations [14]. | envision that future research, as we noted in our recent paper
[15], will need to combine this lack of exercise paradigm with established models of age-
related disorders (e.g., AD, PD, stroke, TBI) to fully capture whether such lifestyle of
absence of physical activity will further deteriorate neurogenesis, thereby providing insights
on functional interaction between stem cell therapy and rehabilitation.

Jolkkonen, Detante: Stroke is the second leading cause of death worldwide and the most
common source of severe disability in adults. With the exception of early thrombolysis,
thrombectomy and craniectomy for large strokes, or admission to a stroke unit and
rehabilitation, no treatment currently exists to reliably improve the chances of a functional
recovery. It is plausible that cell therapy may represent a breakthrough in the treatment of
stroke, since not only can it confer tissue neuroprotection but at the same time it can also
facilitate endogenous neuronal repair [16]. This approach has the major advantage of acting
over an extended therapeutic time period after the stroke and, unlike the present
thrombolytic therapy, it might be possible to provide therapy to patients many hours, even
days, after the stroke. However, we need to clarify the mechanisms through which stem cells
act in order to optimize the current treatment protocols. Another major challenge will be to
validate safety and efficacy of this kind of therapy in large multicenter clinical trials,
although there have been encouraging results emerging from preclinical experiments and
small-scale patient studies.

What is the most attractive source of stem cells?

Borlongan: | always refer to almost 10 years or so (during the early 2000s) of a federal
moratorium to use NIH funds for embryonic stem cell research. This period of lack of NIH
funding significantly put the ES field behind adult stem cells. It would appear that the adult
stem cells have a 10-year head start over ES cells. Thus, if I have to point a finger on which
is an attractive stem cell source with potential clinical application, my choice will be the
adult stem cells, especially the bone marrow-derived mesenchymal stromal cells. It is not
surprising that the adult stem cells are already being tested in stroke patients under limited
clinical trials. We have a good handle on the effective cell dose, route and timing of delivery
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and already established a respectable safety profile of these cells. However, we are still
trying to understand the mechanism of action of these cells, which | believe will further
guide us in optimizing the clinical transplant regimen. With this knowledge we gained from
adult stem cells, we may be able to modify the transplant parameters to better cater to
clinical application of ES cells, as well as other cell sources such as iPSCs. In parallel, we
need to be open-minded to other potential cell sources such as the very small embryonic-like
(VSELSs) [17], multilineage-differentiating stress-enduring (Muse) cells [18], and the
recently reported region-selective pluripotent stem cells (rsPSCs) [19]. While | understand
the controversies associated with these latter cells, my choice of “attractiveness of stem
cells’ is based on the cells' therapeutic potential. So although | put emphasis on the need for
well-defined population of stem cells as initial criterion to qualify as transplantable stem
cells, ultimately we need to show that the cells are safe and effective. We may have a well-
defined population of stem cells, but in the end the cells are not safe and effective, thereby
negating their potential clinical application. A vis-a-vis comparison among these available
stem cells may offer insights on the optimal cell type for a particular stroke-targeted disease
stage and pathology.

Detante, Jolkkonen: The great variety of available cell types and sources represent a
therapeutic treasure trove for stroke treatment, but this demands that we need to make a
careful evaluation of the options with regard to their safety and efficacy profiles,
mechanisms of action, delivery routes and in vivo biodistribution properties [20]. Three
main therapeutic cell categories can be distinguished: first, mesodermal-derived stromal/
stem cells; second, ectodermal-derived neural stem/progenitor cells; and third,
hematopoietic/endothelial stem cells. Mesenchymal stromal/stem cells (MSC) originating
from bone marrow or adipose tissue and umbilical cord stem cells have been the cells most
commonly utilized in clinical trials, since they are readily available, are not subject to ethical
problems and have a good safety profile. However, it is obvious that the therapeutic
potential of these cells is far from optimal; one could envisage that in the future their
properties will be improved, for example to improve their homing efficiency, to increase cell
survival and possibly also to ease their integration into the host tissue. Pluripotent cells such
as embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) from adult tissue
cannot be used directly due to their high tumorigenicity risk, although this can be reduced
when the cells are derived in more differentiated cells. In the future, we may well have
access to a virtually unlimited supply of multipotent or mature derived cells suitable for cell
therapy.

What is the most promising administration route for transplantation?

Borlongan: The choice for the most promising cell delivery route for transplantation needs
to be based on the disease target. This is where the pre-clinical science becomes the driver of
the initial choice of delivery route. In experimental stroke, we realize that the chemokine
signal of CXCR4-SDF1 is utilized by stem cells when delivered from the periphery to reach
the ischemic brain.

This chemokine signal, while elevated over time, appears to peak within days after stroke,
suggesting that peripheral routes of administration (intravenous or intra-arterial) may be
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indicated for acute stroke. At the chronic stroke stage, however, with the chemokine signal
not as robust as the early stage, the preferred route of administration will be the intracerebral
(IC) approach [21]. T w o caveats that | want to note here. First, stroke is now recognized as
a chronic disease, with several secondary cell death events such as inflammation,
progressing over time long after the initial insult. With this in mind, repeated or booster
transplants may be required. To this end, repeated transplants will need to be examined for
its feasibility, safety and efficacy. Second, while the conventional concept is to facilitate the
entry of the cells to the ischemic brain, we demonstrated that CNS bioavailability may be
required for functional recovery in stroke [22], and that stem cell targeting of the spleen to
abrogate the secondary inflammation plagued cell death, may render equally effective
therapeutic benefits [23]. Accordingly, several factors need to be considered in determining
the choice of stem cell transplant route.

Jolkkonen, Detante: The delivery route to be chosen depends on two factors — what cells
are going to be delivered and what is the therapeutic indication. It is likely that intracerebral
delivery would be preferred for cell replacement while intravenous (1V) or intra-arterial (1A)
injections would provide systemic and trophic support [24]. The IV administration leads to a
widespread cell distribution into vascularized and viable areas of the brain, not only into
localized graft sites. Since cytokine, chemokine and inflammatory signals such as SDF-1 are
released by compromised brain tissue, it is believed that IV-injected mesenchymal stem cells
(MSCs) will migrate preferentially to the damaged brain regions even if they are initially
subjected to transient entrapment in the lungs. However, IV cell infusions have been utilized
for the majority of clinical trials since this route is relatively non-invasive. However,
perhaps the next step will be to further boost cell efficacy by combining transplantation with
rehabilitation or some kind of restorative drug treatment.

what are the most relevant animal models for research?

Borlongan: The small rodent models of stroke have been instrumental in the translation of
stem cell therapeutics from the laboratory to the clinic. However, we are aware of the
mediocre record of stroke ‘neuroprotective’ therapeutics as evidenced by hundreds of
positive laboratory findings only to fail in the clinic. Many are quick to point to the
limitation of rodent stroke models, owing in part to the small white matter which is not
representative of the human brain. Recent studies have addressed this white matter injury, by
creating models specifically designed to produce white matter injury [25,26]. My rule of
thumb to increase the success of clinical translation of stem cell based products is to pursue
alternative models, even larger animals, if there are outstanding issues that cannot be
addressed in the rodent stroke models.

Jolkkonen: Experimental stroke models have been available for the last 2030 years. All
models have their own advantages and drawbacks and these need to be taken into account
when planning experiments [27]. Perhaps the most common model is still the filament
model. This allows reperfusion after a predetermined occlusion time (60-120 min) and it
evokes extensive corticostriatal damage. In human stroke patients, such a huge lesion would
be fatal. For this reason, researchers are actively seeking alternative models, for example,
administration of endothelin-1, which produces a more limited lesion in a predefined
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location. Unfortunately, in most of the studies conducted so far, the effect of comorbidities
has been ignored. Age, diabetes and hypertension are extremely common in stroke patients,
but their presence is not being taken into account when assessing efficacy of some drug or
cell therapy in the experimental setting. This is thought to be one of the major reasons for
the many failures to duplicate in the clinic the results of successful neuroprotective studies
conducted in animal models.

How can functional recovery be measured in animal models?

Borlongan: Many research teams, including ours, have initially focused on motor function
as primary functional outcomes of stem cell therapy. The reason behind this, at least from
our end, is the cost—effectiveness in terms of the manpower hours required to complete the
motor task testing of animals. We subsequently incorporated cognitive function, as this
behavioral deficit is equally manifested in the clinic by stroke patients. Compared with
motor function, this requires tedious work for both animals and investigators for training and
retesting stages of the experiments. But if we truly want to capture the full range of
therapeutic potential of stem cells or any other novel therapy, one must be willing to invest
in a battery of motor and cognitive tests to assess the safety and efficacy of cell therapy. One
caveat here is we need to cater the choice of behavioral tests to the stroke model, as some
models (for example, the distal MCA ligation model that creates localized cortical damage)
may not show robust cognitive deficits.

Jolkkonen: Just as there are many stroke models, so too there are numerous behavioral
outcome measures available with which to measure functional impairment and recovery,
ranging from an assessment of gross motor functions to fine motor skills and cognitive
functions [27]. What is somewhat unusual about behavioral testing in rodents after an
experimentally induced stroke is that the animals try to disguise or hide their impairment or
they resort to a variety of compensatory tricks to complete the given task and this can lead to
false-positive results [28,29,28]. Therefore, in order to monitor a true behavioral recovery
one needs to pay attention to the way that the animals perform the task rather than simply
counting the number of successfully completed tests. Alternatively, behavioral tasks can be
selected that do not allow the use of compensatory strategies. Of course, one additional
major challenge is how to compare quadrupedal versus bipedal behavior. One might predict
that quadrupedal rodents would have more possibilities for compensation by adjusting their
body balance and gait.

What are the challenges of translating animal studies of stem cell therapies

to clinical trials?

Borlongan: | alluded to these ‘translational lab-to-clinic’ challenges above, but to reiterate
here, they include the need to examine the role of stem cell therapy in rehabilitation and vice
versa, further optimization of the transplant regimen, especially on route of delivery and
likely need for repeated/booster transplants, and recognizing that certain animal models and
functional end points refect specific stroke stages and cell death events.
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Jolkkonen, Detante: Ischemic damage has been a target for numerous neuroprotective
studies. Although there are now thousands of positive results emerging from animal
experiments, unfortunately, when these compounds have been tested in rigorous clinical
trials, the results have been far from impressive. It is important that we learn the lessons
from past failures when designing future preclinical/clinical studies, only then do we have a
chance of successful clinical translation. For example, preclinical studies should follow a
randomized treatment assignment, conduct blinded assessments, and if possible, have a
multicenter design with carefully predefined inclusion and exclusion criteria according to
the recommendations of the Stroke Therapy Academic Industry Roundtable (STAIR) [30]
and the Stem Cell Therapeutics as an Emerging Paradigm in Stroke (STEPS) [31]
consortium. In addition, the clinical transfer potential might be improved by adopting
computational modeling techniques. These so-called “in silico’ mathematical stroke models
can simulate many of the effects of cell therapy by implementing explicit models of
endogenous brain repair mechanisms such as neurogenesis.

Please highlight some of the key clinical trials that have helped to shape

the field in recent years

Borlongan: | give credit to our clinician experts who pioneered the Parkinson's disease
clinical trials [32-36], which became the basis of the first cell therapy in stroke patients [37,
38]. This initial intracerebral transplantation of NT2N cells in chronic stroke patients has
now been used as template for current clinical trials also in chronic stroke patients [39].
Peripheral transplantation of stem cells in acute stroke patients has also been explored [40].

Detante: More than 20 pilot clinical trials have been published [41]. Most commonly the
cell source has been autologous bone marrow [42]), followed by NSC/neuron cultures [43].
Several cell products and routes have been investigated: IC or intrathecal transplantation of
NSCs or immortalized neurons, IV injection of autologous MSCs, 1A infusion of autologous
mono-nuclear cells (MNCSs). This makes it difficult to make direct comparisons due to the
differences in cell products, routes and post-stroke delays among the trials. However, these
initial studies of cell therapy for stroke have reported encouraging results with regard to
safety and feasibility. Some points can be highlighted from these studies: 1) NSC
transplantation requires the use of immunosuppressants; 2) xenografts can induce
deleterious inflammatory effects; 3) MSC or MNC injections are more straightforward.

What ethical barriers are currently present in the field?

Borlongan: For the adult stem cells, there are limited, if any, ethical barriers to their use for
cell therapy, mostly relegated to the financial rewards associated with scrupulous clinics
operating as ‘medical tourism’ industry. For the ES cells, the ethics of destroying the
embryos to generate stem cells still remains as a major obstacle. In general, | view that an
ethical dilemma that we will face with this novel therapy (which can cost about $500Kk), is
whether the treatment will be covered by health insurance, and if not, then the question is
our ability to offer such treatment to the economically challenged sector of the society.
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Detante: The ethical barriers depend on the cell source. If one thinks about the current
autologous cell treatment protocols (based on bone marrow cells), then there are no specific
ethical concerns. The debate focuses around allogenic sources and cell banking. For adult
cells (e.g., bone marrow and adipose tissue), iPS from adult donor and umbilical cord, it is
relatively easy to obtain an informed consent from a donor. This procedure and banking can
be monitored using national and international labels for stem cell banking. When one
considers future translational studies, good cell characterization and safety concerns must be
emphasized. Tumorigenicity was clearly identified in using ‘native’ ESCs or iPSCs and it
may also represent a potential, if rare, safety issue for MSCs. Ethical issues are particularly
important when one thinks about embryonic stem cells; this is due to questions about the use
of frozen embryos and cultures of ESCs not only for cell therapy trials, but also possibly for
cloning.

How do you see the field progressing in the next 5 years?

Borlongan: We will be getting soon clinical updates on the ongoing trials of cell therapy in
stroke patients. Our initial bench-to-bedside approach in translating stem cell therapy to the
clinic will need to be followed by bedside-to-bench investigations for optimization or
improvement of the transplant regimen and then to pursue additional clinical trials. This
approach to trouble-shoot in the lab and to re-examine in the clinic is not a welcomed
approach by regulatory and industry stakeholders. A failure in the clinic may push the field
back to the drawing board, thus rigorous laboratory efforts in evaluating safety, efficacy and
mechanism of action should proceed with translating cell therapy to the clinic in mind.

Detante, Jolkkonen: Currently, there are around 30 ongoing trials utilizing MNCs or MSCs
as cell products and exploring the potential utility of allogenic administration. In the next
few years results from the larger trials will validate the benefit of cell therapy after stroke,
probably first in selected populations of stroke patients. The development of
neurorestorative therapies for stroke in general should carefully take into consideration all
translational and safety concerns in order to allow an efficient transfer from bench to
bedside. There may be some very interesting innovations such as combinatorial approaches
(e.g., co-treatment with growth factors, stem cell modification, co-transplantation of
synergic cells) or the use of biomaterials (e.g., ‘protective’ scaffolds, hydro-gels) to enhance
survival of the grafted cells after IC infusion and, thus, to prolong their beneficial effects.
Much of this will depend on the availability of funding. Particularly in Europe, funding for
stroke-related research has been meagre for a long time. The Horizon 2020 program now
offers some hope of providing the desperately needed funding for translational and early-
phase clinical studies with cell therapies. We must hope that this positive support will lead
to the development of breakthrough clinical products, which in turn will fuel further cell
therapy research so that in the future a patient suffering from a stroke will have as good a
prognosis as one suffering from a heart attack today.
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