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Chapter 1
Introduction to Cell Therapy in Brain Injury

David C. Hess

The failure of the promising neuroprotectant, NXY-059, in the SAINT II acute
stroke clinical trial led to a sense of therapeutic nihilism in big pharma about the
prospects of “neuroprotection” in acute stroke [ 1-4]. While important lessons about
the quality of preclinical data have been learned from the development of NXY-059,
the string of failures of neuroprotectants in acute stroke has continued with albumin,
granulocyte colony stimulating factor (G-CSF), and magnesium [5, 6]. The recent
failures of progesterone in TBI, despite strong preclinical data, have fueled the con-
cern whether neuroprotection is a viable option in acute brain injury. The failures
are not limited to acute stroke and brain injury; there have been similar failures of
chronic neuroprotection in Parkinson’s disease, amyotrophic lateral sclerosis, and
Alzheimer’s disease [7-9]. It is premature to conclude that “acute neuroprotecton”
in stroke is dead as promising treatments are still under development; however, it is
fair to say that big pharma have folded their tents and moved on.

However, there remains hope that “reparative” or “restorative” strategies for
stroke and acute brain injury might be a more promising and ultimately successful
space for therapeutic development. The seminal finding in 1998 that neurogenesis
occurs in the dentate gyrus of the hippocampus in elderly subjects suggested that the
brain possesses more plasticity and potential for recovery than previously thought
and led to a revision of the dogma that neurons only died and never were born in
the adult brain [10]. Moreover, the time window for therapeutic intervention in re-
storative approaches is longer allowing more patients to be better characterized and
treated without the pressure of the “clock.” There is also a large unmet clinical need
with many disabled stroke patients with few options beyond stroke rehabilitation.

While the term “stem cell therapy” is often used, the terms “cell therapy” or
“cell-based therapeutics” are more accurate as, in many cases, these cells may not
be “true stem cells” but rather progenitor cells or other cells that do not fit the strict
criteria for “stem cells.” One interesting cell therapy-related approach is to use the
conditioned media (CM) of cells rather than the cells themselves. An approach us-
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2 D. C. Hess

ing the CM of adipose stem cells is presented by Brian Johnstone and Keith March
in Chap. 14.

Cell therapy for acute brain injury represents a promising therapeutic approach,
a “third wave” of therapeutics. The “small molecule” or “chemical” approach has
failed in acute stroke and brain injury and has not produced one Food and Drug Ad-
ministration (FDA)-approved agent in acute stroke or stroke recovery (see Fig. 1.1).
The “biologics” approach, so successful in cancer and in autoimmune diseases, has
led to only one FDA-approved treatment, tissue plasminogen activator (tPA). It
remains to be seen whether cell therapy will lead to FDA-approved treatments for
stroke. Presently, most of the “players” in the cell therapy field are small biotech-
nology companies or groups of academic investigators. Big pharma remains on the
sideline awaiting evidence of a signal of “activity” from early-phase clinical trials.
The viewpoint of the pharmaceutical industry on cell therapy is captured by Martin
Bednar in Chap. 2.

While there remains “hope” that cell therapies will be effective in stroke and
brain injury there is an also an excess of “hype.” The term “stem cells” often incites
unrealistic expectations among our patients, their caregivers and families, and the
press. Direct-to-consumer (DTC) marketing in this digital age with social media
permits easier exploitation of patients and families [11]. Patient desperation and
hyping of stem cells has led to “stem cell tourism” where patients and families

Stroke Therapy
CHEMICAL BIOLOGICS CELL THERAPY
Pfizer Biotech companies Small Biotech
AstraZeneca (i.e. Genentech) companies

GlaxoSmithKline
Merck
atc.

15 o

human monoclonal
proteins antibodies

RESULTS:

*Human recombinant tPA

Fig. 1.1 Depiction of the three therapeutic approaches to acute brain injury. (Note that devices
also have potential from clot-retrieval devices to devices that stimulate the sphenopalatine ganglia
to blood pressure cuffs that deliver remote limb ischemic conditioning)
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often travel overseas for expensive and unproven treatments with cost estimates
of US$ 47,000 per treatment. In the USA, the FDA regulates cell therapies if they
are “nonhomologous” and the cells are more than “minimally manipulated.” “Ho-
mologous” function means that the stem cell has the same function in the donor and
recipient. Hence, bone marrow cells for bone marrow transplant in a recipient with
bone marrow failure are not regulated; however if bone marrow cells are used to
repair the brain, then they are “nonhomologous” and under the purview of the FDA.

From a societal standpoint, only the oversight of regulatory agencies such as
the FDA with the support of our professional societies will protect our patients
and their families from modern “snake oil salesmen” and unscrupulous operators.
Simultaneously, we need to uphold the highest standards for preclinical work and
clinical trials. Only rigorous preclinical testing and randomized, blinded clinical tri-
als will be the antidote to the hype of stem cell therapies and stem cell tourism. Due
to the many failed clinical trials in stroke and other neurological diseases, there are
now calls for more rigorous methodology and transparency in reporting of results
of preclinical testing [12]. This includes randomization, concealment of allocation,
blinding, sample size estimation, and reporting of negative studies. Organizations
of clinicians and representatives from academia, industry, the National Institutes
of Health (NIH), and the FDA such as The Stroke Academic Industry RoundTable
(STAIR) and Stem Cells as an Emerging Paradigm for Stroke (STEPS) have pub-
lished criteria to follow to help ensure that the best therapies are brought forward
into clinical trial and that the clinical trials are conducted with the optimal design
[13-17].

Types of Cells and Timing

With reparative and restorative cell therapies, a variety of types of cells, routes of
administration, and “timing” of administration are proposed. The optimal timing
and optimal routes of administration are not precisely known but likely will be re-
lated to the cell type used. The “golden time” of cell-based therapeutics is likely in
the first week or weeks after injury when the brain is actively remodeling (Fig. 1.2).
Intravascular (intravenous (IV) and intra-arterial (IA)) administration routes will
likely be used in this time period. This early time point presents some challenges.
There may not allow sufficient time to isolate and expand certain types of autolo-
gous stem cells and allow them to be transplanted in a short time window. In addi-
tion, the stroke patient may still be unstable and may be at risk for cerebral edema
and brain herniation, complicating a clinical trial. While we lack extensive preclini-
cal data on the optimal timing of cell therapy, one preclinical study suggests that [V
mesenchymal stem cell (MSC) therapy may still have efficacy out to 1 month after
stroke in rodents but there is a paucity of data at these later time points [18].

There are a wide variety of bone-marrow-derived stem cells (Fig. 1.3). To date,
the most extensive preclinical support and clinical trial experience are with bone
marrow mononuclear cells, MSC, and MultiStem, a proprietary plastic adherent
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Neurorestorative: early
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Fig. 1.2 The three main time windows for intervention: The acute neuroprotective window that
closes rapidly in the first few hours, the “golden period” for reparative therapies where the brain
is remodeling and there are immune system targets such as the spleen, and a later “chronic” period
where the approaches will require intracerebral transplantation. From [15]

cell. Autologous bone marrow mononuclear cells can be rapidly isolated and do not
require expansion and can be delivered back into the patient within 72 h and clinical
trials to date in acute stroke demonstrate safety [19]. This approach is adopted by
Charles Cox and colleagues (Chap. 15) in their use of intravenous autologous bone
marrow mononuclear cells in pediatric patients with moderate to serve traumatic
brain injury. Taguchi and colleagues transplant autologous bone marrow mononu-
clear cells at a later “subacute” period of 7-10 days after stroke (see Chap. 4). They
isolate bone marrow mononuclear cells from stroke patients between 7 and 10 days
from stroke and reinfuse these autologous cells the same day. In a later time window
of 1-3 months after stroke, Oh Bang (see Chap. 3) has completed a clinical trial, the
STARTING trial, of intravenously transplanted autologous MSC, where autologous
MSC were expanded ex vivo in bovine sera. The treatment was safe with hints of
activity and subjects were followed up for 5 years. Oh Bang now reports the ongo-
ing STARTING 2 trial where the MSC are expanded in the sera of autologous stroke
patients to “condition” them prior to transplantation.

An alternative approach is to use an “off-the-shelf” allogeneic cell. This cell type
requires neither human leukocyte antigen (HLA) matching nor any isolation from
the stroke patient. These cells from a healthy donor are stored and “ready to go” al-
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Fig. 1.3 Slide depicting the range of bone-marrow-derived cells and those derived from umbilical
cord blood, placenta, and amniotic fluid

lowing early administration in stroke patients. Athersys, Inc. has launched an early-
phase clinical trial of MultiStem, an allogeneic “off-the-shelf” plastic adherent cell
distinct from the MSC. This multicenter, multinational randomized double blind,
placebo-controlled, double blind trial of 136 patients incorporated a dose escalation
phase and will finish enrollment in late 2014/early 2015 [20]. This trial utilizes a
cell dose of 1.2 billion cells per patient, a higher dose than other intravascular trials.
This trial targets a “homogeneous” group of moderately severe stroke patients with
cortical involvement and a baseline NIHSS from 8 to 20 in the 2448 h period after
stroke [20]. This early time window targets the end of the neuroprotective window
and the early portion of the recovery window. The development of MultiStem is
reviewed in Chap. 5 by Robert Mays.

With the increasing use and availability of [A interventional therapy with clot-
retrieval devices and the “positive” results of the MR CLEAN clinical trial from
the Netherlands, there will be more opportunity to deliver IA cell therapy, an ap-
proach used in many interventional cardiology trials. Yavagal and colleagues have
pioneered using IA delivery of MSC with testing in a canine model and discuss the
IA approach in Chap. 6

Preclinical studies suggest that intracerebral delivery of neural stem cells (NSC)
and iPS cell-derived neural progenitor may also be more effective in the first week
after stroke than at later time points. There remain logistical challenges for these ap-
proaches in this early time period, and the approach will not be as scalable as intra-
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venous delivery approaches to community hospitals. Steinberg’s group at Stanford
(Chap. 7) reviews the use of NSC and their own road to developing an NSC-based
intracerebral therapy in human stroke. iPS-derived neural progenitor cells (iPS-NP)
have great potential as a cell therapy and could be used in an autologous approach
or more likely an allogeneic approach utilizing biobanks of HLA-matched cells.
More work still needs to be done on the optimal timing and administration and there
remains concern over the tumorigenic potential (see Chaps. 9 and 10). Unlike the
intravascular approaches where significant cell engraftment does not occur, with
these intracerebral approaches with NSC, there is cell engraftment with evidence
that the transplanted cells integrate into brain circuitry as well as evidence that the
cells provide beneficial paracrine effects on the host brain. It may also be possible
to enhance the therapeutic effect of transplanted cells by using biodegradable matri-
ces, discussed in Chap. 13 by Tom Carmichael’s group at UCLA.

Later, after a period of months, the expression of chemotactic factors that attract
stem cells such as stromal derived factor 1 (SDF-1) diminishes on endothelium
and perivascular astrocytes reducing the homing of cells to the area of damage.
Moreover, gliosis is often established and a cyst has started to form. Intravascularly
delivered cells are less likely to “home” to tissue. Moreover, the “window” to tar-
get the spleen and to modulate the systemic immune system is likely closed. Since
“homing” to the brain and the immune targets may no longer be possible, intrace-
rebral, stereotactic transplantation is the best approach. The phase I and II trials of
teratocarcinoma-derived NT 2 cells sponsored by Layton Biosciences beginning in
the 1990s are reviewed by Nathan C. Manley from the Steinberg group in Chap. 7.
They also briefly review the early-phase clinical trial of San Bio’s human MSC
line SB263. The development of the CTX human NSC line culminating in the PI-
SCES clinical trial sponsored by Regeneron is reviewed in Chap. 8 by Keith Muir
and John Sinden. One of the advantages of the later time points is that the stroke
patient’s clinical course has plateaued and the patient has a stable baseline allow-
ing the effects of the intervention to be better measured and defined. In addition,
patients have exhausted all other efforts at rehabilitation and have few options cre-
ating a large unmet clinical need and a population willing to travel and be enrolled
in clinical trials.

Potency of Cells

A large number of cells die after transplantation and migrate poorly. Increasing the
“potency” of stem cells, increasing their survival, homing, migration, engraftment
potential, and capacity to secrete paracrine factors might be expected to improve
patient outcome. Preconditioning stem cells with hypoxia and other factors such
as SDF-1 and drugs such as minocycline have been shown to improve engraftment
and outcome in some animal models and is discussed in Chap. 11. It is likely that
some form of preconditioning of cells will become common in all cell therapy trials.
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MRI Tracking of Cells

After transplantation, it is possible to track the in vivo migration, homing, and en-
graftment of cells after with MRI. This has been accomplished successfully in pre-
clinical animal models. The use of MRI to track transplanted cells and the issues
of cell labeling and safety are covered by Bhagelu R Achyut, and Ali S. Arbab, in
Chap. 12

Neonatal Stroke and HI

Both neonatal stroke and hypoxic ischemic encephalopathy (perinatal asphyxia)
present opportunities for cell therapy. The young brain has greater plasticity and
potential for repair. Parents of children with cerebral palsy are desperate for new
treatments and many are aware of “stem cell therapy.” Cerebral palsy is a heteroge-
neous group of disorders and James Carroll addresses the particular challenges of
use of cell therapy in “cerebral palsy” in Chap. 16. Neonatal stroke is specifically
addressed by Masahiro Tsuji in Chap. 17.

Summary

With the recent interest in concussion and chronic traumatic encephalopathy in both
athletes and soldiers with head injuries, there is intense interest in a wide range of
therapies including cell therapies. While there are little data on cell therapy in these
settings of mild traumatic brain injury (TBI), there are more data on patients with
moderate to severe TBI as outlined by Charles Cox in Chap. 15. The secondary
phase of TBI with its inflammatory cascade is a potential target of cell therapy. This
chapter reviews the pathophysiology of TBI, past and current treatment approach-
es, and the development of a therapeutic approach with autologous bone marrow
mononuclear cells that looks promising in early-phase clinical trials.

In the next few years, we should have safety, “activity,” and some efficacy data
from some of the ongoing and future planned trials. Clinical trials of iPS-based
therapy in stroke will take longer to launch, as there are still issues about safety and
logistics. It is critical to design cell therapy trials with rigor and with the appropriate
outcome measures. This issue is addressed by Steven Cramer in Chap. 18. In the
next decade, the mist of “stem cell therapy” should clear and we will begin to get
answers whether cell therapy is a viable option for our patients and their families.

Acknowledgments The author wishes to acknowledge Michael Jensen, Department of Medical
Ilustration, Georgia Regent’s University, for the medical illustrations of the three figures.
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Chapter 2
Cell-Based Therapeutics in Stroke:
An Industry Perspective

Martin M. Bednar

Stroke Background

An estimated 6.8 million Americans >20 years of age have had a stroke [1]. Each
year, ~795,000 Americans experience a new or recurrent stroke. Approximately
610,000 of these are first attacks and 185,000 are recurrent attacks. In the USA,
stroke ranks No. 4 among all causes of death and is the second leading cause of
death worldwide, narrowly behind ischemic heart disease [2]. Of all the leading
causes of death in both the USA and worldwide, stroke is unique for not having
any specific therapy approved to improve outcome post insult, save for tissue plas-
minogen activator (t-PA) [3]. Although t-PA thrombolytic therapy was approved
for acute stroke therapy nearly 20 years ago, its use worldwide remains extremely
limited and the stroke field continues to search for neuronal protection and repair
strategies.

Although the 1990s were labeled the “decade of the brain,” significant nihilism
crept into the field of stroke and was pervasive for approximately a decade from the
late 1990s into the first decade of the twenty-first century [4]. During this period,
all neuroprotective strategies examined in the clinic failed, despite careful review
and recommendations from the Stroke Therapy Academic Industry Roundtable [5].

Perhaps not surprisingly, many major pharmaceutical companies began to de-
emphasize neuroscience as a therapeutic area [6], although the most consistent fail-
ures have come in the attempts to treat acute neurologic disease such as stroke and
traumatic brain injury (TBI). Inspired, transformational strategies were needed to
reinvigorate the pursuit of medicines for one of the world’s leading causes of death
and disability.

A significant aspect of the de-emphasis of neuroscience drug development has
been and continues to be the lack of clinical translatability of animal disease models.
This is particularly evident in stroke where there have been more than 1000 pub-
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lished preclinical studies, yet not a single neuroprotective agent has been approved
for clinical use (considering t-PA a thrombolytic, not a neuroprotectant) [7]. When
properly designed to recapitulate at least some aspects of the disease (e.g., timing
of the therapeutic intervention, use of functional endpoints), animal models may be
seen as useful screening tools—perhaps necessary, but certainly not sufficient for
de-risking therapeutic approaches for central nervous system (CNS) diseases. How-
ever, the lack of translatability has resulted in a significant conundrum as clinical
development, in general, requires massive resources (patients, professional person-
nel, and funding), limiting both the number of approaches that can be studied in the
clinic and, as a result, the overall enthusiasm for the field. There are likely other
contributors to the universal failure of neuroprotective therapeutics in both stroke
and TBI, perhaps most notably both the presumed limited time window afforded for
neuronal rescue and the consistent strategy of pursuing potential therapeutics which
possess a single mechanism of action (MOA) to treat very complex diseases in an
organ which has multiple redundant systems.

Next-Gen Stroke (CNS) Strategies

The solution for CNS drug development that has begun to emerge is twofold. While
neither strategy specifically targets stroke or TBI, the field could be a major ben-
eficiary. This “new path” arises both from a paradigm shift in drug development
strategy and from major scientific advances in the field.

The first part of this disruptional thinking is to limit the emphasis on animal
models. It is acknowledged that significant work has recently gone into improving
preclinical stroke models, including the use of more relevant species, aged animals,
animals with comorbid diseases, and chronic endpoints that may possibly reflect
outcome more than acute measures of biochemistry and histopathology. However,
improved guidelines for stroke research have not yet provided evidence of clinical
translatability. Currently, the value of animal models in defining drug toxicity and
determining initial exposure limits in early clinical trials remains, although animal
models continue to have very limited utility in assessing drug efficacy for most hu-
man CNS diseases. Thus, a more rational strategy may be to advance therapeutics
into the clinic as soon as they have demonstrated an appropriate safety profile in
rigorous animal testing. The preclinical testing should define specific organ toxicity
and the appropriate exposure/dose limits where the safety findings have occurred.
These promising therapeutics are then taken into clinical testing. Small, focused
clinical trials would rigorously study safety and determine relevant pharmacody-
namic activity in order to provide safety profiling, risk mitigation, and greater con-
fidence in rationale for the mechanism(s). This strategy is a rather bold but neces-
sary move, shifting from animals to humans to understand the earliest signal of
efficacy. For stroke, such early, surrogate clinical endpoints are in evolution but
include neuroimaging (e.g., magnetic resonance imaging (MRI) measures of water
content and directional flow; blood-brain barrier (BBB) integrity) and biochemical
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markers, either by employing cerebrospinal fluid (CSF) or blood-based markers
and/or studying magnetic resonance spectroscopy which can combine both a bio-
chemical signal with some indication of cell viability or activity. Although these
surrogate markers lack full validation, they may be viewed as “fit for purpose” and
a significant advance from relying on improvements in stroke animal models.

The second catalyst for the stroke field is the explosion of deep science on stem
cells. Considering that human CNS stem cells were only identified ~ 15 years ago
[8], the progress has been quite remarkable. Neurorestoration is an exciting alter-
native (and complementary) strategy to neuroprotection, removing the seemingly
severe time constraints imposed by the latter. The emergence of the neurorestorative
concept as applied to stroke, however, is not without its drawbacks. It seems ap-
propriate to say that the technical capabilities of utilizing stem cells as a therapy for
stroke have outstripped our understanding of how they may be efficacious in this
disease setting.

Cell Therapy for Stroke: Considerations

There are multiple aspects of stem cell therapy to consider:

» Cell source. Broadly, three potential exogenous cell sources could conceivably
be used for stroke therapy: embryonic, adult pluri- and multipotent stem cells,
and induced pluripotent stem (iPS) cells. Additionally, although this chapter
focuses on the strategy of exogenous stem cell therapy, there have also been
considerations of encouraging a greater response from endogenous neural stem
cells. For example, one possibility is to locally administer trophic factors that
promote greater efficiency of endogenous neural stem cell proliferation, migra-
tion, differentiation, and/or survival [9].

» Cell type. If adult stem cells are considered the “gold standard,” what cell type
should be advanced? One could consider stem cells from a neural lineage, al-
though non-CNS cells, especially autologous mesenchymal stem cells (MSCs),
have many advantages (no/minimal immunogenicity and tumorigenic capability,
no ethical issues) and also seem to improve outcome in animal models just as
effectively as neural stem cells. Most of the clinical trials to date have used au-
tologous mesenchymal stem cells derived from bone marrow [10], although adult
stem cells from a wide variety of alternative sources have been used, including
cells harvested from umbilical cord [11], olfactory ensheathing cells [12], adipose
tissue [13], and placenta [14]. The data from animal models [15] suggest that
mesenchymal stem cells are effective regardless of the route of administration.
Mesenchymal stem cells also appear to modulate the local inflammatory response
that contributes to the hostile environment for repair and recovery. Many of the
clinical trials employing autologous mesenchymal stem cells have fulfilled the
objectives of demonstrating safety and feasibility, although assessment of stroke
outcome has not yet demonstrated clear evidence of efficacy, perhaps in part due
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to the limited sample sizes. Autologous therapies pose challenges when it comes

to large-scale manufacturing and time constraints for meaningful production,

while allogeneic therapies run a higher risk of causing an immune response.

» Stem cell role (mechanism of action, MOA). There is no strong understanding
of how stem cells actually would mediate neural recovery. One may think of
the “3R’s” when considering how stem cells may improve poststroke outcome:
repair, replacement, and redirection (Fig. 2.1). Of course, these roles are not
necessarily mutually exclusive:

— Repair. In this context, there is consideration of immune response modula-
tion, release of soluble trophic factors to create a more permissive environ-
ment either through local effects and/or niche upregulation, and instructing
a specific endogenous stem cell fate. Facilitating a more permissive envi-
ronment (reduced neuroinflammation, improved regional cerebral blood
flow, either directly or through facilitating angiogenesis) should balance
enhanced plasticity with the downregulation of inhibitory pathways that
provide the CNS with the necessary feedback to maintain a homeostatic
environment [16]. Mesenchymal stem cells have demonstrated experimen-
tal success in a number of pathologic scenarios. Such a broad protective/
reparative effect suggests that these cells may be capable of releasing a
diverse array of factors. Growth factors likely contribute to the beneficial
effect [17], although much attention has recently focused on exosomes [18-20],
a very heterogeneous group (both in size and content) of secreted lipid
vesicles that may have therapeutic effects under a multitude of conditions.
Although different exosomes may have competing actions, this is an area
of medicine that provides both a rationale for the beneficial effect(s) of
MSCs and is spawning a novel field of both diagnostics and therapeutics to
improve the recognition of tissue injury and aid in customized tissue repair
following various pathologies.

— Replacement (including trans-differentiation). Generally, long-term func-
tional engraftment/integration of exogenous stem cells at the site of pathol-
ogy is much more the exception than the rule [12, 21, 22]. Nonetheless, even
the integration of a small percentage of stem cells into the infarct area may
result in a meaningful improvement. It is not clear if there is one or more criti-
cal variables exhibited by certain stroke patients that may facilitate a more
permissive environment. Genetic polymorphisms, concomitant medications,
or overall medical status may contribute in ways that are currently unclear.
Additionally, the endogenous secretion of trophic factors directly within the
stroke/penumbral region may be an important mechanism for neural repair.

— Redirection (scaffold, bridge). This is a relatively new concept and is a hybrid
between the repair and replacement mechanisms. The exogenous stem cells
are necessary prerequisites at the stroke site, facilitating the directed migration
of endogenous stem cells to the site of injury [23]. The exogenously placed
stem cells have a limited presence at the stroke site, although it appears that
the endogenously migrated stem cells may be able to integrate and improve
the brain cytoarchitecture in this region.
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Fig. 2.1 Integrated approach to outcomes/clinical trials. The three general approaches by
which stem cells could exert a beneficial effect following stroke (/-3). The direct placement
of exogenous (autologous or allogeneic) within the stoke cavity could either serve to redirect
endogenous stem cells from the subventricular zone (SVZ) to the infarcted region, facilitating
their local engraftment and/or trophic effects or the transplanted exogenous cells could contribute
more directly by replacing cells in the peri-infarct region and/or providing for a more favorable
local environment. Stem cells delivered remotely (e.g., intravenously) likely exert their effect at
the blood—brain barrier (BBB) interface through the activation of second messengers and/or the
release of trophic factors, exosomes, etc. that facilitate a more permissive environment within the
peri-infarct region

Even within each of the general strategies outlined above, there are multiple mecha-
nisms by which a neurorestorative effect may be realized, just as there are mul-
tiple mechanisms that mediate the endogenous neuroplasticity that is constantly
occurring. These include modulation of inhibitory circuits and facilitation of more
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permissive activities. The above discussion does emphasize that the “single” ap-
proach of stem cells is actually a pleiotropic strategy that may allow the field to
move beyond the single MOA approach to address a very complex insult.

Certainly, any of the approaches mentioned would need to create the appropri-
ate permissive environment that will allow for the differentiation and expression
of any/all neuronal and glial types needed to reconstitute an effective and efficient
network. This is irrespective of cellular augmentation by endogenous elements or
through the delivery of exogenous stem cells (or both).

There are additional critical points for discussion when considering cell therapy
for stroke:

» Stem cell route of administration. To a large extent, the route of administration
will be dictated by the purported role for stem cells as a poststroke therapy. Cur-
rently, many contemporary stem cell studies for stroke utilize intravenous deliv-
ery which is seen as more of a reflection of pragmatism than an understanding
of their MOA. The limited ability of stem cells to cross the BBB would not be
an impediment to peripheral (intravenous or intra-arterial) administration [15]
if the primary role of the stem cell was to provide second messenger signal-
ing or growth factors that would then facilitate a more permissive environment
for brain repair (e.g., shed exosomes have demonstrated the ability to cross the
BBB). There are animal model data to suggest that the intravenous administra-
tion of stem cells may be as efficacious as administering stem cells directly to
the injured region of the brain. A direct comparison of different delivery routes
within the same animal model may be of great value and would not necessarily
demand translatability to the clinical scenario. Alternatively, if the pluri- or mul-
tipotent stem cells are intended to serve as replacement cells in the infarct region,
or if the intent is to serve as a biobridge from internal sources of neurogenesis
to the stroke region, then strategies must be developed to stereotactically deliver
the cells to the appropriate brain region.

» Stem cell timing of delivery. Ischemic brain injury is accompanied by a ma-
jor inflammatory response which includes both CNS intrinsic (e.g., microglial
upregulation) and extrinsic (e.g., leukocyte and cytokine upregulation) activa-
tion [24]. The inflammatory response can be seen as either well orchestrated or,
alternatively, well-intentioned but suboptimally regulated. A critical question is
when to intervene with a stem cell therapy. If the ongoing (at least initial) inflam-
matory response is beneficial for self-repair (e.g., removal of necrotic debris,
facilitation of a more permissive environment), then the early downregulation
may be counterproductive. The ultimate answer may only be understood through
direct intervention and rigorous, methodical assessment of relevant clinical (and
possibly imaging/biochemical) endpoints.

» Timing of primary endpoint measurement. Traditionally, key endpoints of neu-
rologic outcome and function have been measured at 3 months post stroke. This
was the time point used in the pivotal t-PA study and continues to be used nearly
two decades later for a large number of putative neuroprotective and now, neuro-
restorative therapies. But is the best time point for assessing improvement? Neu-
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rologic recovery continues for a year or longer post stroke. For therapies that are
likely to provide cellular replacement and integration or otherwise improve plas-
ticity, significant periods of time (weeks—months) may be needed to establish
these new/repaired networks, in addition to the period of time for the affected
individual to actually functionally improve. This may be especially relevant for
the more eloquent domains such as speech. This time frame is likely longer than
for a neuroprotective agent that focuses on salvaging ischemic neurons, yet very
few studies perform randomized, double-blind placebo controlled trials for more
than 3 months.

* Combination therapy. This paradigm is often favorably discussed but rarely ini-
tiated. This is likely for a number of reasons, including the logistics of under-
standing the optimal dose of each therapeutic alone and in combination and also
ensuring that the animal toxicology package will support the clinical program.
The plethora of permutations typically results in therapeutics being developed
independently. That said, it is of interest that in a rat model of TBI, a combina-
tion of human umbilical cord blood cells and G-CSF, administered intravenously
one week post insult, provided the most significant reduction in TBI-induced
behavioral deficits when compared to either agent administered alone [25]. The
behavioral improvement also complemented a histologic reduction in inflam-
mation associated with improvement in neurogenesis. This combination strat-
egy was recently studied in a clinical trial of chronic stroke patients, enrolled 6
months to 5 years post stroke [21]. In this study, subjects were given G-CSF for
5 days prior to intracerebral implantation of autologous peripheral blood stem
cells (CD34%). After a 12-month follow-up period, the subjects treated with the
combination G-CSF and autologous CD34" stem cells demonstrated significant
improvement in neurologic and functional scales as well as MRI evidence of
structural improvement when compared to the control group. Although this was
a small clinical study (N=15/group), the data are very encouraging.

Adding greatly to the complexity of combination therapy is a recent small study
conducted in ten subjects 6 months to 20 years post stroke [12]. These subjects were
treated with a combination of various stem cells including olfactory ensheathing
cells, neural progenitor cells, umbilical cord mesenchymal cells and Schwann cells
given through both systemic and local administration. Safety and efficacy were
reported, although the extremely small sample size limits the strength of the conclu-
sions and the multiple cell therapies and routes of administration will likely limit the
use of this strategy, especially given the encouraging results with more straightfor-
ward clinical trial designs.

Noninvasive imaging will have an increasingly important role in the develop-
ment of neurorestorative therapies in general, especially for stem cell and for gene
therapies, where there is insufficient information on outcomes, in part due to the
small sample sizes employed. In Parkinson’s disease, neuroimaging is already part
of the suite of modalities to understand outcomes [26]. Noninvasive imaging is a
means by which promising mechanisms can be de-risked by seeking a surrogate (in-
termediate) biologic endpoint that can convey relevant pharmacodynamic activity
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and justify larger clinical studies. Examples include diffusion tensor imaging (DTI)
to assess edema and fMRI to evaluate structural (brain, BBB) integrity. Neuroimag-
ing may also be used to visualize the stem cells as well, determining their ultimate
location and viability over time in a noninvasive way [27]. These data may then be
related to either surrogate biochemical markers and/or to clinical endpoints.

There are additional critical factors that need to be addressed when one is consid-
ering if a potential therapeutic will improve stroke outcome, but many of these go
beyond the breadth of a chapter devoted to cell therapies. One of the topics that will
be critical to any potential therapy is the stroke type. This relates not only to loca-
tion vis-a-vis infarcts involving gray matter or white matter (or specific fiber tract
involvement) as these different anatomic locations most certainly will have unique
strategies, but also to the individual patient deficit [28]. Employing endpoints for
future stroke trials should consider a weighting based both on the patient-specific
deficit at baseline (or at the time of enrollment in a clinical trial) and a potentially
flexible timeline to primary endpoint analysis (based on specific deficits), possibly
extending this timeframe to 6—12 months post initiation of therapy.

Summary

To summarize, our understanding of the complexities of stroke pathophysiology
is very incomplete and this has contributed to the dearth of therapeutic options for
this devastating disease. The examination of stem cell therapies for stroke is an
emerging field which is also inadequately understood. However, this should not
serve to dissuade investigations from the treatment of stroke and specifically stem
cell therapy. Given the data to date, intravenous delivery of autologous stem cells
provides the most pragmatic strategy, in regard to both the demonstrated safety and
ease of administration but also having an efficacy profile that is at least comparable
to the more aggressive routes of local stem cell administration. Mesenchymal stem
cells have clearly garnered the greatest interest to date, although the optimal cell
type to use awaits future investigative work. What is desperately needed for the
evaluation of stroke therapies (stem cells and any other potential therapeutics) are
both mechanistic and general endpoints that can be quantified in early phase clini-
cal trials to de-risk these programs, providing confidence that they can demonstrate
robust efficacy in larger and less controlled clinical trial scenarios. It is encouraging
that cell therapy clinical trials for stroke and TBI have moved beyond the mindset
of neuronal cell replacement to the use of other stem cell types (e.g., mesenchy-
mal) that may facilitate endogenous repair and regeneration through the creation of
a more permissive environment. Multifactorial approaches are clearly needed for
these complex and devastating diseases and the future of stem cell therapies may
assist in achieving this goal.
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Chapter 3
Autologous Mesenchymal Stem Cell Therapy
in Patients with Stroke

Oh Young Bang

Limitations in Self-Repair and Current Stroke Therapy
in Stroke Patients

Along with cancer and coronary heart disease, stroke is a leading cause of death,
and the most common cause of physical disability in adults. The only specific thera-
pies currently available for stroke are interventions to prevent inappropriate co-
agulation, surgical procedures to repair vascular abnormalities, and thrombolytic
therapy. However, thrombolytic treatment can only be applied to certain patients,
and various approaches to protect the brain from ischemic damage have met with
limited success in clinical practice. Consequently, a large proportion of stroke sur-
vivors struggle with severe disabilities. Although rehabilitation therapy is important
to maximize functional recovery in the early stages following stroke, no definitive
treatment exists to restore lost brain function.

Cell therapy is an emerging paradigm in the stroke treatment field and, along
with acute recanalization therapy and neuroprotective agents, is considered a po-
tential regenerative strategy for patients with fixed neurologic deficits. Various
cell types have been used to improve function and recovery after stroke, including
embryonic stem cells (ESCs), immortalized pluripotent stem cells (iPSCs), neural
stem/progenitor cells, mononuclear cells, cell lines, and nonneuronal adult stem
cells, such as mesenchymal stem cells (MSCs). This chapter focuses on the clinical
applications of adult stem cell therapy, in particular, the use of autologous MSCs in
stroke patients.
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MSC:s as Candidate Cells for Cell Therapy in Stroke
Patients

The ideal candidate cells for transplantation would: be autografted, i.e., easy to
obtain and culture in order to produce sufficient cell dosages with no immune
suppression; require minimal manipulation as per Food and Drug Administration
(FDA) recommendations; and have appropriate stem cell characteristics, i.e., be
self-renewing, noncarcinogenic cells that migrate to injured areas and undergo site-
specific differentiation to an appropriate phenotype. MSCs fulfill all of these cri-
teria. MSCs can migrate to injured brain regions (trophism) and self-renew with
reportedly no carcinogenesis. Sufficient numbers of MSCs can be easily obtained
under minimal culture expansion (as defined by a period of incubation not exceed-
ing 60 days and number of culture passages not exceeding ten passages after colony
formation). The International Cellular Medicine Society classified culture expanded
autologous MSCs as a clinical cell line. However, they also stated that due to a lack
of data regarding safe use, ESCs, iPSCs, allogeneic adult stem cells, and genetically
modified stem cells were not ready for clinical translation (www.cellmedicinesoci-
ety.org).

Transplantation cell choice may depend on the mechanism that is deemed most
beneficial. Even when the same cell types are transplanted, the beneficial action
of transplanted cells may differ depending on disease conditions [1]. In stem cell
therapy for stroke, most preclinical studies have emphasized the need to enhance
self-repair systems rather than to replace cells, regardless of the type of cells used
(MSC [2] and iPSC [3]). A recent study showed that although iPSC-derived neural
stem cells (NSCs) induce neurogenesis, iPSC-derived NSCs enhance endogenous
neurogenesis via trophic support, in a manner similar to adult nonneuronal stem
cells (e.g., MSCs), not by cell replacement with exogenous iPSC-derived NSCs [3].
Thus, MSCs may be a good choice for stroke cell therapy because MSCs secrete a
variety of bioactive substances, including neurotrophic factors, in the injured brain
which may be associated with enhanced neurogenesis, angiogenesis, and attenua-
tion of inflammation [4, 5].

MSCs can be obtained from various tissues, including bone marrow, adipose,
liver, and umbilical cord blood. MSCs extracted from bone marrow and umbili-
cal cord blood are most widely used as they can be separated through continuous
culture. Extraction of MSCs from other tissue needs an additional collagenase
digestion step, which can injure the MSCs. Adipose-derived MSCs can be con-
sidered a good alternative to bone-marrow-derived MSCs because the former
have many advantages, in terms of proliferative capacity and secretome profile,
compared to the latter [6, 7]. In addition, there have been recent advances in
isolation and cultivation techniques, such as minimizing collagenase exposure
and using a bone marrow filter for rapid purification and prevention of contami-
nation [8].
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Clinical Trials of MSC Therapy in Stroke Patients

After the first report of MSC therapy in stroke patients in 2005 [9], several recent
clinical trials have used stem cells in stroke patients. Although all clinical trials in
patients with stroke have shown that MSC therapy is feasible and safe, the results
from these trials have raised important issues. Specifically, these trials varied in
terms of patient characteristics, cell therapy timing, dose and type of cells delivered,
and mode of treatment. In addition, many factors that could be critical for trans-
plantation success, including the location/extent of lesions, were not adequately
considered. Finally, the assessment of functional improvement, adverse effects, and
pretreatment screening tests for safety were not standardized (Table 3.1).

We have reported the results of the stem cell Application Research and Trials
In NeuroloGy (STARTING) trial, a randomized controlled trial of intravenous ap-
plication of autologous MSCs, culture expanded with fetal bovine serum, in the
subacute phase of stroke [10]. In this study, patients were randomly allocated to one
of two groups, those who received intravenous autologous ex vivo cultured MSCs
(n=16) or those in the control group who did not (z=36). Intravenous autologous
MSC transplantation was found to be safe for stroke patients through a long-term
period (~5 years), and may improve recovery, as evaluated via observer-blind eval-
uation of modified Rankin scores (mRSs) (Fig. 3.1). More recently, Honmou et al.
described dramatic neurological improvements after administration of autologous
MSCs, culture expanded with autologous serum, in 12 patients with chronic stroke
[11]. However, the mechanisms by which transplanted MSCs result in functional
benefits after stroke are unclear. Clinical trials have shown that functional improve-
ment occurs shortly after cell therapy and diminishes with time, suggesting that
the effects of MSCs are mediated via trophic support, rather than replacement of
damaged cells [9].

A cost-effectiveness analysis showed that the societal value of stem cell therapy
was US$ 166,500, and that therapy was cost-effective under a wide range of as-
sumptions, such as the size of the effects, age, and functional status at discharge
[12]. However, it should be noted that none of the studies aimed to evaluate the
efficacy of MSC therapy in stroke patients. All of the studies aimed to assess the
feasibility and safety of stem cell treatments, compared to conventional treatments,
in patients with ischemic stroke. Most studies were small series, and several studies
did not even include a control group. Moreover, assessments for functional im-
provement varied among studies. Therefore, it is too early to determine whether
MSC therapy can improve functional outcomes in patients with stroke [13]. In the
cardiology field, a recent meta-analysis concluded that transplantation of adult
bone marrow cells improved left ventricular function, infarct size, and remodel-
ing in patients with ischemic heart disease compared with standard therapies, and
that these benefits persisted. A total of 50 studies (enrolling 2625 patients) were
included in this analysis and patients received echocardiographic evaluations and
long-term follow-ups in order for researchers to arrive at this conclusion [14].
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Fig. 3.1 Study protocol for the stem cell Application Research and Trials In NeuroloGy (START-
ING) trial. mNIHSS modified National Institutes of Health Stroke Scale, PET positron emission
tomography, MRA magnetic resonance angiography

Interestingly, a recent study showed that patients have unfounded expectations that
stem cell therapy will improve function [15]. These fantasies may be a result of
inappropriate media coverage and lack of information, and could be a hurdle in
conducting randomized control trials of stem cell therapy in stroke patients.

In terms of safety, no adverse cell-related events have been reported in clinical
adult stem cell trials in stroke patients. A recent meta-analysis of prospective clini-
cal trials that used intravascular (intravenous or intra-arterial) MSC delivery, which
included 1012 participants with ischemic stroke, Crohn’s disease, cardiomyopathy,
myocardial infarction, graft versus host disease, and healthy volunteers, showed
that MSC therapy was not associated with any systemic complication, infection
(except transient fever), malignancy, or death [16].

Considerations for Clinical Trials of MSC Therapy
in Stroke Patients

For a stem cell therapy to be effective in augmenting recovery after stroke, the
following criteria should be satisfied [17]: therapy should be both safe and effec-
tive; applicable to a broad spectrum of stroke patients, in terms of stroke subtypes
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(ischemic/hemorrhagic), time (acute/chronic), and vascular territories; and it should
be inexpensive and cost-effective.

At this time, rigorous reasoning is required to replicate experimental results in
stroke patients. The Stroke Treatment Academic Industry Roundtable (STAIR) rec-
ommendations were developed to improve the quality of preclinical and clinical
research on neuroprotective and neurorestorative drugs, and to reduce the divide
between them [18]. Based on these recommendations, studies should be random-
ized, controlled trials. After randomization, experimental procedures may not be
blinded, as bone marrow sham aspiration should not be performed in control pa-
tients. A MSC dose equivalent to that used in animal studies (1 x 10°-3 x 10° cells/
rat), and based on mean body weight, should be used. Patient selection should be
based on severity and location of lesions, and time of application. Although the opti-
mal time window for administration is undecided, subacute periods of stroke should
be the first candidate time period tested, i.e., after the acute period, when patients
are likely to experience rapid worsening/improvement, and before the blood—brain
barrier (BBB) closes and chemokine expression (i.e., stromal cell-derived factor la)
in the infarcted brain disappears. As all preclinical studies were conducted in animal
models of middle cerebral artery occlusion, patients with middle cerebral artery
territory (or anterior circulation) stroke should be selected. Patients with moder-
ate to severe neurological disabilities could be ideal candidates. Patients suffering
from very severe strokes are likely to have poor outcomes regardless of interven-
tion, whereas patients with minor strokes are not suitable for these potentially risky
experimental treatments. In addition to the clinical outcomes measured, laboratory
and neuroimaging findings should be used as surrogate markers of efficacy. Lastly,
patients should be followed for more than 90 days. However, long-term monitoring
(>6 months) is likely unnecessary because autologous MSCs are a clinical cell line
and die within days/weeks of administration [19].

Recently, the Stem Cell Therapies as an Emerging Paradigm in Stroke (STEPS)
committee suggested guidelines for both preclinical and clinical trials on stem cell
therapies in stroke. The committee has suggested guidelines for bridging basic and
clinical studies [20], early stage clinical trials [19], and phase II/III trials [21].

Perspectives in Stem Cell Therapy for Stroke

Although, to date, clinical trials of stem cell therapy have focused on the feasibil-
ity and safety of application of autologous MSCs or bone marrow cells in stroke
patients, further trials to understand the therapeutic effects of stem cells are needed.
Although the proportion of patients in the STARTING trial with a mRS of 0-3
significantly increased following MSC treatment, many patients in the MSC group
remained significantly disabled [10].

The primary hurdles for current stem cell therapies include: the long culture peri-
od required to obtain sufficient stem cells, the relatively small number of MSCs that
migrate into the injured brain, the death of stem cells within a toxic environment,
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limited trophic support by transplanted stem cells, and the use of xenogenic serum,
with concomitant risk of transmission of prion diseases and zoonoses [22]. The fol-
lowing issues should be addressed in order to overcome these hurdles.

Allogenic Cells Allogenic MSCs could be a good alternative to autologous MSCs
for a number of reasons. First, stroke commonly occurs in advanced age, often in
conjunction with chronic illness, and MSCs from these patients can show reduced
growth rates. In addition, although titers of hematopoietic bone marrow stem cells
remain constant throughout life, the number of MSCs decline dramatically with age
[23]. Second, the earlier the MSCs can be administered, the more the MSCs can
migrate to the infarcted brain. The use of allogenic MSCs reduces the time required
to obtain a sufficient number of cells. Finally, MSCs are both immunosuppressive
and immunoprivileged, expressing little to no major histocompatibility class IT or
costimulatory molecules [24]. However, it has been reported that after contact with
serum, allogenic MSCs can be injured by complement, and that viability of allo-
genic MSCs after infusion is greatly reduced compared to autologous MSCs [25].

Mode of Treatment The mode of application of MSCs may significantly influ-
ence the number of cells delivered to target regions, as well as the incidence of
adverse effects. A major problem in introducing stem cells systemically is that cells
may become trapped within organs that filter the bloodstream (first-pass effect).
To avoid this, strategies to minimize lung adhesion and improve homing of sys-
temically introduced cells are used, including the use of vasodilators, reduction in
number of cells administered, or different routes of administration. For example, an
intra-arterial approach can bypass pulmonary circulation; intra-arterial transplanta-
tions resulted in superior delivery and sustained presence of stem cells in the isch-
emic brain compared to intravenous infusions [26]. However, an arterial approach
may cause arterial occlusion, resulting in stroke, and is reportedly not superior to
intravenous approach for recovery after stroke [26, 27]. There have been relatively
few studies directly comparing the efficacy of intravenous and intra-arterial deliv-
ery of MSCs. Although both intravenous and intra-arterial administration of MSC
leads to functional recovery, the method of delivery may fundamentally alter their
mechanism of action [28].

Extracellular Vesicles There may be problems associated with stem cell therapy
including tumor formation, vascular occlusion causing infarcts, large cells resulting
in limitations in crossing the BBB (especially during the chronic stage of stroke),
and zoonosis by internalization of xenogenic serum (fetal bovine/calf serum) by
MSCs during ex vivo culture expansion [22]. Stem cells secrete extracellular ves-
icles (EVs; e.g., microvesicles, exosomes) as well as soluble factors (e.g., trophic
factors). Cell therapy using EVs derived from stem cells could avoid the cell-related
problems described above, and could represent a new, clinically feasible and rela-
tively safe paradigm. We have recently reported that strokes in humans trigger the
mobilization of MSC-derived EVs [29]. The numbers of circulating MSC-derived
microvesicles increased in patients with extensive ischemic stroke. However, the
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role of these microvesicles, and their biodistribution during stroke, is unclear. We
and others have shown that intravenous administration of EVs derived from MSC
culture media promote functional recovery and neurovascular plasticity after stroke
in rats [30].

BBB Manipulation Molecules larger than 400 Da cannot pass through the BBB,
which may affect the efficacy of cell therapy in stroke patients. Coadministration
of stem cells and mannitol, an osmotic agent that shrinks and opens the BBB, may
improve outcomes in stroke patients. In a preclinical study, BBB manipulation using
intravenous mannitol prior to MSC treatment resulted in increases in trophic factors
in the infarcted brain [31]. As mannitol is already widely used in clinical practice,
BBB manipulation using mannitol should be considered in the future clinical trials.

Culture Expansion Conditions Current culture methods need to be improved. Dur-
ing a long period of ex vivo culture expansion, MSC characteristics may change sig-
nificantly [5]. Several methods of culture expansion that improve the proliferation,
survival, and trophic support of MSCs, and reduce senescence have been reported.
First, hypoxic conditions (i.e., conditions similar to bone marrow) are beneficial
to MSCs and may stimulate MSCs to exhibit adaptive responses. Preconditioning
with hypoxia (0.1-2 % O,) [32-36] reportedly increases anti-apoptotic gene expres-
sion, trophic factor release, ischemic tolerance, and C-X-C chemokine receptor type
4 expression. Second, treatment with trophic factors may alter MSC characteris-
tics. We have shown that ex vivo trophic factor treatment during MSC cultivation
enhances trophic support in the ischemic brain and further increases the production
of trophic factors by MSCs, suggesting autocrine regulation of MSCs [37].

Finally, MSCs obtained at stroke onset may be optimal for use in cell therapy.
MSCs derived from stroke patients may be better than MSCs from healthy donors.
MSCs derived from rat stroke models exhibit increased trophic factor gene expres-
sion and enhanced restorative properties towards endogenous brain parenchymal
cells compared to MSCs from normal rats [38]. Conversely, the characteristics of
MSCs from stroke patients could change after the long process of stable culture ex-
pansion, and signals to MSCs in the blood may disappear at the time of cell admin-
istration [5]. Our data showed that culture expansion using ischemic serum could
constitute a novel, feasible (using clinical grade cell lines as per the International
Cellular Medicine Society), and effective preconditioning method for neurorestora-
tion of stroke (unpublished data). Compared to MSC cultured with fetal bovine se-
rum, MSCs preconditioned with autologous serum, obtained during the acute phase
of stroke, exhibit higher cell proliferation rates and increased trophic factor release,
and superior survival under ischemic brain conditions. Given these preclinical re-
sults, we have recently initiated STARTING-2, the first study that aims to evaluate
the efficacy of MSC application in patients with ischemic stroke [39]. This clinical
trial will determine the effectiveness and safety of autologous MSCs that are culture
expanded in autologous ischemic serum and obtained as soon after stroke as pos-
sible. This trial NCTO01716481) is registered at http://clinicaltrials.gov.
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Selection of Patients Selection of candidate patients for cell-based therapies should
be optimized based on stroke severity, lesion location, and stroke chronicity. Due to
the experimental nature of this treatment, clinical trials of cell-based therapies for
stroke have studied patients with severe disabilities or chronic stroke, sometimes
several years after stroke onset. However, it may be difficult to demonstrate thera-
peutic benefits in these cases. Preclinical studies in animal models of stroke have
demonstrated the importance of neurogenesis; transplanted stem cells may enhance
endogeneous neurogenesis in certain areas, including the subventricular zone [5,
18]. Our data from a clinical trial of MSC administration showed that patients with
severe damage in preventricular areas, which limited endogeneous neurogenesis,
had poor response to MSCs [27]. Therefore, it seems reasonable to preclude those
patients from clinical trials of neurorestorative strategies, particularly for strategies
that stimulate endogenous neurogenesis.

Ongoing Clinical Trials

At the time of writing, we are aware of at least nine active clinical trials using adult
stem/progenitor cells to treat ischemic stroke (http://clinicaltrials.gov; Table 3.2). It
should be noted that some of these trials are randomized controlled studies, aiming
to test the efficacy of MSC therapy, and that two studies are testing the efficacy and
safety of allogenic MSCs in stroke patients.

Clinical protocols must be established that consider recent advances in under-
standing the mechanisms by which stem cells aid recovery after stroke. In the
STARTING-2 trial, we are incorporating ischemic preconditioning using ischemic
serum, BBB manipulation, and strict selection of candidates in order to improve the
therapeutic effects and safety of MSCs [39].

Conclusions

The therapeutic efficacy of stem cells can be improved. ESCs, and recently iPSCs,
are not likely to be administered to stroke patients in the near future. Strategies
that meet the FDA’s regulations on stem cell use for clinical applications and en-
hance therapeutic efficacy require further preclinical and clinical trials (Fig. 3.2).
These strategies should consider advances from bench (diverse cell sources and
culture processes) to bedside (patient selection, BBB manipulation, and outcome
measures).
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Fig. 3.2 Current status and perspectives on the application of adult mesenchymal stem cells for
stroke. MSC mesenchymal stem cells, MNC mononuclear cells
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Chapter 4

Treatment of Autologous Bone Marrow
Mononuclear Cells for Acute and Subacute
Stroke

Cell Therapy for Acute/Subacute Stroke

Yukiko Kasahara, Tomohiro Matsuyama and Akihiko Taguchi

Introduction

Stroke is the third leading cause of death in developed countries after heart disease
and cancer [1], and the leading cause of disability worldwide. More than 50 % of
stroke survivors are unable to completely recover, and 20 % of stroke patients require
assistance with their daily activities [2]. Acute ischemic stroke is the most common
type and has only thrombolysis as a therapeutic option [3]. Although thrombolytic
therapy is effective for acute cerebral ischemia, it must be given within 4.5 h after
stroke onset [4], and no definitive treatment exists after that period other than re-
habilitation. Thus, development of novel therapies to regenerate neuronal function
after stroke is eagerly awaited (Fig. 4.1). Recently, many studies have focused on
cell-based therapies to repair the ischemic brain [5-9].

There are two main types of cells to enhance endogenous neurogenesis after
stroke, i.e., mononuclear cells and mesenchymal stem cells. Although some clinical
trials of mesenchymal stem cells have demonstrated safety, feasibility, and prelimi-
nary efficacy in stroke patients [10, 11], autologous mesenchymal stem cells require
cell culture to obtain the required dose and cannot be administered in patients with
acute stroke. In contrast, mononuclear cells can be prepared rapidly within a few
hours and permit autologous administration, which avoids the problem of immuno-
logical rejection.

To develop novel therapies for patients after stroke, the therapeutic potential
of bone marrow mononuclear cells has been investigated in experimental stroke
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Fig. 4.1 Change in the strategy for stroke. a Treatment of cardiovascular factors and administra-
tion of antiplatelet/coagulant drugs significantly contribute to the prevention of stroke onset. b In
addition to the prevention of stroke onset, development of thrombolysis and neurothrombectomy
in the acute period enables prevention of neuronal cell death after cerebral vascular occlusion.
¢ Furthermore, establishment of novel therapies that extend the therapeutic time window and
broaden treatment options to regenerate neuronal function after stroke is eagerly awaited

models, followed by various clinical trials. This chapter summarizes the findings
of recent basic science and clinical studies that have focused on regeneration of
the injured brain using autologous bone marrow mononuclear cells in the acute/
subacute stage of stroke.

Neuronal Regeneration After Cerebral Ischemia

Although it had been generally believed that the neuroregeneration in the adult
mammalian brain does not occur until the mid-twentieth century, it became rec-
ognized that new neurons are continuously generated throughout life in the adult
mammalian brain. Under normal, nondisease physiological conditions, neurogen-
esis is principally restricted to two regions, the subventricular zone (SVZ) of the
lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate gyrus
[12, 13], where unique niche architectures permit continuous neurogenesis [ 14, 15].
However, accumulating evidence has indicated the presence of neuronal stem cells
in a variety of adult brain regions [16, 17]. Moreover, although it remains a matter
of controversy as to whether neuronal stem cells in these regions are essentially
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similar to SVZ-derived neuronal stem cells, the presence of stroke-induced neu-
ronal stem cells at the cerebral cortex has also been suggested in the adult murine
brain [18]. Following an ischemic insult, the proliferation and/or dedifferentiation
of endogenous neuronal stem cells is activated in various brain regions, including
the SVZ, SGZ, striatum, and cerebral cortex [19] and these neuronal stem cells
have been shown to migrate into the injured area, where neurogenesis does not
occur under normal conditions [20-22]. Similar to the findings from the murine
stroke model, we demonstrated the presence of stroke-induced neural stem/progeni-
tor cells in patients, and that the peak of endogenous neurogenesis is approximately
1-2 weeks after a stroke [23]. These findings indicate the potential for a novel
therapeutic strategy using injury-induced neurogenesis for functional recovery in
patients with cerebral infarction.

However, the neurogenic response eventually yields only a very small number
of mature neurons, as most of these stroke-induced neural stem/progenitor cells do
not survive, nor do they contribute to functional recovery after stroke [20]. Thus,
appropriate support for the survival of these stroke-induced neural stem/progenitor
cells is essential for functional recovery after cerebral ischemia.

Angiogenesis for the Survival of Injury-Induced Neuronal
Stem Cells

In the peri-infarction area, microvascular density decreases [24] and most injury-
induced neural stem/progenitor cells are unable to survive there [20]. Angiogenesis
after stroke had been investigated as the key element for the survival of injury-in-
duced neural stem/progenitor cells and functional recovery after cortical infarction.
Recent studies have indicated that there is a tight correlation between angiogenesis
and neurogenesis under both physiological and pathological conditions in the adult
brain. In the adult songbird, testosterone-induced angiogenesis leads to neuronal
recruitment into the higher vocal center [25]. In the adult rat, endogenous neuro-
genesis and neovascularization occur in proximity to one another in the cortex fol-
lowing focal ischemia [26]. Moreover, angiogenesis and neurogenesis are regulated
by an overlapping set of molecules—for example, sphongosine-1-phosphate plays a
critical role in neurogenesis and angiogenesis during embryonic development [27].
The accumulating evidence indicates a close relationship between the vascular sys-
tem and neurogenesis in the central nervous system, and recent studies that have
explored therapeutic strategy have focused on promotion of neurogenesis in as-
sociation with angiogenesis [6, 9]. Although the coupling and cross talk between
endogenous neurogenesis and neovascularization in the cortex of the ischemic brain
are still not fully understood, these findings clearly indicate that therapeutic angio-
genesis could have a significant role in the functional recovery of stroke patients by
enhancing neurogenesis in the poststroke brain.
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Cell-Based Therapy to Enhance Neurogenesis
in the Ischemic Brain

To achieve angiogenesis in ischemic tissue, an approach using bone-marrow-de-
rived mononuclear cells, a rich cell source of both hematopoietic stem cells and
endothelial stem/progenitor cells, has been proposed. Increasing evidence shows
that endothelial stem/progenitor cells play an important role in maintaining vascular
homeostasis and repair. Endothelial stem/progenitor cells have been shown to con-
tribute to vascular homeostasis through differentiation to endothelial cells [28] and
as a source of numerous growth and angiogenesis factors (e.g., vascular endothelial
growth factor (VEGF), hepatocyte growth factor, and insulin-like growth factor I)
[29]. Endothelial stem/progenitor cells, mainly obtained from bone marrow cells,
have been shown to reduce ischemic damage and enhance functional recovery in
experimental models, including limb [30-33], myocardium [34-37], and cerebral
ischemia [38, 39] models. Based on these observations, various clinical trials using
bone-marrow-derived endothelial stem/progenitor cells are ongoing, with promis-
ing results that show improvement of regional perfusion and function in ischemic
tissues [40-42].

In addition, we observed that decreased levels of circulating immature bone-
marrow-derived cells, such as endothelial stem/progenitor cells, are associated with
impaired cerebrovascular function [39] and cognitive impairment [43, 44]. In con-
trast, high levels of bone-marrow-derived immature cells are associated with neo-
vascularization of the ischemic brain [45].

Based on these observations, we investigated the effect of administrating bone-
marrow-derived stem/progenitor cells on stroke using a highly reproducible murine
model [46]. We found that transplantation of bone marrow mononuclear cells or
hematopoietic stem cells after stroke induces neovascularization at the border of the
ischemic zone followed by reconstruction of blood flow, that neovascularization is
essential for the survival of neural stem cells in the cortex of ischemic brain, and
that the support survival of neural stem cells contributes to functional outcomes
improvement [7, 9, 47]. To link these basic findings to clinical trials, we investi-
gated the appropriate cell numbers and optimal therapeutic time window for bone-
marrow-derived bone marrow cell transplantation for stroke. We found that the re-
quired minimum number of bone-marrow-derived mononuclear cells was 1x 109/
kg of body weight and the therapeutic time window of administration of bone-mar-
row-derived mononuclear cells was revealed to be between day 2 and day 14 after
stroke [47]. It is notable that this therapeutic time window overlaps with the peak
in endogenous neurogenesis after stroke [23]. This positive effect of bone-marrow-
derived mononuclear cells was negated by administration of an anti-angiogenesis
reagent [7]. These findings suggest that therapeutic angiogenesis, achieved by ad-
ministering bone marrow mononuclear cells, could be a novel therapeutic strategy
for patients after stroke.

Although the mechanisms that link endothelial stem/progenitor cells, includ-
ing bone marrow mononuclear cell transplantation, and angiogenesis is not fully
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understood, a recent study suggested that treatment with bone marrow mononuclear
cells at the acute stroke stage increases cerebral blood flow (CBF) through endo-
thelial nitric oxide synthase (eNOS) activation and NO production which leads to
vasodilation, and subsequently promotes angiogenesis [48].

Based on these findings, clinical trials of the administration of autologous bone
marrow mononuclear cells for patients in the acute/subacute stroke stage have been
initiated in many institutes, including our hospital.

Clinical Trials Using Bone Marrow Mononuclear Cells
in Patients After Stroke

We conducted a clinical trial to enhance neurogenesis and functional recovery
through activating angiogenesis in patients with cerebral infarction. Our trial was
an unblinded, uncontrolled phase 1/2a clinical trial aimed at investigating the fea-
sibility and safety of autologous bone marrow mononuclear cell transplantation in
subacute stroke patients. Major inclusion criteria were patients with cerebral em-
bolism, a National Institute of Health Stroke Scale (NIHSS) score higher than nine
on day 7 after stroke and the improvement in the NIHSS in the first 7 days after
onset of less than six points. On day 7—10 after stroke, patients had 25 ml (low-dose
group, N=06) or 50 ml (high-dose group, N =6) of bone marrow cell aspiration from
the posterior iliac bone under local anesthesia. Autologous bone-marrow-derived
mononuclear cells were purified by the density gradient method and administered
intravenously on the same day as the aspiration. Primary outcome measures were:
worsening NIHSS score (primary safety outcome measure) and change in the NI-
HSS score evaluated on day 7 after onset of stroke and day 30 after cell transplan-
tation (primary efficacy outcome measure). We also evaluated the changes in re-
gional cerebral blood and regional cerebral metabolic rate of oxygen consumption
using steady-state '*O positron emission tomography at 1 and 6 months after cell
transplantation. The results of the study showed that administration of autologous
bone marrow mononuclear cells in patients with severe stroke was both feasible
and safe. Furthermore, the positive trends favoring neurologic recovery and im-
provement in CBF and metabolism in poststroke patients receiving cell therapy
underscored the potential of this approach. Details of the results are now under
submission. The clinical findings further support our hypothesis that bone marrow
mononuclear cells transplantation after stroke improves CBF and neuronal activity
that results in acceleration of functional recovery (Fig. 4.2). Similar clinical trials
to ours, such as transplantation of autologous bone marrow mononuclear cells in
stroke patients, are being carried out in other countries, including the USA, India,
Brazil, and Spain with promising results [49-52]. Though the route of administra-
tion (intravenous or intra-arterial) and the stage of stroke (acute or subacute) vary,
no side effects or safety problems with cell therapy have been reported. The cur-
rent status of most of these ongoing clinical trials can be searched through http://
clinicaltrials.gov/.
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Fig. 4.2 Activation of microvasculature by cell therapy. a Cerebrovascular damage is closely
related with cognitive impairment and depression with impaired neural activity and cerebral blood
flow. b Cell therapy is expected to activate the cerebral microvasculature that enhances neurogen-
esis and functional recovery after stroke

Further Development of Cell Therapy for Patients After
Stroke

Although several studies have indicated that bone-marrow-derived cells could be
a source of endothelial cells [53, 54], a growing body of clinical and experimental
evidence indicates that the number of injected cells reaching the brain parenchyma
seem to be small, i.e., preclinical studies indicate that approximately 0.02—1% of
injected cells home into the brain [55-57]. Despite significant activation of angio-
genesis by cell transplantation, the survival of transplanted cells has rarely been
observed in experimental models; thus, the differentiation of the stem cells into
endothelial cells in the ischemic brain may not play a critical role in angiogenesis
after stroke. These findings suggest that cells do not need to remain in the brain to
generate functional improvement. Therefore, many investigators have been focus-
ing on where the cells go and what they do. Schwarting et al. suggested that homing
of injected cells to spleen suppressed the infiltration of immune cells, such as T cells
and monocytes, into the ischemic cerebral tissue, and consequently the infarct size
was reduced [55]. Recent studies have reported that higher radioactive counts were
observed in the lungs and spleen at 2 h post injection after technetium-99m labeled
bone marrow mononuclear cell transplantation in animals and patients after stroke
[51, 56]. The therapeutic effect of bone marrow mononuclear cells is achieved,
we believe, by the activation of the systemic microvasculature as well as a local
response. It is likely that multiple cytokines, growth factors, and cell adhesion mol-
ecules are involved, and the balance between these molecules may determine the
fate of injured brain tissue.

In conclusion, the positive results of experimental stroke model and clinical
trials indicate the potential of cell therapy for stroke patients, and larger scale,
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randomized controlled clinical trials are desirable in order to prove the efficacy
and long-term safety of such treatment. Furthermore, elucidation of the therapeutic
mechanism is one of the key elements in developing novel strategies to improve
functional recovery in patients after stroke.
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Chapter 5

Clinical Development of MultiStem® for
Treatment of Injuries and Diseases of the
Central Nervous System

Utilization of an Adult Stem Cell Product for
Mitigating Adverse Aspects of Neuroinflammation

Robert W. Mays

Introduction

Because of the dynamic biology and potential for working through multiple mecha-
nisms of action, there has been accumulating interest in developing stem cells as
therapeutic agents for the treatment of central nervous system (CNS) injury and dis-
ease over the past decade [1-5]. Adult-derived stem cells have been isolated from
multiple tissues by many laboratories [3, 4], and have been shown to demonstrate a
number of favorable characteristics including genetic stability, extensive expansion
capacity, and low immunogenicity profiles that support allogeneic utility [5]. Stem
cells isolated from other developmental stages (embryonic, fetal, placental, amni-
otic fluid, etc.), through other distinct “stemness protocols” (induced pluripotency,
genetic modification, somatic cell transfer, etc.) or via unique autologous cell isola-
tion procedures or proprietary cell isolation devices, are also the focus of intense
academic and industrial research, in an attempt to develop meaningful cell therapies
for patients across a spectrum of disease and injury [6].

Regardless of methodology of cell derivation or source of the cell type under
consideration, guidance provided by the Food and Drug Administration (FDA)
make it clear that isolating, characterizing, and, when relevant, expanding the cell
of interest, in a consistent, validated manner must be achieved prior to translating
the therapy into patients [7]. Prior to submission of a Biologics License Applica-
tion (BLA) following the completion of clinical trials for a potential new therapy, a
potency assay, based on understanding the mechanism of action for how the cellular
product is providing benefit, must be elaborated. And herein lies the challenge to
scientists currently working to develop cellular therapeutics—how are cell therapies
working? A vast literature demonstrating different cell types, isolated from different
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tissues, delivered via different routes, in different animal models, in different injury
models, at different times, at different doses, almost universally demonstrate cell-
mediated benefit—but how and why? If the culmination of these data is true and
accepted at face value, is the basic biology underlying the mechanism of action for
each cell type conserved? Is the mechanism for one cell type the same when admin-
istered through different routes? In different injury and disease models? At different
times? Is it tissue replacement via the transplanted cells? Neoangiogenesis? Modu-
lation of the immune system? All of the above? Something as yet undescribed?

Scientists at Athersys, in collaboration with leading academic researchers in
the USA and Europe, have focused on studying multipotent adult progenitor cells
(MAPC), and the clinical formulation of these cells known as MultiStem. Multiple
publications describing the basic biology of these cells have been published. In
parallel, experiments comparing and contrasting MAPC to other stem cell popula-
tions have been performed and reported. As the biology of MAPC was realized,
preclinical studies in a variety of animal models of disease testing the safety and ef-
ficacy of the cells were performed. The composite results published led to a refined
understanding of the multiple mechanisms through which MAPC may provide
benefit when administered and subsequently, clinical translation and testing of the
MultiStem product in humans. This chapter outlines the salient biology regarding
MAPC, and a summary of the results highlighting the cell’s effectiveness in animal
models of CNS injury and disease. Results from those studies led to a conserved
hypothesis for a mechanism of benefit for MAPC in acute CNS injury models, and
helped define clinical endpoints being collected in the current ongoing phase I/II
study enrolling patients having suffered an acute ischemic stroke treated with Mul-
tiStem (NCT01436487).

Properties of MAPC

MAPC are an adherent, population of adult stem cells, normally isolated from bone
marrow, originally characterized, and described more than a decade ago [8]. Pro-
prietary media formulations and growth conditions have been established and opti-
mized to maintain the distinctive identity, long-term culture expansion, and potency
of MAPC isolated from rodent [9] and human tissue [10, 11]. MAPC can be isolated
from sources other than bone marrow [12], and have been reported to reconstitute
tissues outside of the mesenchymal lineage including hematopoietic cells [13] and
neuroectodermal cells [14], among others [8]. MAPC are 15-20 pum in diameter,
distinctive from both bone marrow mononuclear cells (~5 um ) and traditional, mes-
enchymal stem cells (MSC; 30-35 um) [15, 16]. Although numerous adult stem cell
populations have been isolated and characterized over the past decades [3], MAPC
have a unique secretome [17], as well as extended differentiation capability [18],
transcriptome [18, 19], and microRNA (miRNA) profiles [10, 19] when compared
to other adult adherent cells. Additional aspects of MAPC biology that have been
reported and relevant to clinical development follow.
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Immunomodulatory Properties

One of the most conserved and translationally important aspects of adult stromal
cell biology is the ability to modulate the immune system. Scientific characteriza-
tion of this class of cells in regard to immunomodulation has been extensive and
thoroughly reviewed [20-23], a complete description of which is beyond the scope
of this chapter. A summary of some of the immunomodulatory biology characteris-
tics of these cells includes the ability to inhibit T cell activation, B cell activation,
natural killer cell activation, dendritic cell maturation, as well as to differentially
effect the secretion of a number of inflammatory cytokines.

MAPC are a member of this class of cells and, as such, display immunomodu-
latory mechanisms equivalent to those listed above, both in vitro and in vivo [20,
24-27], despite evidence demonstrating their distinctiveness from other cells of
this class [18]. MAPC also express no detectable major histocompatibility class
(MHC) II molecules on their cell surface, making them nonimmunogenic, with no
activation of host T cells in in vitro or in vivo testing [24—27]. More recently, it was
reported that the use of MAPC in an allogeneic, heterotypic rat heart transplant
model leads to MAPC-mediated tolerance and immune acceptance of the heart,
when transplanted sequentially into a third animal [16]. This tolerance was shown
to be via MAPC-mediated effects on macrophage and T regulatory cell (Treg) popu-
lations carried forth in the heart into the recipient.

The nonimmunogenic, tolerizing, and immunomodulatory properties of MAPC
led to the translation of the clinical cell product into a completed phase I study for
prophylactic treatment of patients at risk for graft-versus-host disease (GvHD) [28],
and ongoing clinical studies in a phase I study of solid organ transplant and a phase
I study in treatment of ulcerative colitis. Continuing to study and understand the
exact molecular mechanisms through which MAPC mediate the repertoire of im-
munomodulatory functions and applying this knowledge to clinical settings will be
paramount in successfully moving these, as well as other cell therapies through the
developmental pipeline for treatment of diseases where immune cell dysfunction
underlies pathology [29].

Vasculogenic Properties

Numerous cell therapies, either allogeneic or autologous, including different adult
stromal cell types, cardiac stem cells, and “cardiotrophic” stem cells, among others,
have completed phase I studies in man and are into later-stage clinical evaluation
for the treatment of acute myocardial infarction (AMI) or cardiac repair [30, 31].
Although given at different times, different doses, and via different routes across
trials, these cell therapies have been generally safe and well tolerated, with a trend
towards efficacy.

The evaluation of the MAPC clinical product, MultiStem, in a phase I open-
label, dose escalation study of patients suffering AMI [32] was supported by pre-
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clinical safety [33] and efficacy data accessing the cells in rodent and pig models
of AMI [34-36]. Data from these animal studies demonstrated that percutaneous
administration of MAPC leads to a statistically significant improvement in cardiac
function of cell-treated versus vehicle-treated animals.

In an attempt to determine the mechanism of benefit following cell administra-
tion observed in those studies, analyses of cardiac tissue from cell- versus vehicle-
treated animals was completed. An increased neovascularization of the peri-infarct
region of cell- versus vehicle-treated animals was observed [33, 34]. Subsequent
studies in other models demonstrate that MAPC make relevant blood vessels in
vitro [18, 37], more patent blood vessels when transplanted in normal mice [18],
more effective revascularization in mice with peripheral limb ischemia injury [38],
and increased neovascularization of the ischemic penumbra in mice following an
ischemic stroke [39], when compared with equivalent dosages of other stromal cell
populations.

In parallel, comparative analyses of MAPC with other adult cell types by both
protein secretion and transcriptional profile were performed [17, 18]. Data from
these studies were used to help identify three proteins differentially expressed and
secreted by MAPC that initiate neo-angiogenesis and vessel formation [40]. The
identification of these proteins, and bioactive doses required for vessel formation,
has resulted in the development of a multiplex assay for surrogate potency of the
cells for clinical manufacturing and lot release in treatment of cardiovascular injury.

Evaluation of MAPC Efficacy in Acute Models of CNS
Injury

As a function of understanding the immunomodulatory properties of MAPC, scien-
tists at Athersys initiated a series of collaborative experiments in animal models of
acute CNS injury and disease with leading academic translational researchers. The
hypothesis that an infusion of cells could downregulate the inflammatory response
following administration while potentially providing trophic support for at-risk
neurons and brain tissue after injury via vasculogenesis was attractive. The efficacy
of MultiStem has subsequently been established in multiple CNS models includ-
ing: hypoxic-ischemic (HI) injury, spinal cord injury (SCI), ischemic stroke, and
traumatic brain injury (TBI), and results from these studies are summarized below.

HI Injury

The effect of MAPC on HI injury was assessed in neonatal rat studies performed
in collaboration with Dr. Jim Carroll and Dr. David Hess at the Medical College
of Georgia (now known as Georgia Regents University) [41, 42]. Data from these
studies indicated that allogeneic or xenogeneic MAPC could be administered di-
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rectly into the hippocampus 7 days after injury, or could be given intravenously (IV)
7 days after induction of injury, and that regardless of cell type or route, statistically
significant improvements in locomotor behavior were maintained out to 4 weeks
after a single-cell administration compared to vehicle-treated animals. Interestingly,
animals that received cells IV had increased locomotor activity at 4 weeks when
compared to animals that received the same dose of cells into the hippocampus,
suggesting either enhanced benefit via the IV route or, alternatively, adverse aspects
of a direct intraparenchymal administration.

Spinal Cord Injury

Previous work in a nontranslational dorsal column crush model of SCI, performed
in collaboration with Dr. Jerry Silver and his colleagues at Case Western Reserve,
demonstrated that administration of MAPC into the spinal cord immediately fol-
lowing injury results in a decrease in microglial/macrophage activation at the lesion
over the first 7 days post injury [43]. There was also a concomitant decrease in
axonal dieback and a statistically significant increase in axon regrowth towards the
site of the lesion in cell- versus vehicle-treated rodents. Additional in vitro experi-
ments and biochemistry supported the contention that the MAPC-mediated benefit
observed in vivo was via a direct modulation of the macrophages from an M1 to
an M2 phenotype, thereby decreasing macrophage-mediated dieback on the axons,
which had been previously demonstrated to be the major initiator of long-range
axonal retraction [44, 45].

To address the potential benefits of MAPC on SCI, additional studies were per-
formed on a more relevant contusion model of injury. Pilot studies were performed
to determine the optimal route of administration in the contusion injury model, and
it was determined that IV administration was superior to direct injection into the
cord following injury (DePaul et al., unpublished observations). Subsequently, we
sought to determine the optimal window of administration and optimal single dose
of the cells in the contusion model of SCI through a series of outcome assessments
including the Basso—Beattie-Bresnahan locomotor scoring and catwalk regularity
index, physiological readouts including measuring urination every 2 weeks using
metabolic cages and endpoint urodynamic testing, tissue immunohistochemistry
and biodistribution of labeled MAPC, and microarray analysis. The data demon-
strate that a single IV dose of at least 4 million cells, administered 24 h after induc-
tion of the SCI, results in sustained and statistically significant locomotor benefit
for at least 10 weeks after treatment [46]. Additionally, cell-treated animals urinated
at a smaller bladder volume, had less residual volume, showed improved return to
baseline pressure following a void, and had a decrease in bladder weight compared
to vehicle-treated animals. Increasing the dose to 8 million cells showed no increase
in additional locomotor recovery, but did improve bladder function [47].

Biodistribution analysis of labeled MAPC in collaboration with BiolnVision in-
dicated cells were found in the lungs, liver, and spleen at 24 h post IV administra-
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tion. Normalizing cell counts to tissue weight showed a preferential homing to the
spleen, with few cells found in the spinal column. Microarray analysis of the lesion,
blood, and spleen suggests MAPC alters many injury-induced pathways including
those involved in recruitment, activation, and migration of immune cells. In support
of these data, we found a decrease of ED1 *macrophages by immune-histochemical
staining at the lesion site 4 days post injury, when compared to untreated animals
[47]. Taken as a whole, these data suggest that MAPC, when administered IV in an
acute contusion model of SCI, are more likely to exert benefit through peripheral
immune organ systems than via homing and direct interaction with the site of injury
[46, 47].

Initial Ischemic Stroke Studies

While completing the neonatal HI injury studies being conducted at Georgia Re-
gents University, adult rat ischemic stroke studies were also performed there to
address relevant translational questions regarding the use of MAPC to treat isch-
emic injuries of the brain [48]. Data from these studies extended the understand-
ing of MAPC-mediated benefit to include: (1) no immunosuppression was required
when administering the cells through either intraparechymal or IV routes; (2) cell-
mediated benefit was observed when given via both routes; however, higher doses
were required, when given IV, to reach the same level of benefit observed at lower
doses given directly into the brain (4 million IV=400,000 direct injection); (3) the
window for IV administration of cells can be extended out to 7 days for sustained
significant benefits; however, earlier is better for minimizing the amount of brain
tissue lost following onset of the stroke (i.e., 1 day >2 days >7 days). These results
helped us address dose ranging, route of administration, and window of therapeutic
benefit criteria for the Investigational New Drug (IND) submission for using the
cells to treat ischemic stroke. However, an examination of the peri-infarct regions
of the cell-treated stroke-injured brain revealed the presence of very few detectable
MAPC, suggesting that the direct recovery observed was not likely the result of
migration of MAPC to the site of injury and support of at-risk tissue through trophic
factor secretion.

Traumatic Brain Injury

In an attempt to extend our understanding of how MAPC could be providing the
neuroprotection observed in the initial stroke study [48], a collaboration with Dr.
Charles Cox at the University of Texas, Houston (UT-Houston), was started to in-
vestigate the potential relationship between IV-infused MAPC and the spleen fol-
lowing acute injuries of the CNS. Previous publications from multiple laboratories
had described the central role that the spleen has in exacerbating neuroinflammation
following onset of an initial “inflammatory event,” i.e., stroke, etc. [49-52].
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The importance of the spleen as a target organ-mediating MAPC benefit was
confirmed when cells were administered in the first 24 h following induction of
TBI in rodents [53, 54]. After the injury, the blood—brain barrier (BBB) opens, con-
tributing to edema and influx of inflammatory cells from the periphery to the CNS.
Cells coming from the spleen are directly responsible for the loss of BBB integrity
seen after TBI, as inducing injury in animals that had previously had their spleen
removed results in little increase in BBB permeability [53]. IV infusion of MAPC
blocks the spleen-mediated increased permeability of the BBB after injury; it is
interesting to point out that labeled MAPC accumulate in the spleen in a dose-
dependent way when IV infused after TBI injury [53]. The accumulation of MAPC
into the spleen following IV administration within 24 h after acute CNS injury has
now been confirmed in at least two other models in addition to TBI, ischemic stroke
(Bang, unpublished results), and contusive SCI [46, 47].

The IV administration of MAPC within the first 24 h after TBI injury also results
in other immune and behavioral changes. Cell-treated animals display an increase
of the anti-inflammatory cytokines interleukin 4 (IL-4) and IL-10 emanating from
the spleen with a simultaneous decrease in transcripts for the inflammatory cyto-
kines IL-6 and interferon gamma when compared to TBI animals receiving vehicle
[53]. There were statistically significant improvements in locomotor outcomes,
and long-term spatial memory and memory retrieval (120 days post treatment) in
MAPC-treated injured animals compared with vehicle-treated injured animals, and
these improvements correlated with long-term diminution of microglial activation
in the brains of the cell- versus vehicle-treated animals [55]. The compilation of
these data lends strong support to the potential for moving MAPC into clinical de-
velopment for treatment of TBI or concussive injuries.

Secondary Ischemic Stroke Injury Studies

In parallel to the TBI studies at UT-Houston, Athersys collaborated with Dr. Sean
Savitz to confirm the efficacy of MAPC previously observed in rodent models of
ischemic stroke [48]. A series of studies were designed to extend the translational
information already established in ischemic stroke, coupled with the new observa-
tions relating to MAPC-mediated benefit via the spleen in models of TBI.
Experiments were performed in a new species of rat, via a new stroke injury pro-
tocol using a more robust series of outcome measures and confirmed that MAPC
administration within 24 h of injury provided a statistically significant benefit [56].
There was also a statistically significant decrease in the inflammatory cytokines IL-6
and IL-1b when comparing cell-treated to vehicle-treated stroke animals along with a
concomitant approximately sevenfold increase in IL-10 in cell-treated animals, 3 days
after treatment (4 days after induction of injury). Finally, when the spleens of stroke
animals given cells were compared with spleens from stroke animals given placebo,
numerous statistically significant differences were observed including a preservation
of splenic mass in the cell treatment, a decrease in TUNEL-positive apoptotic cells in
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the cell treatment, and upregulation of the transcript for IL-10 in the cell treatment
[56]. These data led to an even greater focus and effort to understand the relation-
ship between MAPC/spleen interactions following CNS injury on the molecular
level.

To gain perspective, the collaborators isolated brain tissue and spleen tissue from
stroke-injured rats that were treated 24 h after injury with cells or placebo. Tissue
was isolated at both 3 days and 28 days after treatment from three different groups
of animals: sham injured, stroke injured receiving placebo, and stroke injured re-
ceiving 4 million MAPC. Nucleic acid was isolated and microarray analyses were
performed. Previously, microarray analyses of the brains of stroke-injured mice that
received either a hippocampal injection of 100,000 human MSC or saline, 24 h
after induction of the injury, had been reported [57]. This experiment yielded an
enormous amount of data regarding MSC-mediated benefit in the brain following
stroke. The authors of that study concluded the observed beneficial effects of the
transplanted cells were largely explained by their modulation of inflammatory and
immune responses, in the brain, by modulating activation of microglia and/or mac-
rophages.

Although similar in many ways, the MAPC microarray stroke study differed
most notably in the cell type being infused (MAPC vs. MSC), the species of investi-
gation (rat vs. mouse), the route of administration (I'V vs. direct hippocampal injec-
tion), and the number of cells being infused (4 x 10° vs. 1 x 10°). Data generated in
the MAPC/rat stroke study similarly suggested that transplanted cells were decreas-
ing the inflammatory status of the stroke-injured brain, while simultaneously upreg-
ulating anti-inflammatory programs and signaling pathways in the brain despite IV
administration (Hamilton, unpublished data). It is hypothesized that the observed
inflammatory changes in the brain were taking place as a result of decreased mi-
gration and infiltration of peripheral immune cells to the site of injury, specifically
from the spleen, as quantification of microarray markers for activated T cells and
M1 macrophages were upregulated hundreds of fold in vehicle-treated stroke ani-
mals, and decreased almost back to the levels of sham in cell-treated stroke animals
(Hamilton, unpublished data). Migration of a significant number of activated cells
from the spleen to the peri-infarct region of the brain in the first days after stroke has
previously been demonstrated [58]. This observed splenocyte migration correlates
with a decrease in splenic mass similar to what has been observed by several groups
[56, 58, 59]. Microarray analysis of spleen tissue after stroke suggests that cell-
treated animals have a normal “healthy” splenic phenotype comparable to sham-
injured animals (i.e., normal bioenergetics, cell division, oxidative phosphorylation
pathway signatures, etc.), while vehicle-treated stroke-injured animals have an in-
crease in proapoptotic genes, and immunosuppressive gene ontogeny signatures not
observed in cell-treated injured animals (Hamilton, unpublished).

To directly test the importance of the spleen in MAPC-mediated benefit in stroke,
a series of experiments were performed comparing injured animals that received
MAPC to animals that had their spleens removed 14 days prior to stroke injury, and
then received IV cell infusion [60]. The first observation was that the cell-mediated
functional recovery observed in stroke animals with their spleens was completely
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lost in splenectomized cell-treated animals [60]. Interestingly, animals that had their
spleens removed had a lower initial baseline deficit score, regardless of treatment
group, when compared to animals with spleens, although no deficit improvement
was observed over the 4-week testing period. Also, animals that had splenectomies
prior to stroke injury showed a statistically decreased infarct volume compared to
animals with spleens, as had previously been reported [51]. MAPC administration
to stroke-injured animals, both with or without their spleens, resulted in a statisti-
cally significant approximately fourfold preservation of brain tissue 28 days after
treatment. This is remarkable in light of the fact that no significant functional re-
covery was seen in cell-treated animals at 28 days, despite the preservation of brain
tissue [60].

Finally, the serum cytokines previously characterized after stroke were compara-
tively analyzed in animals with and without spleens after stroke injury [60]. Three
days after [V MAPC treatment, IL-6, IL-1b, and IL-10 displayed a different pro-
file as a function of cell treatment and spleen status. The inflammatory cytokines
IL-6 and IL-1b, which are both significantly downregulated by IV administration of
MAPC following stroke, demonstrate different profiles in splenectomized animals.
IL-6 levels, which are elevated three- to fourfold in normal stroke-injured animals
do not increase in the 4 days after inducing stroke in animals without spleens. This
suggests that the spleen is a major source of systemic IL-6 signaling in the subacute
time frame after stroke. MAPC administration was able to significantly reduce IL-6
levels in the splenectomized animals, indicating that there is additional IL-6 re-
leased outside the spleen, and MAPC is able to dampen this secondary release.
IL-1b modulation by MAPC, on the other hand, is lost in animals that have been
splenectomized. IL-1b levels increase ~1.5-fold in the serum when comparing sple-
nectomized to normal stroke-injured animals, and MAPC administration has no
effect on this increase. Levels of the anti-inflammatory cytokine IL-10, which in-
creased ~7x in MAPC-treated stroked animals with spleens, were completely abol-
ished in animals without spleens [60]. These data combined with the observations
testing MAPC in the other preclinical injury models discussed provided sufficient
support for a novel conserved mechanism for cell-mediated benefit via modulation
of the spleen, and to move into clinical testing for patients suffering an acute isch-
emic stroke.

Clinical Trial

As part of the translational development of cellular therapies, the FDA has pro-
vided guidance on several short- and long-term safety parameters that must be dem-
onstrated prior to moving into the clinical setting [61]. To address this guidance,
Athersys and collaborators have evaluated the safety of MAPC, and the clinical
formulation of the cells known as MultiStem, in multiple experiments. Transplanta-
tion of the cells into multiple species and via multiple routes of administration has
resulted in no evidence of infusional toxicity in both published and unpublished re-
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ports ([33]; Mays, unpublished results; Ting, unpublished results). Additional safety
evaluation of MAPC has been performed in preclinical animal studies including:
good laboratory practice (GLP) tumorigenicity studies in nonobese diabetic-severe
combined immunodeficiency (NOD-SCID) and nude mice, GLP safety studies in
stroke-injured rats, and long-term safety (> 1 year) studies in stroke-injured and HI-
injured rats and rat pups, respectively (Mays, unpublished results), with no evidence
of cell-mediated toxicity or safety issues. Immune sensitization analysis of the cells
through multiple administrations into the same animal have been performed, and
shown to have no reactivity as measured by respiration rates and lack of allogeneic
antibody formation [33]. Gene expression, protein expression, and single nucleotide
polymorphism analysis of clinical grade MultiStem cells derived from multiple pro-
duction runs have shown no changes or significant variability [10], demonstrating
the ability to repeatedly manufacture the same cell product.

This body of safety data, coupled with efficacy data presented in the section
“Evaluation of MAPC Efficacy in Acute Models of CNS Injury,” was submitted as
part of IND #13852, MultiStem for treatment of patients suffering an acute ischemic
stroke. The clinical trial, NCT01436487, is a double-blind, placebo-controlled, dose
escalation study of ~136 patients having suffered an acute ischemic stroke. At the
time of the writing of this chapter, the trial was open and actively enrolling patients
at 33 clinical sites in the USA and 6 sites in the UK.

The specifics of this clinical trial, including design; patient population being
evaluated as determined by inclusion and exclusion criteria; primary, secondary,
and exploratory endpoints; and clinical procedures to be performed have previously
been published [62]. Briefly, the trial is a phase I/II study designed to determine
the safety and efficacy of MultiStem when administered into adult patients having
suffered an ischemic stroke 2448 h from the onset of symptoms. The trial consists
of three cohorts. Cohort 1 is a low-dose treatment group (400 million cells) of eight
patients randomized 6:2 (cell treatment: placebo). Cohort 2 is a high-dose treatment
group (1.2 billion cells) of eight patients randomized 6:2 (cell treatment: placebo).
Both of these cohorts have been completely enrolled, and evaluation of the safety
data from these cohorts by an Independent Safety Committee (ISC), determined that
the administration of the cells at both doses was safe and well tolerated, and that
the trial should proceed to enrolling patients in cohort 3 at the highest well-tolerated
dose of 1.2 billion cells. Cohort 3 consists of 120 patients randomized 1:1 (1.2 bil-
lion cell treatment: placebo).

The total duration for safety and efficacy evaluation is 12 months following infu-
sion of the investigational product. Patients must be 18-83 years of age inclusive,
with a diagnosis of cortical cerebral ischemic stroke. All animal models in which we
tested the efficacy of the cells in stroke involved cortical involvement. An additional
inclusion criterion of note was that patients must have a National Institute of Health
Stroke Scale (NIHSS) score of 8-20, inclusive, defining a population of moderate
to moderately severe injured patients. The patients must be stable, i.e., not to have
shown a >4 point change in NIHSS score during a 6-h window prior to treatment, as
patients with either improving or worsening trajectories could confound interpreta-
tion of the data. Exclusion criteria of note include previous ipsilateral stroke lesion,
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and or brain injury that would complicate evaluation, and the patients could not
have previously had their spleen surgically removed.

In addition to demonstrating safety of the cells in this population of stroke-in-
jured patents, the primary efficacy endpoint is analysis of the MultiStem treatment
group compared to subjects in the placebo treatment group using global stroke re-
covery at day 90 in modified intent-to-treat population, evaluating in accordance
with Modified Rankin Score <=2, NIHSS improvement >=75%, Barthel Index
>=095. The basis for use of a global statistic is well documented [63], and is increas-
ingly recognized as a better metric for examining “multidimensional” measure-
ments of benefit, specifically in diseases of the CNS [64]. The use of a composite
global recovery scale has previously been used in evaluating stroke therapeutics,
including the only FDA-approved therapy tissue plasminogen activator (TPA) [65].
Other secondary and exploratory endpoints of note in the current MultiStem stroke
trial include outcomes measures (NIHSS, Modified Rankin and Barthel Index) dur-
ing the trial (days 1, 7, 30, 90, 365), stroke lesion volume as determined by mag-
netic resonance imaging (MRI) at baseline, day 30 and day 365, the measurement
of potential biomarkers for cell-mediated effect such as IL-10, based on preclinical
data, from baseline to day 2, 7, and 30, as well as measurement of various immune
cell types present in the blood during the same time course. It is anticipated that
enrollment will be completed and topline data for the primary efficacy endpoints to
be reported in early 2015.

Summary and Potential of MAPC-Mediated Benefit

The reality of cellular therapies for treatment of human disease seems close to be-
ing realized after years of premature hype and promise. New sources for cells, and
methodologies for isolating, deriving, and subsequently growing therapeutically
relevant cell therapies are published or announced weekly, if not daily. Of note,
there are approximately as many trials listing “cell therapy” as keywords on clini-
caltrials.gov the past 2 years, as there were the 12 years previous. The final hurdle
for the mainstream acceptance of cell therapies, however, will be definitive proof of
efficacy in a phase II, and subsequently, a pivotal phase III study.

Over the past 8 years, collaborative research with leading academic translational
scientists and physicians have demonstrated the efficacy of MAPC in diverse animal
models of CNS injury, culminating in the submission of an IND for testing the cells
in a currently enrolling phase I/II study treating patients suffering an acute ischemic
stroke. The evidence supporting the use of the cells points to a mechanism wherein
IV administration of MAPC during the first 24 h results in the accumulation of the
cells in the spleen, in an injury- and dose-dependent way ([46, 47, 53]; Yang, unpub-
lished; Busch, unpublished). The importance of the spleen in mitigating MAPC-me-
diated benefit is unquestioned; removing the spleen prior to inducing injury results
in a loss of cell-mediated benefit in both ischemic stroke and TBI models [53, 60].
Splenectomized cell-treated stroke animals show the complete loss of serum IL-10
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upregulation observed in cell-treated animals with spleens [60], and it is believed that
this is a significant result pointing to the specific therapeutic biology MAPC confers
when administered in the acute time frame following CNS injury. Recently, Melief
and colleagues reported that multipotent stromal cells isolated from bone marrow
specifically induce the upregulation of Tregs when incubated with peripheral blood
mononuclear cells (PBMC) in in vitro assays [66]. The effect of the stromal cells on
the PBMC required the presence of monocytes for induction of the Tregs, and was
concomitant with a significant increase in measurable IL-10. The researchers then
demonstrated that the major effect the multipotent stromal cells had on upregulating
Tregs was via modulating the monocytes into M2 macrophages, an alternatively ac-
tivated phenotype thought of as anti-inflammatory or reparative macrophages, which
then secreted trophic factors, including CCL-18, leading to the direct upregulation of
Tregs. Coculture of PBMC with MAPC results in detectable increases in CCL-18 in
vitro (Stubblefield and Zilka, unpublished results).

Tregs have previously been identified as neuroprotective in the post-ischemic
brain [67-69], although contradicting data for the efficacy of Tregs activity post-
stroke exist [70, 71]. The data in the section “Evaluation of MAPC Efficacy in
Acute Models of CNS Injury” support the contention that MAPC treatment can
upregulate Treg levels after injury, and suggest that this upregulation correlates with
improvement in cell versus untreated injured animals. It had previously been shown
that coculturing MAPC with macrophages leads to a change in polarization from
an M1 to an M2 phenotype in vitro [43], and that the IV administration of MAPC
within the first 24 h after TBI results in a significant systemic upregulation of M2
macrophages versus M1 macrophages when compared to vehicle-treated animals
for the first 5 days after treatment [54]. There is also a transient measurable upregu-
lation of Tregs in these same MAPC-treated TBI animals, first at 24 h after treat-
ment in the spleen, and then subsequently at 48 h in the blood [54]. There is also a
statistically significant upregulation of Tregs in the blood of stroke-injured animals
72 h after treatment when compared to vehicle-treated animals [60]. Interestingly,
in an allotypic heart transplant model, animals treated with MAPC showed an in-
crease in Tregs in grafted heart tissue which was not observed in transplanted tissue
maintained under cyclosporine administration [16]. The current MultiStem stroke
clinical trial will evaluate Treg levels in all stroke patients at baseline, day 2, day 7,
and day 30 after treatment, as an exploratory endpoint, and determine if there is a
difference in Treg levels in cell-treated and placebo-treated patients, and if there is
any correlation between Treg levels and clinical outcomes.

Other researchers are beginning to evaluate therapeutics previously tested in
clinical trials as agents to increase Tregs and modulate spleen-mediated damage,
as a means to potentially accelerate clinical development of agents for treatment of
stroke. A publication by Na and colleagues described a series of in vivo experiments
testing the efficacy of the superagonistic antibody CD28A, known to increase levels
of Tregs, when given by intraperitoneal injection 3—6 h after inducing stroke in mice
[72]. This antibody had previously been tested in a phase I study of immune dys-
function, but clinical development was stopped due to severe side effects [73]. The
results testing the antibody in the stroked animals were compelling demonstrating an
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increase in brain localized Tregs, a significant increase in IL-10, significant increases
in functional improvement, and significant decreases in brain tissue loss, when com-
pared to saline. A decade of important research by Dr. Pennypacker and colleagues is
culminating in the search for specific therapies and modulators to reverse the nega-
tive impact that the spleen has on exacerbating poststroke outcomes [74].

Is it possible that MAPC, or other cellular therapies, can simultaneously down-
regulate or shut off the adverse, overt effects of the peripheral immune response to
injury (i.e., migration of injury promoting cells to the site), while simultaneously
initiating or enhancing repair? Is it even possible to uncouple those two parts of
post-injury recovery? It is interesting to point out from the stroke studies reported in
the section “Secondary Ischemic Stroke Injury Studies,” when comparing the sple-
nectomized rats that received MAPC to stroke animals with spleens that received
cells, there was an approximately twofold increased preservation of brain tissue in
splenectomized animals that got cells compared to stroked animals with spleens that
got cells, yet the splenectomized cell-treated animals showed 7o locomotor or neu-
rological improvement over placebo [60]. The splenectomized injured animals also
had no upregulation of serum IL-10 levels. One explanation could be that stopping
or eliminating immune cells from migrating to and infiltrating the brain limits ad-
ditional damage, but that the upregulation of a separate IL-10-mediated repair and/
or recovery process, possibly driven by Tregs, is necessary to initiate or allow for
endogenous neuro-repair and behavior. Maybe it is impossible to restore lost neural
function or improve deficit, for example in chronic injury models, until one first
stops the inflammatory cascade, and initiates the repair program. Additional experi-
ments testing adult stem cells in any number of models will be required before this
speculation can be addressed.

In the “Introduction,” the challenge of understanding the mechanism of benefit
of cell-based therapies for researchers in this space was described, as was its im-
portance to designing and effectively executing clinical trials. This will ultimately
be the test for which the entire field will be judged, in the next several years. This
chapter describes the sequential translational investigation of MAPC in a wide array
of animal models of CNS injury leading to the design and execution of a phase I/II
clinical trial testing a conserved hypothesis for cell-mediated benefit by mitigating
the adverse effects the spleen and potential other peripheral immune organs present
in the acute time frame. Clinical data in support of this hypothesis will have im-
portant implications for patients, patient advocates, clinicians, and researchers who
believe in the future of cellular medicine.
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Chapter 6
Intra-arterial Approaches to Stem Cell Therapy
for Ischemic Stroke

Vikram Jadhav, Pallab Bhattacharya and Dileep R. Yavagal

Introduction

Ischemic stroke occurs due to disruption of blood flow to an area of the brain re-
sulting in tissue infarction and death of neurons and other brain cells. The loss of
neurons in the infarcted core is irreversible, whereas the penumbra surrounding the
infarcted core has cells that are functionally impaired but not dead. Acute ischemic
stroke treatment (minutes to hours) is targeted to protect the penumbra. The only
proven pharmacological treatment for acute ischemic stroke is clot thrombolysis
using tissue plasminogen activator (tPA) delivered either by intravenous (IV) or
intra-arterial route. However, it is subject to therapeutic time window of 4.5 h for
IV delivery [1, 2]. Moreover, it is estimated that only 2—5 % of patients in the USA
and 4 % in the UK receive tPA for acute ischemic stroke [3, 4]. Only 6 out of 1000
patients who receive IV-tPA do not have any disabilities, but most end up with
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significant long-term disability. Endovascular acute ischemic stroke therapy when
provided as standard of care may only reach 20 % of ischemic stroke cases due to
limited time window. Moreover, the recently completed Dutch clinical trial “Mul-
ticenter Randomized Clinical trial of Endovascular treatment for Acute ischemic
stroke in the Netherlands” (MR CLEAN) showed that even with improved clinical
outcomes after endovascular treatment, approximately 80% patients may not be
able to return to their job and/or perform previous activities [5, 6].

Thrombolysis of the clot aims to limit the size of infarction. However, ischemic
stroke also results in secondary brain injury (hours to days) due to multiple process-
es including but not limited to inflammation, apoptosis, oxidative stress, cytotoxic
edema, loss of blood—brain barrier (BBB), and subsequent vasogenic edema. This is
the phase of delayed neuronal death [7]. The preclinical pharmacological treatments
target myriad processes including but not limited to neurogenesis, angiogenesis,
and release of growth and trophic factors that can aid in promoting neuroplasticity.
None of the preclinical therapies have managed to make their way into clinical prac-
tice. Presently, we do not have any Food and Drug Administration (FDA)-approved
therapy for the prevention of secondary brain injury after ischemic stroke.

It is estimated that first time strokes affect 16 million individuals resulting in
6 million deaths [8]. If the patient survives, there is a huge burden of disease not
only for the individual but also for the community due to the huge loss of man-
hours and special rehabilitation needs for the patients [9]. Stem cell therapies have
the potential to limit long-term disability and improve function by promoting repair
and remodeling. Numerous preclinical studies and early clinical trials suggest that
stem cell therapies may provide benefits in early as well chronic stages of ischemic
stroke thus having a wide therapeutic window. In this chapter, we focus mainly
on preclinical studies and clinical trials of intra-arterial (IA) stem cell therapies in
ischemic stroke.

Preclinical Studies

Numerous of preclinical studies have been published in the past decade on the use
of different types of stem cells for the treatment of ischemic stroke. Apart from
establishing the efficacy of stem cells, these studies have been invaluable in under-
standing the likely signaling mechanisms and involved pathways, comparison of
various routes and modes of stem cell delivery, optimal dosing of cells, and most
importantly establishing preclinical safety. We have elucidated the key preclinical
studies in Table 6.1 that demonstrated the safety and efficacy of IA stem cell therapy
for ischemic stroke.
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Types of Stem Cells

Stem cells can be obtained from myriad sources. They can differentiate into diverse
cell populations. Pluripotent stem cells, such as embryonic stem cells, are more
potent with the ability to generate multiple cell types compared to multipotent stem
cells that are derived from human tissue and differentiate into only mature cells
[23]. However, the pluripotent stem cells have the drawback of tumorigenicity and
forming potential teratomas [24]. Stem cells are also produced endogenously in
response to tissue injury and can migrate to the ischemic lesions. Preclinical studies
by various groups have shown that stem cells can act through multiple mechanisms
including but not limited to neuroprotection, neurogenesis, angiogenesis, synapto-
genesis, immunomodulation, release of growth, and trophic factors [25, 26].

Leong et al. in an extensive review of preclinical studies using stem cells in
rodent models of ischemic stroke (most commonly used species) noted that among
different types of stem cells, mesenchymal stem cells (MSCs, also called mesen-
chymal stem cell) and neuronal stem/progenitor cells reported most significant im-
provements in functional outcomes [27]. A recent meta-analysis of 46 preclinical
studies of MSCs in ischemic stroke by Vu et al. suggested very promising results
[28]. In their meta-analysis, they concluded that MSCs showed improved outcomes
across various animal species, time of delivery, degree of immunogenicity, total
dose/concentration, and in the presence of other comorbidities. Intracerebral (ICR)
administration route was better than IA which in turn was better than IV route. ICR
administration, however, is an invasive procedure compared to the alternative IA
and IV modes of delivery. In our latest preclinical studies, we have shown the effi-
cacy of IA delivery of MSCs and its superiority over the I'V route in a rodent model
of ischemic stroke [22]. The pros and cons of all routes of administration of stem
cells are discussed in subsequent subsections. The meta-analysis by Vu et al. also
suggested that MSCs used in primates showed most improvement in effect sizes
compared to rodent and murine models [28]. The easy procurability and harvesting
of MSCs, and improvement in outcomes after administration in various species and
animal models of ischemic stroke, have been supported by various groups [29, 30].
MSCs can be obtained with relative ease; their procurement is not hampered by
ethical considerations, and thus they have several advantages over other cell types.

There are various sources for MSCs, including but not limited to bone marrow
(BM), umbilical cord blood cells (UCBCs), stem cells/progenitor cells derived from
adipose tissue, stem cells derived from placenta [31], and human adult dental pulp
[32]. UCBCs are pluripotent and are a source for MSCs. They are considered to
have high regenerative potential and their naive immunologic phenotype makes
them preferable for transplantation. Human adult dental pulp stem cells (DPSCs)
that are derived from molar teeth are multipotent and have the capacity to differenti-
ate into neurons. A preclinical study showed improved neurological outcomes with
DPSCs in stroke animal model [32]. Olfactory ensheathing cells and endogenous
stem cells from the subventricular zone (SVZ) and hippocampus are other potential
therapies shown in preclinical studies for ischemic stroke [27, 33, 34].
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Signaling Mechanisms

Complex signaling cascades and processes like vascular rolling, adhesion, endo-
thelial transmigration, and migration through the extracellular space to the injury
site are needed to recruit stem cells to the area of brain ischemia [35, 36]. Myri-
ad chemical messengers are implicated in these processes. The cytokine stroma-
derived factor (SDF)-1 from vascular endothelium and activated platelets acts on
CXCR4 chemokine receptor on MSCs and influences the MSC mobilization and
homing [37—41]. SDF-1 is regulated partially by the transcription modulator, hy-
poxia-inducible factor (HIF-1a) [42], matrix metalloproteinases (MMP), and nitric
oxide (NO) [40, 41, 43-45]. Other chemokines like monocyte chemoattractant pro-
tein-1 (MCP-1) are also reported to have a role in the recruitment of MSCs [38].
Growth factors such as vascular endothelial growth factor (VEGF) and granulocyte
colony-stimulating factor (G-CSF) are implicated in BM stem cell mobilization.
G-CSF also promotes mobilization of hematopoietic stem cells (HSCs) and endo-
thelial progenitor cells (EPCs) by decreasing SDF-1 expression in BM and CXCR4
expression on HSC [46-50].

Preclinical studies in stroke models suggest that MSCs themselves do not differ-
entiate into neurons in vivo, however, promote differentiation of endogenous neural
progenitor cells [27]. MSCs can secrete neurotrophic factors such as brain-derived
neurotrophic factor (BDNF), basic fibroblast growth factor (bFGF), angiopoietin-2,
transforming growth factor (TGF-B), and insulin-like growth factor (IGF-1). These
factors promote the remodeling of the neurons, glia, and neurovascular cells, and
enhance axonal sprouting and synaptogenesis [11]. MSCs also decrease neuronal
apoptosis and activation of astrocytes to minimize scar formation, and promote an-
giogenesis by secreting VEGF, bFGF, nerve growth factor (NGF), and other an-
giogenic factors [13, 51]. Furthermore, MSCs also influence immunomodulation
via TGF-B, NO and prostaglandin pathways, JAK-STAT signaling pathways and
release of interleukin-6 [51]. Thus, stem cells could be considered to have pleio-
tropic effects by modulating numerous targets through multiple signaling cascades.

Radioimaging studies can be very helpful in tracking and localization of tracer-
labeled stem cells which in turn can help in understanding homing mechanisms.
Preclinical studies on rodent models [52, 53] as well as canine model [18] showed
that bioluminescence imaging and superparamagnetic iron oxide labeling helped to
track and localize [A-delivered stem cells to the ischemic areas after stroke. Other
groups [16] also demonstrated the feasibility of magnetic resonance imaging (MRI)
in canine model of ischemic stroke.

Therapeutic Window for Stem Cell Therapy in Ischemic Stroke

Therapies provided in the early hours after ischemic stroke are aimed at reducing
the injury/limiting the infarct size. On the other hand, therapies started weeks to
months after stroke are aimed at promoting remodeling and repair. MSCs and other
stem cells may have potential for wide-ranging therapeutic time windows [27, 32,
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Fig. 6.1 Lower doses of IC MSCs mitigate adverse effect IC injection on MCA blood flow. (a)
Experimental timeline showing rMCAo for 90 minutes followed by withdrawal of the suture to
allow reperfusion. At 60 minutes of reperfusion, IC MSC or vehicle only injection was given, fol-
lowed by LDF monitoring for 60 min. (b) Comparison of relative LDFS worsening from baseline
to final recording, among de-escalating dose groups (¢) The 1 x 10° dose and placebo has signifi-
cantly less maximum LDF worsening as compared to the 1 x 10° dose. The comparisons in (b) and
(c) were done using general linear modeling (GLM) to compare mean differences among groups.
LDFS = Laser Doppler Flow Signal. IC=intracarotid. (Yavagal et al., 2014)

54]. A compromised BBB after ischemic stroke may allow better delivery of the
MSC:s to the target ischemic lesion. On the other hand, the BBB may be intact up
to 24 h after stroke and may deter the engraftment of target tissue. Similarly, in the
chronic phase, remnant glial scar tissue is likely to obstruct the passage of stem
cells [27].

We showed that the therapeutic window lasts at least 24 h in our preclinical
studies using a rodent model of ischemic stroke [22] (Fig. 6.1). One benefit of early
infusion of stem cells is that the inflammatory chemokines that are released after
ischemic stroke can help in attracting the stem cells. Some researchers suggested
that the effect of MSCs may be reduced if provided 7 days after stroke [55]. How-
ever, there are other preclinical IA studies that have shown that stem cell treatment
showed significant enhancement of functional recovery when given up to 7 days
after ischemic stroke [19] and increased angiogenesis [56]. It is understandable that
preclinical studies mostly focused on early therapeutic window in order to dem-
onstrate better outcomes. Nonetheless, the preclinical studies demonstrate a wide
therapeutic window for stem cells compared to existing standard of care therapies.
On the other hand, some preclinical studies have unequivocally demonstrated that
the beneficial effects of stem cells extend for a long duration from 4 months [32]
up to a year [14] from the time of administration after ischemic stroke. This is very
encouraging for clinical trials, if these time frames in rodent models were converted
to human years.
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Advantages and Disadvantages of Intra-arterial Route

Preclinical studies point out the superiority of IA and IV routes of administration
over direct implantation with ICR and intracerebroventricular (ICV) modes of de-
livery. Firstly, IA and IV routes are less invasive than ICR and ICV routes. IA may
be considered more invasive than IV, however compared to all other routes (ICR,
ICV, 1V, intrathecal), the IA route should be able to deliver significantly increased
number of cells with more uniform cell distribution in the target ischemic brain
tissue [11, 52]. The verdict is unclear with many preclinical studies showing di-
verse results.

Many groups have also shown that IA and IV are equally effective for improv-
ing neurological recovery, decreasing cerebral damage, and promoting protection
mechanisms in ischemic stroke [57—59]. Vasconcelos-dos-Santos et al. used bone
marrow mononuclear cells (BM-MNCs) via IA and IV routes, and Zhang et al. used
human umbilical tissue-derived cells via IA, TV, ICR, ICV, and intrathecal routes.
Both groups showed improved outcomes with all routes of delivery of stem cells.
This was echoed by Savitz et al. who used autologous BM-MNCs and showed no
difference in outcomes between IA and IV routes [58]. These studies suggest that
IA delivery of BM-MNCs may not be superior to their IV delivery in ischemic
stroke. Also, Gutierrez-Fernandez et al. used allogenic MSCs in a permanent middle
cerebral artery occlusion (MCAo0) rat model and showed no difference in ICR and
IV routes of administration on the functional outcomes [17]. The permanent occlu-
sion of the internal carotid artery (ICA)-MCA on the side of IA administration would
block direct delivery of MSCs to the infarct area and may be the crucial reason for
the absence of superior of IA over IV route in efficacy in this study. On the other
hand, several preclinical direct comparison studies between IV and IA routes have
shown that A delivery provides higher concentration of cells to the target tissue than
IV delivery [15, 21, 53, 60, 61]. BM-MNCs when delivered via IA route showed bet-
ter results than I'V route on the size of infarct volume, target cell delivery, and motor
function after ischemic stroke [21, 61]. Other showed this in ischemic stroke using
human MSCs in rodent model [60] and mouse neural stem cells in a mouse model
[53]. Guzman et al. have shown using bioluminescence imaging that IA injection
results in significantly higher and more sustained cell delivery to the brain [53].
Du et al. [21] in a direct comparison study showed greater functional recovery and
increased angiogenesis with A route compared to IV route using human BM-MSCs
in a rat ischemic model. Lundberg et al. proved this concept in the traumatic brain
injury (TBI) model. They showed in a rat TBI model, using various cell populations,
human MSCs, human neural progenitor cells, and rat neural progenitor cells, that
targeted 1A route is more effective than IV administration [61]. The superiority of
IA route over IV route may partly be due to circumvention of cell sequestration in
the peripheral filtering organs such as lung capillaries encountered with the IV route
[62]. We feel that there are multiple critical factors that can influence superiority of
IA route over IV route including but not limited to homing of stem cells in response
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to chemoattractants, cell migration, level of arteriosclerosis and resulting stenosis,
surviving arterial arborization, and disruption of BBB after stroke.

IA delivery of cells, however, does pose certain safety hurdles that need to be
addressed fully prior to clinical translation. Microvascular occlusions leading to
decreased cerebral blood perfusion have been reported in preclinical studies with
IA stem cell delivery. Chua et al. reported that micro-occlusions can be prevented
by preserving anterograde flow [63]. Whether related to microvascular occlusions
or not, A delivery of neural progenitor cells and MSCs has been reported to worsen
ischemia and increased mortality in some preclinical studies [64—66]. We investi-
gated this issue in our preclinical studies using multiple concentrations of MSCs
delivered via IA route [22]. Dose de-escalation studies with real-time monitoring
of MCA flow showed that de-escalation of TA MSC cells doses to 1x10° MSCs
mitigated the decrease in MCA Doppler flow signal that was seen at higher doses
(Figs. 6.2 and 6.3). This TA maximum tolerated dose (MTD) of 1 x 10° MSCs given
at 24 h post tMCAO also resulted in significantly superior attenuation of neurologi-
cal deficits and reduction in infarct size after ischemic stroke as compared to TA
vehicle and IV MSC groups (Figs. 6.1 and 6.4). Moreover, delivering MSCs using
IA route, we also showed that the therapeutic window extended to 24 h. In fact,
MSCs delivered at 24 h after ischemic stroke showed greater beneficial effects as
compared to MSCs administered at 1 h. The findings were very promising because
the benefits of arterial delivery of MSCs translated into long-term neurological im-
provement as well as reduction in infarct size (Figs. 6.1 and 6.4). Considering all
published preclinical studies till date, the IA route of stem cells delivery remains
promising with a number of clinically attractive advantages over other modes of
delivery.

Clinical Studies and Trials of Intra-arterial Delivery
of Stem Cell Therapies in Ischemic Stroke

There has been a surge of early clinical trials of stem cells in acute ischemic stroke
and interest has spiked across the globe in the last 5 years [34, 67]. It is of para-
mount importance to first establish clinical safety during the development of novel
therapies. Rapid strides have been made over the past decade in establishing the
clinical safety of stem cells in ischemic stroke patients. Kondziolka et al. first dem-
onstrated the feasibility and safety of stem cells in ischemic stroke [68]. They di-
rectly implanted stem cells derived from a human teratocarcinoma cell line (NT2N,
Layton BioScience Inc, Sunnyvale, CA) via stereotactic ICR delivery in ischemic
stroke patients. In this phase I, non-randomized, observer-blinded study involving
12 patients with basal ganglia strokes and motor deficits, they showed that ICR
transplantation of stem cells (2-6 x 10°) was feasible. All patients were immuno-
suppressed with cyclosporine A. Two isolated events of a generalized seizure in
one patient and a distant brain stem stroke in another patient were thought to be
unrelated to the stem cell injections. The 6- and 12-month follow-up positron emis-
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Fig. 6.2 Comparison of 1 x 10° to 5 x 10° dose-groups for LDFS change over time and microvascu-
lar occlusion. (a) IC MSC dose of 1 x 105 has a transient and less MCA LDF worsening during 60
minutes post injection as compared to 5 x 10° dose using mixed model. LDFS = Laser Doppler Flow
Signal. (b) On comparing the total number of microvessels with complete occlusion among the two
dose groups, there were a significantly lower number of complete occlusions in the lower dose group.
mean + SD, * P< 0.05, ANOVA. (c) Representative brain sections from IC MSC 1 x 10° dose group
showing GFP + MSCs identified by 3, 3”-diaminobenzidine (DAB), showing localized complete fill-
ing of microvessels at 3-5 days post-injection, as well as MSCs just outside the vessel wall in brain
parenchyma and high power field of representative brain sections from IC 5 x 10° dose group showing
single MSC partly inside and partly outside microvessel wall IC=intracarotid. (Yavagal et al., 2014)

sion tomography (PET) scans showed improved fluorodeoxyglucose uptake at the
implant site in seven and three patients, respectively [68, 69]. Postmortem analysis
on one patient who died of myocardial infarction 27 months after transplantation
showed the presence of neurons derived from the transplanted cells at the implan-
tation site [70]. Kondziolka et al. followed this study with a phase II, randomized
study in nine patients with ischemic and hemorrhagic stroke each [71]. They treated
seven patients in each group and four patients served as controls. They reported
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Fig. 6.3 Functional neurologic outcomes are superior in the group treated with 1 x 103 IC MSCs at
24 hours (24h IC MSC). (a) Experimental timeline of the efficacy study showing 90 min rMCAo
followed by 24 hour reperfusion except in group receiving IC MSCs at 1 hour reperfusion fol-
lowed by ND score assessment at 1,7,14,21 & 28 days. (b) On day 1 post MCAo, the ND scores
were not significantly different among groups. The ND score of the 1 x 103 group progressively
decreased over time and at 28 days was significantly lower than the other groups. (¢) The day
28 ND score was significantly lower in the 24h IC MSC group as compared to all the remaining
groups. ND = Neurodeficit. IC=intracarotid. (Yavagal et al., 2014)

improved “Action Research Arm Test” gross hand-movement scores compared with
the control and baseline values.
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Fig. 6.4 Comparison of infarct volume among treatment groups. (a) Geometric mean infarct vol-
umes are compared among groups after log transformation to achieve normal distribution. Only
the 24h IC MSC group shows significantly reduced infarct volume as compared to the 24h IC PBS.
(b) Frequency infarct map statistically comparing the location of the mean infarct volume in the
24h IC MSC and 24h IC PBS groups using color- coded representation of the percent of rats show-
ing infarction in each brain region using “Fisher’s exact test” with a color coded representation of
the “p-value”, the color bar in “1-p” format. Displays are in “Coronal presentation”; middle sec-
tions are selected. The 24h IC MSC group shows a much reduced infarction frequency, particularly
surrounding the core as quantized by the Fisher test. IC=intracarotid. (Yavagal et al., 2014)

However, ICR and ICV routes had the drawback of being invasive. Further-
more, there was always a likelihood of nonuniform distribution within the target
lesion with ICR route even if done with stereotactic precautions [72, 73]. More-
over, there was a risk of postsurgical complications such as hematomas, inadvertent
lesions, and other complications including but not limited to seizures, syncope,
and transient loss of motor function [71, 74]. The ICV route though less invasive
than ICR implantation, also had the drawback of variable distribution of stem cells.
Furthermore, some patients who underwent ICV delivery had fever and developed
meningeal signs [75].

Various groups showed that peripheral/vascular delivery of stem cells was not
only feasible and safe but also preliminarily beneficial. Bang et al. used the IV route
and showed that 5 stroke patients receiving IV autologous MSCs (5 x 107) had better
functional recovery at 1 year as compared to 25 matched controls, and did not suffer
additional morbidity and mortality over a total follow-up period of 5 years [64, 76].
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Currently, a multicenter phase II randomized, double-blind, placebo-controlled trial
using MultiStem® is actively recruiting patients [77]. MultiStem® is an allogeneic
cell therapy treatment with multipotent adherent BM cells, harvested from healthy
donors, that has been shown to be safe in clinical trials of myocardial infarction
and graft versus host disease, and preclinical models of stroke. The clinical trial is
designed to deliver the stem cells within 48 h of anterior circulation ischemic stroke
and evaluate long-term outcomes from 3 to 12 months. Other IV- and ICR-delivered
stem cell studies have been extensively discussed in recent reviews [67, 78, 79].

In order to harness the multiple advantages of IA cell delivery in acute ischemic
stroke seen in preclinical studies and the high clinical applicability of this route,
several early clinical trials of IA delivery of stem cells have been conducted in the
last 5 years. Mendonca et al. using BM-MNCs showed for the first time that TA
mode of delivery was safe [80]. They injected 30x 107 of autologous BM-MNC
directly into the left MCA of a patient who had suffered an ischemic stroke yet had
some preserved penumbra in the L-MCA territory. They injected the patient on day
5 after stroke; monitored, reported no microembolization or any electroencephalog-
raphy (EEG) changes, and noted neurological improvement at 2-month follow-up.
In a subsequent case, the same group also demonstrated that the autologous BM
cells could be tracked by labeling with Tc-99 m-hexamethylpropylene amine oxime
[81]. They reported that single-photon emission computed tomography (SPECT)
images 8 h after cell transplantation showed the homing of 99 mTc hexamethyl-
propyleneamine oxime (HMPAO)-labeled cells mainly in the anterior division of
left MCA territory, while the stroke was in the posterior MCA division, presumably
because of the occlusion of the posterior branch. Recently, Barbosa da Fonseca
et al. [34] used technetium-99 m-labeled aBM-MNC-SC in 12 patients with isch-
emic stroke and showed no difference in brain radioactive counts between IA and
IV administration of same dose of cells. However, they reported higher radioactive
counts in liver and spleen and lower counts in lungs in the IA group compared to the
IV group. This partly supports the preclinical studies, which had showed advantages
of IA over IV delivery by circumventing the systemic circulation and bypassing the
sequestration in lungs [62]. Preclinical studies have shown that IA route improves
stem cell delivery to the target lesion in the brain [15, 21, 53, 60, 61]. This was
not seen in the data obtained by Barbosa Da Fonseca’s group. Perhaps, the stem
cells were also diverted via chemotactic signaling to other organs such as heart and
kidneys which are affected in patients with ischemic strokes [82, 83]. More clinical
studies with larger cohorts will be helpful to confirm the extrapolated information
from preclinical studies that IA route delivers more stem cells to target stroke lesion
than IV route. The same group [84] had also provided critical information that IA
stem cell delivery was feasible in subacute stroke. They reported no adverse effects
or any neurological worsening up to 6 months after aBBM-MNC-SC delivery even
if the stem cells were delivered via IA route 90 days after the ischemic stroke. This
data along with numerous preclinical studies are helpful in acknowledging that TA
stem cell therapy for ischemic stroke may hold an edge over current standard of
care therapies in terms of an extended therapeutic window and having minimal side
effects.
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Friedrich et al. showed in a larger cohort of patients (n=20) that delivery of
autologous BM mononuclear stem cells (aBM-MNCs) directly in the ipsilateral
MCA was safe and could be helpful in delivering large number of stem cells (up
to 6% 10%) without any adverse effects [85]. Eight of the 20 patients had improved
outcomes defined by modified Rankin score (mRS) <2 at 3 months after ischemic
stroke; however, they had no controls for comparison. Jiang et al. were the first to
report safety of IA stem cell therapy in a patient with hemorrhagic stroke [86]. They
used MSCs from umbilical cord source (Jiangsu Stem CellBank, Jiangsu, China)
and noted improvements in this patient as well as three other patients with MCA
ischemic stroke. They noted that mRS improved in two of the four patients they
treated with stem cells. More recently, Banerjee et al. [87] showed that delivery
of autologous, immunoselected CD34" stem/progenitor cells via ipsilesional MCA
was safe in patients presenting within 7 days of ischemic stroke. They limited the
study to patients with severe anterior circulation ischemic stroke with the National
Institutes of Health Stroke Scale (NIHSS) of at least eight. Although, the recruit-
ment was limited to 5 patients out of 82 eligible patients, the results were promis-
ing and showed improvement in functional outcomes up to 6 months of follow-up
without any adverse effects.

The initial clinical studies were case reports and phase I, non-randomized,
open-label studies. The first single-blind randomized clinical trial was reported
from Spain. Moniche et al. [90] enrolled 20 consecutive MCA stroke patients (10
treatments and 10 controls) and injected the treatment group between 5 and 9 days
with ~1.6x 108 aBM-MNCs. Though, they did not see any significant differences
in neurological function at 6-month follow-up, they reported a trend to positive
correlation between number of injected CD34" cells and Barthel index. But, most
importantly, they reported that A therapy was safe. Barring an isolated partial sei-
zure in two patients in treatment group, there were no deaths, stroke recurrence, or
any tumor formation during the follow-up period. The two patients were treated
with antiepileptic medications and did not have any seizure recurrence. The same
group has recently suggested that aBBM-MNCs can induce changes in serum levels
of granulocyte macrophage colony-stimulating factor (GM-CSF), platelet-derived
growth factor (PDGF-BB), and MMP-2 up to 3 months after transplantation, which
could be associated with better functional outcomes [88].

These initial studies have given impetus to IA and IV therapy for ischemic
stroke and paved the way for many randomized clinical trials with larger patient
population. The ongoing registered clinical trials for IA stem cell therapy are
listed in Table 6.2 (source: www.clinicaltrials.gov) along with the related pub-
lished reports. The first clinical trial for IA cell therapy for acute ischemic stroke,
RECOVER-Stroke, was a phase II randomized clinical trial, evaluating the effi-
cacy of ALD-401 cells (autologous BM cells, Aldagen Inc, Durham, NC). Subjects
experiencing an ischemic stroke were to undergo either a BM or sham harvest on
days 11-17 and then be dosed with ALD-401 or a sham procedure 13-19 days
after the primary event. BM cells were processed, sorted, and formulated into a
3-mL suspension of ALD-401. Within 48 h of harvestation, subjects in the ALD-
401 group had their processed BM cells (ALD-401) injected via intracarotid/ MCA
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infusion, while control subjects had a sham infusion. ALD-401 had previously
been shown to have beneficial outcomes in preclinical studies. Clinical and func-
tional outcomes were to be monitored at 3, 6, and 12 months. Preliminary results
at 3-month follow-up showed no difference in the functional outcomes between
the treatment and sham groups (“Cytomedix Announces Results of RECOVER-
Stroke Phase 2 [91] Study,” Press release: May 2, 2014). Nonetheless, there were
no serious adverse events attributable to the use of ALD-401, demonstrating good
tolerability and safety. The 6- and 12-month follow-up results are eagerly awaited
by the scientific community.

In summary, early clinical trials of IA stem cell therapy for ischemic stroke have
shown the safety of this approach without any feared adverse effects such as tumori-
genicity, microembolization, and stroke expansion. They have set the stage for the
next phase of clinical trials in this emerging therapeutic area. Careful designing of
the next round of studies including using the most promising type of stem cells and
determining the optimal time range of administration of stem cells and optimal cell
dosing will be critical in translating the tremendous promise of the IA cell therapy
in ischemic stroke.
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Chapter 7
Neural Stem Cells in Stroke: Intracerebral
Approaches

Nathan C. Manley, Ricardo L. Azevedo-Pereira, Tonya M. Bliss
and Gary K. Steinberg

Applying Stem Cell Therapy to Stroke: Early Development
as a Cell-Replacement Strategy

Stem cell therapy for stroke was originally conceived as a cell-replacement strategy
to repair circuits damaged after stroke and, as such, intracerebral (IC) transplantation
was considered to be the preferred method of delivery in order to precisely target
the cells to the area of injury. This strategy was based on pioneering Stem cell
transplantation studies in experimental models of Parkinson’s disease where IC
delivery of fetal mesencephalic tissue containing a high proportion of dopaminergic
neurons could engraft and induce functional recovery in hemiparkinsonian rats
[1, 2]. Additional preclinical studies in the Parkinson’s disease field paved the
way for the initial IC stem cell clinical trials [3, 4], which led to the first clinical
demonstration of neurological recovery associated with IC stem cell treatment
[5, 6]. These early discoveries and successes achieved for Parkinson’s disease
provided much hope and guidance for parallel efforts in the stroke field. However,
the complex pathophysiology associated with stroke injury also presented several
unique challenges.

In Parkinson’s disease, progressive loss of dopaminergic neurons in the basal
ganglia defined a specific cell type needed for replacement. In stroke, however, cell
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replacement was a more ambitious goal given that associated brain damage could
cause indiscriminate loss of all cell types within the lesion site, including neurons,
astrocytes, oligodendrocytes, as well as the surrounding vascular system [7]. To
address this, initial cell therapies for stroke sought to identify appropriate sources
of multipotent cells, among which neural stem cells (NSCs), largely defined by
their capacity to generate neurons, astrocytes, and oligodendrocytes, were viewed
as ideal candidates. Pioneering stroke studies used rat fetal brain tissue as a source
of NSCs and involved IC delivery of partially dissociated tissue chunks into adult
rats subjected to hypoxia—ischemia. This approach reduced dystrophy and death
of host cortical neurons, and demonstrated that the cells within the engrafted fetal
tissue could both adopt neural and glial morphologies and form physical associa-
tions with surrounding host neurons [8—10]. Additional studies indicated that graft
survival was improved when delivered to the stroke penumbra relative to the core
[11], and that fetal grafts could be used to increase local neurotransmitter levels
and improve functional recovery [12]. These initial preclinical studies provided key
proof-of-concept support for applying cell therapy to stroke, and further suggested
that the therapeutic action of transplanted cells might extend beyond cell replace-
ment. Despite these promising results, both the ethical concerns and limited avail-
ability associated with human fetal brain tissue limited its clinical applicability and
prompted efforts to identify alternative stem cell sources as well as methods to
expand stem cell populations in vitro.

Different Types of Cultured Neural Stem Cells Can
Promote Stroke Recovery

Immortalized Cell Lines

Concomitant to the first stroke studies with transplanted fetal tissue, experiments
with the teratocarcinoma-derived cell line NT2 showed that these immortalized
cells could differentiate into postmitotic, neuron-like cells upon stimulation with
retinoic acid [ 13]. The use of immortalized cells provided a way to address the scale
of production needed for clinical use, but also raised the concern that cells derived
from an immortalized line might revert back to a transformed state after transplan-
tation. Subsequent studies with the NT2-derived cells showed that IC delivery into
stroke-injured rats resulted in increased functional recovery and, critically, showed
no signs of teratoma or ectopic tissue formation [14]. Based on these promising
results, NT2 cells became the first reported cell therapy clinical trial for stroke,
and consisted of IC delivery of NT2 cells into patients after subcortical stroke [15].
Cell survival in the brain was even demonstrated 27 months after the transplanta-
tion, in one patient who died of a myocardial infarct [16]. Based on an acceptable
safety profile and suggestion of efficacy during phase I clinical testing [15, 17],
IC delivery of NT2 cells advanced to a phase II randomized controlled trial, with
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positive improvements observed in some patients and minimal adverse reactions
[18]. Additionally, conditionally immortalized cell lines have also promoted
recovery in experimental stroke, including the tamoxifen-dependent, c-myc-
transformed cell line CTX030. A phase I study in chronic stroke patients using IC
delivery of these cells was recently completed with promising early results, and a
phase II clinical stroke study has been launched (discussed in “Clinical Testing of
IC-based Cell Therapies for Stroke™).

Fetal-Derived Neural Stem Cells

Beginning in the 1990s, methods for in vitro culturing and expansion of adult-
derived NSCs were established [19], as were techniques to culture both fetal- and
embryonic-derived cells that could be used to generate NSCs in vitro and ultimately
differentiate into mature neurons and/or glia [20-27]. Subsequently, many of these
NSC products were tested by several groups, including our laboratory, for their rela-
tive safety and efficacy in preclinical stroke models. In agreement with the initial
stroke studies involving transplanted fetal brain tissue [8—10], human fetal-derived,
cultured NSCs delivered intracerebrally in rodent stroke models have been shown
to survive, migrate towards the stroke lesion, differentiate into neurons and glia
[28], and improve functional recovery (Fig. 7.1) [29-31]. Although IC delivery of
fetal-derived NSCs has not yet been used to treat stroke clinically, results of a recent
phase I trial for Batten’s disease indicate the general safety and feasibility of this
approach [32]. Of note, the clinical trial for Batten’s disease utilized fetal-derived
NSCs very similar to those shown by our group to improve functional recovery in
stroke-injured rats [30], thus indicating that this NSC type may be applicable to
both indications.

Embryonic-Derived Neural Stem Cells

Following the establishment of cultured human embryonic stem cell lines [26],
several groups, including ours, have developed methods to generate NSCs from
human or primate embryonic stem cells and have demonstrated their ability to
enhance functional recovery following IC administration in preclinical models of
stroke [21, 33-37]. Interestingly, in a study comparing IC delivery of embryonic-
and adult-derived NSCs into stroke-injured rats, embryonic-derived NSCs exhib-
ited substantially higher survival that was correlated with a decreased host immune
response [38]. These promising preclinical results, along with the capacity for
potentially limitless scale-up of the starting embryonic stem cell population, make
embryonic-derived NSCs an attractive cell therapy candidate for stroke, and con-
tinued efforts towards clinical application are underway (Steinberg/Carmichael:
California Institute for Regenerative Medicine (CIRM) Disease Team Grant DR1
01480) [39, 40].
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Fig. 7.1 Differentiation fate of transplanted human fetal-derived NSCs and their effects on behav-
ioral recovery after stroke. a Human fetal-derived NSCs (human nuclear antigen (HuNu)-positive
cells, red) survive and migrate towards the stroke lesion at 5 weeks post-IC transplantation in
athymic nude rats subjected to cortical ischemic stroke. Representative photomicrograph of human
fetal-derived NSCs in the peri-infarct region. Gray-shaded area indicates the lesion. b Differ-
entiation profile of human fetal-derived NSCs at 5 weeks post transplant. ¢ Confocal images of
differentiation markers colocalizing with HuNu in the peri-infarct area. d Rats treated with human
fetal-derived NSCs have significantly improved functional recovery compared to vehicle-treated
controls in three out of four behavior tests; *P<0.05, **P<0.01; n=12 per group, except cylinder
test, n=6. Scale bars: A=50 pym, C=10 pm. GFAP glial fibrillary acidic protein, 7u/I neuronal
class III B-tubulin, 7 transplantation. (This figure was reprinted with the publisher’s permission
from [29])
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Induced Pluripotent Stem Cells

Recently, excitement has increased regarding the possibility of using adult-derived
NSC therapies to treat stroke due to the emergence and continued development of
induced pluripotent stem cell (iPSC) technologies [41, 42] as well as methods to dif-
ferentiate iPSCs into NSCs [43]. Preclinical stroke studies have confirmed the abili-
ty of iPSC-derived NSCs to enhance stroke recovery following IC delivery [44—47],
including in neonatal stroke [48], and have further shown that iPSC-derived NSCs
can differentiate into multiple types of functionally active neurons following IC
delivery into the stroke-injured brain [45, 46]. Similar to embryonic-derived NSCs,
the potential to form tumors or ectopic tissue by iPSC-derived NSCs remains a
concern, prompting development of methods to generate induced NSCs (iNSCs) or
induced neuronal (iN) cells directly from somatic cells without initial reversion to a
pluripotent state [49, 50]. Although iNSCs have not yet been tested for safety/effi-
cacy in preclinical stroke models, the prospects of patient specificity and decreased
tumorigenicity make the clinical attraction of this approach clear.

Overall, NSCs from multiple sources have been shown to improve recovery in
preclinical stroke models, with specific benefits and drawbacks associated with
each NSC type. In order to maximize the potential benefit of NSC-based approach-
es, it is important to understand the underlying mechanism(s) by which NSCs im-
prove stroke outcome. While there are still many remaining questions regarding
the therapeutic actions of transplanted NSCs, it is becoming increasingly clear that
NSCs have the capacity to impact multiple pathways involved in brain repair and
regeneration after stroke.

Mechanisms of Action for Transplanted NSCs in Stroke

Cell Replacement Versus Paracrine Signaling

While the initial notion was that transplanted stem cells would repair stroke-dam-
aged circuits by replacing lost neurons, it soon became apparent that this was not
the primary mechanism driving stem cell-induced recovery. Early evidence that al-
ternative mechanisms of action were involved included the observations that NSC-
associated functional improvements occurred prior to any detectable integration of
the transplanted cells, and for those studies that reported some positive integration,
the number of observed synapses between transplanted NSCs and host neurons was
small, with a large proportion of engrafted cells remaining in an immature, precur-
sor state [51, 52]. Based on these observations, several nonintegrating mechanisms
of NSC efficacy were investigated. These focused largely on the idea that trans-
planted NSCs, through secretion of paracrine factors, enhance endogenous brain
repair pathways that are activated after stroke. Significant data support this mecha-
nism of action, yet a growing number of studies indicate that transplanted NSCs can
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also integrate into the host brain, thus renewing the idea that cell replacement, or at
least host integration, may also be important.

Stimulation of Endogenous Brain Repair by NSC Paracrine
Signaling

Trophic Support

NSCs have been shown to express trophic factors (proteins and other molecules)
that promote survival, proliferation, and differentiation of host brain cells after
stroke, and this has led to the general hypothesis of NSC-mediated recovery through
trophic support [53]. In vitro profiling of NSCs has shown that they secrete such
key factors as brain-derived neurotrophic factor (BDNF), glial-derived neurotroph-
ic factor (GDNF), vascular endothelial growth factor (VEGF), and several others
[29, 54-56]. However, relatively little is known about which trophic factors mediate
efficacy in vivo, due in part to the need for improved methods to profile transplant-
ed NSC expression/secretion in vivo, as well as the need for additional studies that
selectively upregulate or suppress trophic factors within transplanted NSCs. For
example, IC delivery of VEGF-transfected NSCs into stroke-injured rats resulted
in higher levels of vascular repair and functional recovery compared to unmodified
NSCs [57]. Further, a recent study by our group showed that in stroke-injured rats,
the recovery enhancement associated with IC delivery of human NSCs could be
suppressed by systemic infusion of bevacizumab (Avastin), an antibody specific
for human VEGF [30], thus enabling us to tease apart the role of the NSC-secreted
VEGEF from that of endogenous rodent VEGF. Results of this study further indicated
that recovery enhancement by NSCs coincided with increased neovascularization
and blood-brain barrier integrity, along with decreased microglial/immune cell
activation within the peri-infarct region, and that both of these changes could be
suppressed by cotreatment with Avastin. These results highlight the concept that
NSC-associated functional improvements are unlikely to occur via a single mecha-
nism and instead may involve simultaneous modulation of multiple endogenous
repair pathways.

Vascular Repair

Regeneration of the vascular system by localized activation of angiogenesis is one
form of endogenous repair that is correlated with improved stroke outcome [58, 59]
and has the potential for modulation by NSCs and other cell therapies. Different
types of NSCs have been shown to express trophic factors that can stimulate neovas-
cularization (angiogenesis or vasculogenesis), including VEGF, epidermal growth
factor (EGF), insulin-like growth factor 1 (IGF1), and basic fibroblast growth factor
(bFGF) [30, 60]. IC delivery of NSCs into stroke-injured rats was correlated with
increased angiogenesis or neovascularization [30, 61], and poststroke stimulation of
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neovascularization by transplanted human fetal-derived NSCs could be suppressed
by selective blockade of human VEGF [30]. Further evidence of VEGF as a key
mediator of these effects was shown by intravenous coadministration of NSCs and
recombinant VEGF [62] or IC delivery of VEGF-transfected NSCs [57] into stroke-
injured rats; both approaches led to increased vascular repair and functional recov-
ery beyond that of NSCs alone or unmodified NSCs. The trophic factors placental
growth factor and angiopoietin-1 have been identified as candidate mediators of
neovascularization by bone marrow-derived stromal cells [63—65], but their poten-
tial involvement in NSC-based therapies has not yet been elucidated.

Immunomodulation

The immune response after stroke involves both an acute phase that is associated
with injury progression and a delayed phase that can aid subsequent repair [66].
Preclinical studies suggest that IC delivery of NSCs can modulate this response in
favor of repair by reducing the number of activated microglia and macrophages that
infiltrate surviving peri-infarct tissue [28, 30, 67]. Similarly, systemic delivery of
NSCs has been shown to reduce infiltration of activated monocytes into the brain of
stroke-injured rodents, and this was correlated with reduced levels of proinflamma-
tory cytokines in the spleen and brain, including tumor necrosis factor, interferon
gamma, and interleukin-6 [68, 69]. Additional in vitro studies have shown that
NSCs can suppress T cell activation and dendritic cell maturation in a coculture
setting, and that these effects are mediated in part by NSC secretion of such immu-
nomodulatory factors as nitric oxide and prostaglandin E2 [70-72].

Brain Plasticity

Activation of brain plasticity after stroke in the form of outgrowth and remapping of
neuronal projections is correlated with improved behavioral outcome, and thought
to be a driving factor behind spontaneous recovery after stroke [73—75]. Based on
studies from our group, IC delivery of human fetal-derived NSCs augmented sev-
eral aspects of brain plasticity in stroke-injured adult rats, including remapping and
increased axonal sprouting of contralesional neurons into the ischemic hemisphere
and through the cortical thalamic and cortical spinal tracts, increased dendritic
branching in both cortical hemispheres, and increased axonal transport [29, 30].
Similarly, IC delivery of human embryonic-derived NSCs enhanced axonal sprout-
ing of contralesional neurons in a rodent model of neonatal hypoxia—ischemia [76].
Moreover, the plasticity-enhancing effects of fetal-derived NSCs could be reca-
pitulated in vitro with a primary neuron coculture system, and the use of neutral-
izing antibodies implicated SLIT and thrombospondin 1 and 2 as NSC-secreted
factors potentially driving these effects [29]. In addition, IC-transplanted human
embryonic-derived NSCs were shown to promote recruitment and/or prolifera-
tion of endogenous oligodendrocytes in the ischemic hemisphere [77], as well as
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differentiate into oligodendrocytes themselves [33, 77, 78], thus demonstrating the
potential to support or even directly participate in the myelination of newly formed
circuits.

Neurogenesis

In response to a stroke injury, endogenous NSCs residing in the subventricular zone
of the lateral ventricles can undergo proliferation and migrate to the lesion’s bound-
ary, where a small proportion become mature neurons and integrate into surviving
circuits [79-81]. In rats subject to striatal ischemic stroke, subsequent IC delivery
of human fetal-derived NSCs was correlated with increased migration and survival
of immature neurons in the infarct area [67]. However, given that the majority of
recruited cells either die or remain in an immature state upon arrival to the infarct
site [79, 82], the exact mechanisms by which injury- and cell therapy-induced neu-
rogenesis might lead to improved stroke recovery still need to be resolved and may
be more akin to various types of therapeutic paracrine signaling attributed to trans-
planted NSCs.

Integration into the Host Brain

Although an increasing number of preclinical studies suggest that transplanted
NSCs improve stroke outcome by stimulating endogenous repair through paracrine
actions, there are a growing number of reports that transplanted NSCs can function-
ally integrate into surviving host circuits, raising the question regarding the sig-
nificance of this integration. The degree to which transplanted NSCs differentiate
into neurons varies by study and NSC type, and includes ranges of 34—46 % for hu-
man fetal-derived NSCs [28, 31, 83], 40—66 % for human iPSC-derived NSCs [46,
841, and 30 % for human embryonic-derived NSCs [85]. Evidence of integration by
transplanted NSCs includes the expression of synaptic proteins [86], identification
of synapse formation with neighboring host neurons by electron microscopy [31,
77], and detection of voltage-gated sodium currents by electrophysiology [46, 77,
85]. While it is unlikely that integration into host circuits by transplanted NSCs can
account for the enhanced stroke recovery in these studies, given the delayed tim-
ing relative to stroke recovery onset, and low frequency of integration, a remaining
question is whether integrated NSCs might instead play a role in the maintenance
or progression of long-term functional recovery. And if so, what role would the in-
tegrated cells play? The original idea of simple cell replacement and replacement of
lost circuits is unlikely, given the low numbers of integrating neurons compared to
the vast number of neurons lost after stroke. A more attractive hypothesis is that the
integrating neurons influence the excitability of remaining circuits and in doing so
affect brain plasticity, which is a major component driving stroke recovery.
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Cell integration applies not only to neurons but also to astrocytes and oligoden-
drocytes that can be derived from NSCs. Astrocytes play a major role in brain plas-
ticity from coordinating brain activity with blood supply and energy, maintaining
the blood-brain barrier, to regulating synapse formation and activity [87-90]. While
transplanted NSCs have been shown to mature into astrocytes in the stroke-injured
brain [29, 77], the relevance of this to stroke recovery requires further investigation.
In addition, stroke injury often includes significant damage to white matter, indicat-
ing that strategies to replace lost oligodendrocytes and support remyelination could
be effective. Remyelination by human NSCs has been demonstrated in the injured
spinal cord of rats and mice [23, 91], and some studies have shown oligodendrocyte
differentiation by transplanted NSCs in the ischemic brain [21, 33, 77, 78].

Since its initial conception as a cell-replacement strategy, IC transplantation
of NSCs is now thought to enhance brain repair and stroke recovery via multiple
mechanisms. In the early-phase posttransplantation, it is likely that NSC paracrine
signaling plays a critical role in the activation of endogenous repair pathways, such
as plasticity, angiogenesis, immunomodulation, and neurogenesis. Subsequent to
this, the formation of physical connections between transplanted cells and surround-
ing host cells may facilitate additional recovery and/or the maintenance of enhanced
recovery. Additional preclinical studies that track long-term recovery after stroke
will be needed to increase our understanding of this. Nonetheless, an ever-growing
list of preclinical studies has shown that IC delivery of NSCs can stimulate brain
repair and improve stroke outcome and has allowed advancement into clinical trials.

Advancing to the Clinic: Progress and Remaining
Challenges

Clinical Testing of IC-based Cell Therapies for Stroke

To date, very few stroke clinical trials involving IC delivery of NSCs or other hu-
man cell types have been approved (Fig. 7.2, Table 7.1), but those that have ad-
vanced generally produced encouraging results. IC delivery of NT2-derived neural
cells became the first cell therapy to be applied to stroke, with results of the phase
I and phase II trials demonstrating the general safety of the IC delivery method and
indicating some potential for functional improvement with NT2-derived cells [15,
17, 18].

More recently, a conditionally immortalized NSC line developed by Reneuron,
CTXO0EO03, was approved for clinical testing in the UK following promising preclini-
cal safety and efficacy data [92]. The phase I open-label, single-site, dose-ascending
trial (PISCES trial) consisted of IC delivery of CTX0EO3 into male patients with
ischemic stroke 6—60 months after injury at doses of 2, 5, 10, or 20 million cells.
Results of this trial recently were presented at the European Stroke Conference,
and indicated that as of January 1, 2014, no immunological or cell-related adverse



100 G. K. Steinberg et al.

Route of Administration Cell Type
B C (6) (1 PB/BM cells (15)
1A (@) CIMS cells (8)
B IV/IA (3) I AS cells (2)
IV (20) I PD cells (20)
-.T() B NS cells (1)
B OE cells (1)

I UCB cells (5)

Total =34 Total =52

Fig. 7.2 Administration route and cell types used in stroke clinical trials. a Administration routes
used in stroke clinical trials. b Cell types used in stroke clinical trials. /C intracerebral, /4 intra-
arterial, /V intravenous, /7 intrathecal, PB/BM cell peripheral blood- or bone marrow-derived
cells, MS cells mesenchymal stromal cells, A4S cells adipose-derived stromal cells, PD cells pla-
centa-derived cells, NS cells neural stem cells, OF cells olfactory ensheathing cells, UCB cells
umbilical cord blood-derived cells

Table 7.1 Registered stroke clinical trials with IC administration of cells

1D Study phase | Cell type Administra- | Cell dose Recruitment
tion time post | (million) status
stroke

NCT02117635 | Phase 2 Human fetal | >4 weeks 20 Recruiting
cortical cells
(CTXO0E03
DP)

NCTO1151124 | Phase 1 Human fetal | 6-60 months | 2;5; 10; 20 Ongoing, not
cortical cells recruiting
(CTX0EO03
DP)

NCTO01714167 | Phase 1 Autologous 3-60 months | 24 Recruiting
bone marrow
mesenchymal
stem cells
NCT00950521 | Phase 2 Autologous 6-60 months | 2-8 Completed
peripheral
blood CD34
stem cells

NCTO01287936 | Phase 1 Modified 6-60 months | 2.5, 5, 10 Ongoing, not
Phase 2 mesenchymal recruiting
stromal cells
(SB623)

NCTO01327768 | Phase 1 Olfactory 6-60 months | 2-8 Unknown
ensheathing
cells
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events were observed in any of the 11 patients treated with CTXO0EO3. Further,
CTXOEO3-treated patients exhibited functional improvements at 1 month and 1
year postimplantation [93]. Based on these encouraging results, a phase II trial was
recently approved to include up to 41 patients treated with CTX0E03 8-12 weeks
post stroke. It is expected that this earlier treatment timing better reflects the op-
timal therapeutic window of CTXO0EO03, which will be assessed by multiple func-
tional outcome measures up to 6 months posttreatment (www.reneuron.com).

While CTXO0EO3 is the only IC-administered NSC product currently in clinical
testing for stroke, IC delivery of mesenchymal stromal cells (MSCs) is also being
clinically tested. SanBio completed the first North American stroke clinical trial to
utilize IC delivery of MSCs, specifically testing the human MSC line, SB623. Fol-
lowing confirmation of the safety and efficacy of SB623 in preclinical stroke [94],
SanBio initiated a phase II/phase Ila clinical trial testing SB623 delivered IC 660
months after ischemic stroke at doses of 2.5, 5, and 10 million cells. Results of
this trial recently were presented at the International Stroke Conference and West-
ern Neurosurgical Society, and indicated that as of September 2014, no cell-related
adverse events were observed in any of the 18 patients treated with SB623. Three
measures of efficacy (NIHSS, ESS, Fugl-Meyer) all demonstrated a statistically
significant improvement at 6 months after treatment that continued during follow
up to a year. Two patients showed remarkable improvement in their motor (2) and
language function (1) within 24 h of surgery, effects which have been sustained
during follow-up of 32 and 16 months [95, 96]. Although the mechanisms under-
lying the functional improvements noted in this trial are not fully defined, these
results suggest that the IC cell-transplant surgery can have early beneficial effects
on chronic stroke outcome that may persist in the long term.

Remaining Challenges for Clinical Translation

Scaling Up to Meet Clinical Demand

As we continue to explore the potential of NSCs and IC administration as thera-
peutic strategies for stroke, several challenges remain. First, to meet the demand
of the increasingly high number of stroke cases that occur each year (estimated
795,000 new or recurrent stroke cases annually in the USA [97]), improved meth-
ods for large-scale production of clinical-grade NSCs must be established. While
embryonic-derived NSCs or immortalized cell lines may be the best option for this,
given the virtually unlimited scalability of the starting material, they may also pose
the greatest safety risk due to the potential for undifferentiated cells to persist in the
final product and undergo tumorigenesis or ectopic tissue formation in vivo, par-
ticularly when transplanted into the stroke-injured brain [98, 99]. Similarly, though
iPSC technologies may ultimately allow reasonable scalability of patient-specific
NSCs from a more ethically acceptable source, they will also require strategies to
address any undifferentiated cells that remain in the final product [98, 100], as well
as the carryover of aberrant genetic or epigenetic changes that can accumulate in
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aged somatic cells. Alternatively, fetal-derived NSCs pose less tumorigenic risk,
but their scalability is more limited, both by the relative availability of appropriate
fetal starting material and the extent to which intermediate precursors or the final
NSC product can be expanded in vitro. Because extended time in culture can alter
a cell’s phenotype and even lead to chromosomal abnormalities, any efforts to scale
up NSC production will require careful monitoring of karyotypic stability, as well
as the specific molecular signatures that determine an NSC product’s clinical re-
lease criteria (California Institute for Regenerative Medicine (CIRM) Disease Team
Grant DR1 01480) [40].

Defining Clinical Release Criteria

A second major challenge faced by NSC and non-NSC cell therapies is the need
to adequately characterize the final cell product, including quantitative measures
of cell identity, purity, and any potential impurities (California Institute for Regen-
erative Medicine (CIRM) Disease Team Grant DR1 01480) [40]. Together, these
measures define key elements of the release criteria that determine the consistency
and clinical eligibility of each manufactured lot for a given cell-therapy product.
Establishing appropriate quantitative measures of cell identity and purity remains
difficult for NSCs, given that surface proteins and intracellular markers typically
associated with NSCs either are expressed only transiently during differentiation or
are also expressed by other cell types. Use of multiple identity/purity markers can
help overcome these limitations, but also can increase the risk of a failed manufac-
turing run if any of the predetermined release criteria are not met. Furthermore, to
ensure safety of an NSC product, its release criteria must also include appropriate
impurity markers indicative of unwanted cell types, with acceptable impurity levels
ideally based on preclinical studies where the known impurity is spiked into the
NSC product at increasing levels and tested for its relative impact on safety. In the
case of embryonic- and iPSC-derived NSCs, residual pluripotent cells represent
the most concerning type of impurity given their known tumorigenic potential [98,
99], and pluripotency markers such as Oct4, Tra-1-60, and SSEA-4 often are used
to detect these cells.

In addition, a detailed understanding of the production/derivation process is
necessary to identify any other unwanted cell types that might arise and persist in
the final product. An example of this was seen with the first ever clinical trial to
test a human embryonic-derived cell therapy, which consisted of embryonic-derived
oligodendrocyte progenitor cells (OPCs) developed by Geron Corporation as a direct
intraparenchymal spinal treatment for patients with subacute thoracic spinal cord
injury. Prior to its initiation, the trial was put on temporary hold after preclinical safe-
ty studies indicated the presence of microscopic epithelial cysts in some rats treated
with the OPCs [101], thus indicating that this type of NSC product may require detec-
tion or removal of epithelial impurities as part of the manufacturing process. Based
on a favorable safety profile with the five patients treated to date, it was recently
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announced that this OPC product, since acquired by Asterias Biotherapeutics, Inc.,
will advance into a phase I/phase Ila dose escalation study for patients with subacute
cervical spinal cord injury (www.asteriasbiotherapeutics.com).

In Vivo Functional Profiling of Transplanted NSCs

Based on guidelines provided by the US Food and Drug Administration (FDA), the
development of candidate NSC products must include extensive preclinical testing
to sufficiently characterize key functional properties posttransplantation, including
their proliferative capacity, differentiation potential, and putative mechanism(s) of
action [40, 102]. The proliferative capacity of an NSC product for stroke is an im-
portant aspect of its safety profile, as unrestricted growth could lead to transplanted
cells spreading beyond the intended graft site or even tumorigenesis. However, most
preclinical stroke studies with NSCs indicate very low posttransplant survival and
proliferation [21, 31, 51, 52]. Efforts to enhance this, such as hypoxia precondition-
ing [37, 103] or coadministration of NSCs with some kind of structural support ma-
trix [104, 105], may improve efficacy of NSCs, particularly for large stroke lesions,
but whether this will also increase the tumorigenic risk remains to be determined.

As discussed in “Mechanisms of Action for Transplanted NSCs in Stroke,”
maximizing the efficacy of NSCs in stroke requires an in-depth understanding of
how transplanted NSCs act in the host brain to promote recovery, including their
capacity to survive, differentiate, integrate into the host brain, and stimulate endog-
enous repair through paracrine signaling. For example, the in vivo secretion profile
of transplanted NSCs remains largely unknown, but such knowledge could guide
development of optimized NSCs that express higher levels of active paracrine fac-
tors or enrichment strategies used to purify active subpopulation(s) from an NSC
product. It is widely accepted that NSCs are heterogeneous, and this may be advan-
tageous especially if multiple cell types (e.g., neurons, astrocytes, and oligodendro-
cytes) are required for efficacy. However, if only a certain subpopulation of cells is
required (e.g., VEGF-expressing cells or neuronal precursors) then enrichment for
this active suppopulation could increase the “effective dose” of the cells.

An understanding of the mechanisms by which transplanted NSCs modulate
brain repair and promote stroke recovery will also help optimize the location of
transplantation and define the optimal temporal therapeutic window post stroke.
Furthermore, understanding what elements of endogenous repair are affected by
transplanted NSCs offers the potential for surrogate markers of clinical efficacy
that could be included in clinical trial design. For example, if NSCs are expected
to augment brain plasticity, treatment might be coupled with noninvasive monitor-
ing of host fiber tract integrity using diffusion tensor magnetic resonance imaging.
Finally, an understanding of in vivo activity can lead to the development of in vitro
potency assays that can be used to screen new NSC products and assess lot-to-lot
consistency during NSC manufacturing, both of which would facilitate the transla-
tion of NSC therapy to the clinic.
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Additional Considerations for IC delivery of NSCs after Stroke

In addition to the challenges associated with developing a safe and effective NSC
product, there are also questions regarding the relative safety of IC administration
and the use of immunosuppressant drugs in stroke-injured patients. Although the
majority of preclinical studies have assessed IC delivery of NSCs during the first
week post stroke (corresponding to the acute/sub-acute phase), this timing likely
poses the greatest risk for surgical complications during IC administration, includ-
ing increased hemorrhage or neuroinflammation. In addition, the acute/subacute
phase post stroke can involve significant endogenous immunosuppression and in-
creased risk of sepsis [7], thus presenting an additional challenge for allogenic NSC
therapies. To address these concerns, future studies should focus on IC delivery of
NSCs during the chronic phase after stroke, as well as improving methods for gen-
erating NSCs with reduced immunogenicity or autologous NSCs, including induced
reprogramming technologies. Progress in these realms as well as those discussed
above will be critical to advancing new NSC therapies to the clinic, which will
determine, ultimately, whether IC delivery of NSCs can successfully reverse the
functional impairments caused by stroke.

Acknowledgments This chapter was supported in part by funding from California Institute for
Regenerative Medicine (CIRM) grant DR1-01480, Bernard and Ronni Lacroute, the William Ran-
dolph Hearst Foundation, and Russell and Elizabeth Siegelman (to GKS). Figure 7.1 was reprinted
with the publisher’s permission from Andres, R. H., N. Horie, et al. (2011) ([29]).“Human neural
stem cells enhance structural plasticity and axonal transport in the ischaemic brain.” Brain 134(Pt
6): 1777-1789. We thank Cindy Samos for assistance with the manuscript.

References

1. Olson L, Seiger A, et al. Intraocular transplantation in rodents: a detailed account of the
procedure and examples of its use in neurobiology with special reference to brain tissue
grafting. Adv Cell Neurobiol. 1983;4:407—42.

2. Perlow MJ, Freed W], et al. Brain grafts reduce motor abnormalities produced by destruction
of nigrostriatal dopamine system. Science. 1979;204(4393):643-7.

3. Lindvall O, Rehncrona S, et al. Human fetal dopamine neurons grafted into the striatum in two
patients with severe Parkinson’s disease. A detailed account of methodology and a 6-month
follow-up. Arch Neurol. 1989;46(6):615-31.

4. Madrazo I, Leon V, et al. Transplantation of fetal substantia nigra and adrenal medulla to the
caudate nucleus in two patients with Parkinson’s disease. N Engl J Med. 1988;318(1):51.

5. Lindvall O, Brundin P, et al. Grafts of fetal dopamine neurons survive and improve motor
function in Parkinson’s disease. Science. 1990;247(4942):574-7.

6. Peschanski M, Defer G, et al. Bilateral motor improvement and alteration of L-dopa effect in
two patients with Parkinson’s disease following intrastriatal transplantation of foetal ventral
mesencephalon. Brain. 1994;117(3):487-99.

7. Dirnagl U, Iadecola C, et al. Pathobiology of ischaemic stroke: an integrated view. Trends
Neurosci. 1999;22(9):391-7.

8. Polezhaev LV, Alexandrova MA. Transplantation of embryonic brain tissue into the brain of
adult rats after hypoxic hypoxia. J Hirnforsch. 1984;25(1):99-106.



7 Neural Stem Cells in Stroke: Intracerebral Approaches 105

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Polezhaev LV, Alexandrova MA, et al. Morphological, biochemical and physiological
changes in brain nervous tissue of adult intact and hypoxia-subjected rats after transplantation
of embryonic nervous tissue. J Hirnforsch. 1985;26(3):281-9.

Polezhaev LV, Alexandrova MA, et al. Normalization of dystrophic brain cortex neurons
after hypoxia and transplantation of embryonic nervous tissue in rats. J Hirnforsch.
1986;27(5):501-13.

Hadani M, Freeman T, et al. Fetal cortical cells survive in focal cerebral infarct after permanent
occlusion of the middle cerebral artery in adult rats. J Neurotrauma. 1992;9(2):107—12.
Aihara N, Mizukawa K, et al. Striatal grafts in infarct striatopallidum increase GABA release,
reorganize GABAA receptor and improve water-maze learning in the rat. Brain Res Bull.
1994;33(5):483-8.

Andrews PW. Retinoic acid induces neuronal differentiation of a cloned human embryonal
carcinoma cell line in vitro. Dev Biol. 1984;103(2):285-93.

Borlongan CV, Tajima Y, et al. Cerebral ischemia and CNS transplantation: differential
effects of grafted fetal rat striatal cells and human neurons derived from a clonal cell line.
Neuroreport. 1998;9(16):3703-9.

Kondziolka D, Wechsler L, et al. Transplantation of cultured human neuronal cells for
patients with stroke. Neurology. 2000;55(4):565-9.

Nelson PT, Kondziolka D, et al. Clonal human (hNT) neuron grafts for stroke therapy:
neuropathology in a patient 27 months after implantation. Am J Pathol. 2002;160(4):1201-6.
Stilley CS, Ryan CM, et al. Changes in cognitive function after neuronal cell transplantation
for basal ganglia stroke. Neurology. 2004;63(7):1320-2.

Kondziolka D, Steinberg GK, et al. Neurotransplantation for patients with subcortical motor
stroke: a phase 2 randomized trial. ] Neurosurg. 2005;103(1):38-45.

Reynolds BA, Weiss S. Generation of neurons and astrocytes from isolated cells of the adult
mammalian central nervous system. Science. 1992;255(5052):1707-10.

Aubry L, Bugi A, et al. Striatal progenitors derived from human ES cells mature into
DARPP32 neurons in vitro and in quinolinic acid-lesioned rats. Proc Natl Acad Sci U S A.
2008;105(43):16707-12.

Daadi MM, Maag AL, et al. Adherent self-renewable human embryonic stem-cell-derivedd
neural stem cell line: functional engraftment in experimental stroke model. PLoS ONE.
2008;3(2):e1644.

Li XJ, Du ZW, et al. Specification of motoneurons from human embryonic stem cells. Nat
Biotechnol. 2005;23(2):215-21.

Nistor GI, Totoiu MO, et al. Human embryonic stem cells differentiate into oligodendrocytes
in high purity and myelinate after spinal cord transplantation. Glia. 2005;49(3):385-96.
Perrier AL, Tabar V, et al. Derivation of midbrain dopamine neurons from human embryonic
stem cells. Proc Natl Acad Sci U S A. 2004;101(34):12543-8.

Svendsen CN, ter Borg MG, et al. A new method for the rapid and long term growth of human
neural precursor cells. J Neurosci Methods. 1998;85(2):141-52.

Thomson JA, Itskovitz-Eldor J, et al. Embryonic stem cell lines derived from human
blastocysts. Science. 1998;282(5391):1145-7.

Zhang SC, Wernig M, et al. In vitro differentiation of transplantable neural precursors from
human embryonic stem cells. Nat Biotechnol. 2001;19(12):1129-33.

Kelly S, Bliss TM, et al. Transplanted human fetal neural stem cells survive, migrate, and
differentiate in ischemic rat cerebral cortex. Proc Natl Acad Sci U S A. 2004;101(32):
11839-44.

Andres RH, Horie N, et al. Human neural stem cells enhance structural plasticity and axonal
transport in the ischaemic brain. Brain. 2011;134(6):1777-89.

Horie N, Pereira MP, et al. Transplanted stem-cell-secreted vascular endothelial growth
factor effects poststroke recovery, inflammation, and vascular repair. Stem Cells. 2011;29(2):
274-85.

Ishibashi S, Sakaguchi M, et al. Human neural stem/progenitor cells, expanded in long-term
neurosphere culture, promote functional recovery after focal ischemia in Mongolian gerbils.
J Neurosci Res. 2004;78(2):215-23.



106

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

G. K. Steinberg et al.

Selden NR, Al-Uzri A, et al. Central nervous system stem cell transplantation for children
with neuronal ceroid lipofuscinosis. J Neurosurg Pediatr. 2013;11(6):643-52.

Hicks AU, Lappalainen RS, et al. Transplantation of human embryonic stem-cell-derived
neural precursor cells and enriched environment after cortical stroke in rats: cell survival and
functional recovery. Eur J Neurosci. 2009;29(3):562—74.

Tkeda R, Kurokawa MS, et al. Transplantation of neural cells derived from retinoic acid-
treated cynomolgus monkey embryonic stem cells successfully improved motor function of
hemiplegic mice with experimental brain injury. Neurobiol Dis. 2005;20(1):38—48.

Jin K, Mao X, et al. Delayed transplantation of human neural precursor cells improves
outcome from focal cerebral ischemia in aged rats. Aging Cell. 2010;9(6):1076-83.

Jin K, Xie L, et al. Effect of human neural precursor cell transplantation on endogenous
neurogenesis after focal cerebral ischemia in the rat. Brain Res. 2011;1374:56-62.

Theus MH, Wei L, et al. In vitro hypoxic preconditioning of embryonic stem cells as a strategy
of promoting cell survival and functional benefits after transplantation into the ischemic rat
brain. Exp Neurol. 2008;210(2):656-70.

Takahashi K, Yasuhara T, et al. Embryonic neural stem cells transplanted in middle cerebral
artery occlusion model of rats demonstrated potent therapeutic effects, compared to adult
neural stem cells. Brain Res. 2008;1234:172-82.

Daadi MM, Steinberg GK. Manufacturing neurons from human embryonic stem cells:
biological and regulatory aspects to develop a safe cellular product for stroke cell therapy.
Regen Med. 2009;4(2):251-63.

Steinberg GK, Carmichael ST, et al. Embryonic-derived neural stem cells for treatment of
motor sequelae following sub-cortical stroke, California Institute for Regenerative Medicine
(CIRM) DR1-01480. 2010.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and
adult fibroblast cultures by defined factors. Cell. 2006;126(4):663-76.

Takahashi K, Tanabe K, et al. Induction of pluripotent stem cells from adult human fibroblasts
by defined factors. Cell. 2007;131(5):861-72.

Sareen D, Gowing G, et al. Human induced pluripotent stem cells are a novel source of neural
progenitor cells (iNPCs) that migrate and integrate in the rodent spinal cord. J Comp Neurol.
2014;522(12):2707-28.

Chang DJ, Lee N, et al. Therapeutic potential of human induced pluripotent stem cells in
experimental stroke. Cell Transplant. 2013;22(8):1427-40.

Gomi M, Takagi Y, et al. Functional recovery of the murine brain ischemia model using
human induced pluripotent stem-cell-derived telencephalic progenitors. Brain Res.
2012;1459:52-60.

Oki K, Tatarishvili J, et al. Human-induced pluripotent stem cells form functional neurons
and improve recovery after grafting in stroke-damaged brain. Stem Cells. 2012;30(6):
1120-33.

Polentes J, Jendelova P, et al. Human induced pluripotent stem cells improve stroke outcome
and reduce secondary degeneration in the recipient brain. Cell Transplant. 2012;21(12):
2587-602.

Chau M, Deveau TC, et al. iPS cell transplantation increases regeneration and functional
recovery after ischemic stroke in neonatal rats. Stem Cells. 2014;32(12):3075-87.

Pang ZP, Yang N, et al. Induction of human neuronal cells by defined transcription factors.
Nature. 2011;476(7359):220-3.

Yamashita T, Abe K. Direct reprogrammed neuronal cells as a novel resource for cell
transplantation therapy. Cell Transplant. 2014;23(4-5):435-9.

Englund U, Bjorklund A, et al. Grafted neural stem cells develop into functional
pyramidal neurons and integrate into host cortical circuitry. Proc Natl Acad Sci U S A.
2002;99(26):17089-94.

Song HJ, Stevens CF, et al. Neural stem cells from adult hippocampus develop essential
properties of functional CNS neurons. Nat Neurosci. 2002;5(5):438-45.



7 Neural Stem Cells in Stroke: Intracerebral Approaches 107

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Guzman R. Cellular stroke therapy: from cell replacement to trophic support. Expert Rev
Cardiovasc Ther. 2009;7(10):1187-90.

Lu P, Jones LL, et al. Neural stem cells constitutively secrete neurotrophic factors and promote
extensive host axonal growth after spinal cord injury. Exp Neurol. 2003;181(2):115-29.

Yan J, Welsh AM, et al. Differentiation and tropic/trophic effects of exogenous neural
precursors in the adult spinal cord. J] Comp Neurol. 2004;480(1):101-14.

Zhang YW, Denham J, et al. Oligodendrocyte progenitor cells derived from human embryonic
stem cells express neurotrophic factors. Stem Cells Dev. 2006;15(6):943-52.

Zhu W, Mao Y, et al. Transplantation of vascular endothelial growth factor-transfected neural
stem cells into the rat brain provides neuroprotection after transient focal cerebral ischemia.
Neurosurgery. 2005;57(2):325-33 (discussion 325-333).

Arai K, Jin G, et al. Brain angiogenesis in developmental and pathological processes:
neurovascular injury and angiogenic recovery after stroke. FEBS J. 2009;276(17):4644-52.
Krupinski J, Kaluza J, et al. Role of angiogenesis in patients with cerebral ischemic stroke.
Stroke. 1994;25(9):1794-8.

Hicks C, Stevanato L, et al. In vivo and in vitro characterization of the angiogenic effect of
CTXO0EO03 human neural stem cells. Cell Transplant. 2013;22(9):1541-52.

Jiang Q, Zhang ZG, et al. Investigation of neural progenitor cell induced angiogenesis after
embolic stroke in rat using MRI. Neuroimage. 2005;28(3):698-707.

Chu K, Park KI, et al. Combined treatment of vascular endothelial growth factor and human
neural stem cells in experimental focal cerebral ischemia. Neurosci Res. 2005;53(4):384-90.
Liu H, Honmou O, et al. Neuroprotection by PIGF gene-modified human mesenchymal stem
cells after cerebral ischaemia. Brain. 2006;129(10):2734-45.

Onda T, Honmou O, et al. Therapeutic benefits by human mesenchymal stem cells (hMSCs)
and Ang-1 gene-modified hMSCs after cerebral ischemia. J Cereb Blood Flow Metab.
2008;28(2):329-40.

Toyama K, Honmou O, et al. Therapeutic benefits of angiogenetic gene-modified human
mesenchymal stem cells after cerebral ischemia. Exp Neurol. 2009;216(1):47-55.

Lo EH. A new penumbra: transitioning from injury into repair after stroke. Nat Med.
2008;14(5):497-500.

Mine Y, Tatarishvili J, et al. Grafted human neural stem cells enhance several steps of
endogenous neurogenesis and improve behavioral recovery after middle cerebral artery
occlusion in rats. Neurobiol Dis. 2013;52:191-203.

Bacigaluppi M, Pluchino S, et al. Delayed post-ischaemic neuroprotection following systemic
neural stem cell transplantation involves multiple mechanisms. Brain. 2009;132(8):2239-51.
Lee ST, Chu K, et al. Anti-inflammatory mechanism of intravascular neural stem cell
transplantation in haemorrhagic stroke. Brain. 2008;131(3):616-29.

Pluchino S, Gritti A, et al. Human neural stem cells ameliorate autoimmune encephalomyelitis
in non-human primates. Ann Neurol. 2009;66(3):343-54.

Shahbazi M, Kwang TW, et al. Inhibitory effects of neural stem-cell-derived from human
embryonic stem cells on differentiation and function of monocyte-derived dendritic cells. J
Neurol Sci. 2013;330(1-2):85-93.

Wang L, Shi J, et al. Neural stem/progenitor cells modulate immune responses by suppressing
T lymphocytes with nitric oxide and prostaglandin E2. Exp Neurol. 2009;216(1):177-83.
Benowitz LI, Carmichael ST. Promoting axonal rewiring to improve outcome after stroke.
Neurobiol Dis. 2010;37(2):259—-66.

Carmichael ST. Cellular and molecular mechanisms of neural repair after stroke: making
waves. Ann Neurol. 2006;59(5):735-42.

Liu Z, Zhang RL, et al. Remodeling of the corticospinal innervation and spontaneous
behavioral recovery after ischemic stroke in adult mice. Stroke. 2009;40(7):2546-51.

Daadi MM, Davis AS, et al. Human neural stem cell grafts modify microglial response and
enhance axonal sprouting in neonatal hypoxic-ischemic brain injury. Stroke. 2010;41(3):
516-23.



108

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

G. K. Steinberg et al.

Daadi MM, Li Z, et al. Molecular and magnetic resonance imaging of human embryonic
stem-cell-derived neural stem cell grafts in ischemic rat brain. Mol Ther. 2009;17(7):
1282-91.

Takagi Y, Nishimura M, et al. Survival and differentiation of neural progenitor cells
derived from embryonic stem cells and transplanted into ischemic brain. J Neurosurg.
2005;103(2):304-10.

Arvidsson A, Collin T, et al. Neuronal replacement from endogenous precursors in the adult
brain after stroke. Nat Med. 2002;8(9):963-70.

Jin K, Minami M, et al. Neurogenesis in dentate subgranular zone and rostral subventricular
zone after focal cerebral ischemia in the rat. Proc Natl Acad Sci U S A. 2001;98(8):
4710-5.

Kernie SG, Parent JM. Forebrain neurogenesis after focal Ischemic and traumatic brain
injury. Neurobiol Dis. 2010;37(2):267-74.

Zhang RL, Chopp M, et al. Patterns and dynamics of subventricular zone neuroblast migration
in the ischemic striatum of the adult mouse. J Cereb Blood Flow Metab. 2009;29(7):1240-50.
Darsalia V, Kallur T, et al. Survival, migration and neuronal differentiation of human fetal
striatal and cortical neural stem cells grafted in stroke-damaged rat striatum. Eur J Neurosci.
2007;26(3):605—-14.

Jensen MB, Yan H, et al. Survival and differentiation of transplanted neural stem-cell-derived
from human induced pluripotent stem cells in a rat stroke model. J Stroke Cerebrovasc Dis.
2013;22(4):304-8.

Buhnemann C, Scholz A, et al. Neuronal differentiation of transplanted embryonic stem-cell-
derived precursors in stroke lesions of adult rats. Brain. 2006;129(12):3238-48.

Toda H, Takahashi J, et al. Grafting neural stem cells improved the impaired spatial
recognition in ischemic rats. Neurosci Lett. 2001;316(1):9-12.

Allen NJ, Barres BA. Signaling between glia and neurons: focus on synaptic plasticity. Curr
Opin Neurobiol. 2005;15(5):542-8.

Chen Y, Swanson RA. Astrocytes and brain injury. J Cereb Blood Flow Metab.
2003;23(2):137-49.

Lok J, Gupta P, et al. Cell-cell signaling in the neurovascular unit. Neurochem Res.
2007;32(12):2032-45.

Panickar KS, Norenberg MD. Astrocytes in cerebral ischemic injury: morphological and
general considerations. Glia. 2005;50(4):287-98.

Cummings BJ, Uchida N, et al. Human neural stem cells differentiate and promote locomotor
recovery in spinal cord-injured mice. Proc Natl Acad Sci U S A. 2005;102(39):14069-74.
Stroemer P, Hope A, et al. Development of a human neural stem cell line for use in recovery
from disability after stroke. Front Biosci. 2008;13:2290-2.

Kalladka D, Sinden J, et al. PISCES—a phase I trial of CTX0E03 human neural stem cells in
ischaemic stroke: interim results. European Stroke Conference. Nice, France. 2014.
Yasuhara T, Matsukawa N, et al. Notch-induced rat and human bone marrow stromal cell
grafts reduce ischemic cell loss and ameliorate behavioral deficits in chronic stroke animals.
Stem Cells Dev. 2009;18(10):1501-14.

Steinberg GK, Kondziolka D, et al. A novel phase 1/2A study of intraparenchymal
transplantation of human modified bone marrow derived cells in patients with stable ischemic
stroke. Int Stroke Conf San Diego CA. 2014a;45:A149.

Steinberg GK, Kondziolka D, et al. A novel phase 1/2A study of intraparenchymal
transplantation of human modified bone marrow derived cells in patients with stable ischemic
stroke. Annu Meet West Neurosurg Soc Progr Sun Valley Idaho. 2014b;60:30.

Go AS, Mozaffarian D, et al. Heart disease and stroke statistics-2014 update: a report from
the American Heart Association. Circulation. 2014;129(3):e28—¢92.

Ben-David U, Benvenisty N. The tumorigenicity of human embryonic and induced pluripotent
stem cells. Nat Rev Cancer. 2011;11(4):268-77.

Seminatore C, Polentes J, et al. The postischemic environment differentially impacts
teratoma or tumor formation after transplantation of human embryonic stem-cell-derived
neural progenitors. Stroke. 2010;41(1):153-9.



7 Neural Stem Cells in Stroke: Intracerebral Approaches 109

100.

101.

102.

103.

104.

105.

Kawai H, Yamashita T, et al. Tridermal tumorigenesis of induced pluripotent stem cells
transplanted in ischemic brain. J Cereb Blood Flow Metab. 2010;30(8):1487-93.
Chapman AR, Scala CC. Evaluating the first-in-human clinical trial of a human embryonic
stem-cell-derived therapy. Kennedy Inst Ethics J. 2012;22(3):243-61.

Bailey AM, Mendicino M, et al. An FDA perspective on preclinical development of cell-
based regenerative medicine products. Nat Biotechnol. 2014;32(8):721-3.

Sart S, Ma T, et al. Preconditioning stem cells for in vivo delivery. Biores Open Access
2014;3(4):137-149.

Bible E, Qutachi O, et al. Neo-vascularization of the stroke cavity by implantation
of human neural stem cells on VEGF-releasing PLGA microparticles. Biomaterials.
2012;33(30):7435-46.

Wong FS, Chan BP, et al. Carriers in cell-based therapies for neurological disorders. Int J
Mol Sci. 2014;15(6):10669-723.



Chapter 8
The CTX Human Neural Stem Cell Line and
the PISCES Stroke Trial

Keith W. Muir and John D. Sinden

Background

Neural stem cells (NSCs) are multipotent cells derived from the developing or adult
brain that have the capacity to undergo repeated cell division and to make identical
copies of themselves under specific culture conditions. Depending on their environ-
ment, cells will undergo differentiation to neurons, astrocytes and oligodendrocytes
in variable proportions, after initial growth arrest [1]. Most adult stem cells are inef-
ficient at generating functional differentiated cells in vivo; however, they are able to
provide paracrine, trophic and immune system support for endogenous repair mech-
anisms, stimulating angiogenesis and neurogenesis that may be more pertinent to
their regenerative properties than cell replacement [2]. Cells are attracted to regions
of damage or inflammation by chemokine or other immune signalling, and the ex-
istence of this “niche” appears key to adult stem cell survival in recipients. Clinical
trials in stroke have targeted predominantly acute and subacute patients, when po-
tential mechanisms of cell therapy effects are likely to include alteration of the brain
environment, and influence over some mechanisms of secondary injury or early
regeneration such as apoptosis, reactive angiogenesis, inflammatory cell infiltration
and immunological response, all of which are relevant to known actions of NSCs
[3-5]. In contrast, stem cells administered in the chronic stages (weeks, months or
years) after stroke enter a very different cellular niche, and credible mechanisms of
action at these late stages are likely to be dependent on neurogenesis, angiogenesis,
growth factor secretion, cell differentiation and engraftment [6—8]. These mecha-
nisms have been studied overwhelmingly in animal models of stroke that are likely
to offer some, but not all insights into the clinical situation.
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Previous Clinical Studies in Stroke

Implantation of cells from a range of sources including NSCs derived from neu-
ral tissues or differentiated from pluripotent cells such as embryonic stem cells or
induced pluripotent stem cells, as well as cord blood-derived cells, mesenchymal
stem cells, peripheral blood mononuclear cells (MNCs), adipose tissue-derived
cells and cells derived from menstrual blood have promoted recovery of neurologi-
cal function in animal models of stroke [4, 6, 9, 10]. Selected cells from bone mar-
row, identified based on surface markers such as CD34+, aldehyde dehydrogenase
enzyme activity (ALDH+) or genetically modified Notch-1 activated mesenchy-
mal stromal cells (MSCs), have all shown promise in preclinical studies and some
are being developed as proprietary cell therapy products. The heterogeneity of cell
sources and the very limited degree (or indeed complete absence) of cell survival
and engraftment for many cell types [11] suggests strongly that cell replacement
is not the main mechanism of therapeutic benefit, and has prompted the search for
potential alternative mechanisms of action.

In distinction to autologous cell approaches that take cells from bone marrow,
adipose tissue or similar sources, with uncertain yield, and inevitable delays from
sampling to dosing if culture expansion is undertaken, an allogeneic cell product
carries the hypothetical advantages of immediate availability, suitability for all pa-
tients and predictable dosing. Significant technical challenges include achievement
of manufacturing standards, characterising potency and quality assurance to guar-
antee a consistent and stable therapeutic product.

Neural Stem Cells

Mode of Administration

A number of previous investigations have explored safety and efficacy of cere-
bral implantation of cellular therapies in both animal models and small clinical
trials [12—15]. Studies in healthy animals indicated that brain implantation of hu-
man neuron-like teratocarcinoma-derived (hNT) cells appears to be safe [16] and
formed the basis for clinical studies of these cells in patients with chronic stroke.
Safety and feasibility of the stereotaxic implantation of two or six million hNT cell
doses (60 and 180 pL, respectively) was initially demonstrated in 12 patients [14].
There were no reports of cell-related adverse events. Postmortem examination of a
patient, who died of an unrelated illness, identified implanted cells at the injection
site 27 months after the implantation but found no signs of inflammation, neoplasia
or infection [17]. In the initial open label study, 50 % of participants had evidence
of neurological improvement by using summated scores on the European Stroke
Scale over a time period of 6 months. In a subsequent phase 2 randomised clinical
trial, also involving the stereotaxic implantation of five or ten million hNT cells
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in 250 pL total volume, there were no safety issues in 25 patients with subcortical
stroke resulting in motor deficits [15]. Some improvement in the Barthel Index (BI)
of Activities of Daily Living (ADL) was reported by some patients; however, no
significant improvement was found in motor function.

Development of CTX, a Human Neural Stem Cell Line

Somatic or lineage-restricted stem cells may be derived from human fetal tissue, but
their therapeutic use is limited by tissue availability and variable purity or quality of
cell product. Several approaches for the development of NSCs as therapeutics have
been adopted. HUCNS-SC (developed by Stem Cells Inc. Palo Alto CA, USA) pro-
vides an example of a neural stem product which has been successfully expanded
from isolated fetal somatic stem cells in culture [18]. A phase 1 clinical trial of
intracerebral implants of HUCNS-SC in fatal paediatric Batten disease has been
completed, with no treatment-related safety concerns reported, and trials are ongo-
ing in Pelizacus—Merzbacher disease, spinal cord injury and age-related macular
degeneration (www.stemcellsinc.com).

In order to overcome the problem of cell senescence of expanded cell populations
from fetal stem cells in culture and through a manufacturing process, immortaliz-
ing genes can be inserted into NSCs. This approach was taken by ReNeuron in the
development of CTX, a human fetal-derived neural stem cell line, genetically modi-
fied by insertion of a single copy of the c-myc gene fused with a modified oestro-
gen receptor [19, 20]. The ¢-MycER™M protein enables cell cloning and increased
cell proliferation as well as extending stable growth of the cells by upregulation of
telomerase activity. The activity of the fusion protein is regulated by the addition of
40HT to the culture media, enabling translocation of the fusion protein to the cell
nucleus. The history of the development of ReNeuron’s ¢c-MycER™M neural stem
cell lines has been outlined previously [21]. CTX was identified following in vitro
and in vivo screening of a range of cell lines as having potential to differentiate into
relevant cell lineages. The c-mycER™M technology allows CTX cells to undergo
stable large-scale expansion and manufacture under current good manufacturing
practice (¢cGMP) conditions in much the same way as a conventional biopharma-
ceutical agent, and that can be stored frozen in liquid nitrogen. The resultant CTX
“Drug Product” (CTX-DP) is a manufactured cell line composed of CTX cells at a
passage of <37 following conditional immortalization with c-mycER™Mtechnology
[19]. The active DP is a suspension of living cells formulated in sterile buffer suit-
able for intracranial administration using stereotaxic techniques.

Cell banking of the CTX cell line was undertaken early in the development
program to ensure that all pivotal preclinical safety and efficacy studies would be
conducted using the same DP material, which will in due course be used for any
subsequent clinical trials and any authorised or marketed product. CTX will not
need to be re-derived, as sufficient vials are available at every level of the manufac-
turing process to enable essentially limitless manufacture. Robotic automation of
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the CTX manufacturing process has also been demonstrated [22], further validating
the potential of this cell line to be efficiently and safely scaled at a reasonable cost
of goods.

Non-clinical Studies

Efficacy testing for cell therapies, as for other therapies being developed in isch-
aemic stroke, generally relies on rodent models of focal ischaemia. Middle cere-
bral artery occlusion (MCAo0) in the rat is the most widely used and best char-
acterised animal model of ischaemic stroke, albeit one that has been challenged
on the grounds that no therapeutic strategy has yet been translated successfully
to the clinic from this model system (although some successful clinical thera-
pies have also demonstrated efficacy when evaluated in animal models, providing
some reverse translational validation) [23-25]. Animals with MCAo are affected
in the same anatomical location (i.e. basal ganglia and sensorimotor cortex) as
humans with an ischaemic MCA territory stroke, producing the same core func-
tional deficits such as unilateral paralysis, sensory dysfunction and visuospatial
neglect. Rodent MCAo models of stroke do not generally attempt to reproduce the
heterogeneity of human stroke, but rather offer a model system that recapitulates
certain key aspects of stroke pathophysiology in order to allow early investiga-
tion of potential therapeutic agents with minimal sample size, reproducible in
different laboratories, and thus affording sufficient evidence of potential efficacy
to justify translation to the clinical environment. MCAo initially produces severe
gross neurological dysfunction; most early dysfunctions resolve spontaneously
within days to weeks [26]. However, spontaneous early improvement confounds
attempts to measure treatment-related recovery (the clinical correlate of which
represents a substantial hurdle for phase II trials). Certain behavioural tests dem-
onstrate persistent dysfunction that does not spontaneously resolve, including bi-
lateral asymmetry, the Morris water maze and rotameter testing [27]. A battery of
sensorimotor and cognitive tests to assess the degree of injury to a specific area of
a brain linked to the treatment [28] has been utilised and reasonably well charac-
terised in rodent MCAo models.

Autologous stem cells isolated from bone marrow have, to date, been subjected
to very little preclinical safety testing because of decades of clinical experience in
bone marrow transplantation. Bone marrow-derived stem cells scaled up as an allo-
geneic cell product, for example as MSCs, require safety testing, but because these
cells typically show little or no engraftment, the focus has been on acute toxicity
rather than long-term tumorigenicity. In respect of engrafting stem cells, in particu-
lar those derived from pluripotent cells whose normal fate following implantation is
to form teratomas, preclinical tumorigenicity is a major concern and requires exten-
sive long-term testing, with high associated costs and time commitment.

Translation to clinical investigation of any novel stem cell product, including
conditionally immortal hNSCs, requires extensive supporting data characterising
the cells and offering quality assurance regarding cells, their manipulation and
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their manufacturing and a series of studies demonstrating short and long-term
toxicology and safety.

Immediate impacts on the immune system can be assessed in standard toxicolo-
gy study designs using functional observational batteries, haematology and necros-
copy endpoints. Characterisation of migration and engraftment is important in both
safety and efficacy assessment. Full in vivo biodistribution analysis, using a time
course study of validated stem cell markers, involves a combination of immunohis-
tochemistry, in situ hybridization or quantitative PCR for specific features of the
stem cells or their tissues of origin, or of inserted labels specific to the stem cells.
These studies require pilot feasibility and validation studies and suitable controls to
eliminate false positives.

Long-term safety evaluation requires investigation of tumorigenic potential in
immunodeficient strains of mice using large numbers of both sexes. The duration of
studies will vary depending on the survival time of the cells, which can range from
about 3 months for non-engrafting cell types to 12 months or longer for cells that
survive well in vivo.

Additionally, because of the presence of the c-myc gene and its retroviral inser-
tion, further studies of CTX were undertaken to demonstrate c-mycER downregula-
tion and epigenetic silencing [29] as well as further cell-bank testing for retrovirus
to eliminate any risk of infection transmission.

Following intracerebral implantation of CTX in MCAo rats, non-human pri-
mates and non-obese diabetic/severe combined immunodeficiency (NOD SCID)
mice, general safety was assessed by a functional observation battery of tests for
up to 6 months. No CTX-related adverse events were reported in any of these stud-
ies. Both the cell dose and volume of implant were well tolerated in all studies
conducted.

Studies in vitro have confirmed that re-exposure of growth arrested/differenti-
ated cells to 4-OHT does not return differentiated CTX cells to a proliferative state.
Similarly, exposure of CTX cells to endogenous steroid hormones or to the drug
tamoxifen as might occur in vivo does not activate the c-mycER™M technology in
cells, leading to inappropriate cell proliferation. In addition, long-term (6 months)
treatment of animals with tamoxifen had no impact on CTX cell survival and prolif-
eration and there were no CTX, plus or minus tamoxifen, related reports of tumour
formation. Studies in a range of tumorigenesis models in mice and rats have shown
no incidence of CTX-related tumour pathologies, including in animals where CTX
cells survived for extended periods of time. These data support the view that CTX
does not present a tumour risk following implantation into the brain.

CTX Efficacy Studies

A validated MCAo rat model of ischaemic stroke was used for non-clinical studies
of CTX [30-32]. Rats were transplanted 3—4 weeks post infarct, permitting prior
recovery from acute phase neurological dysfunction and establishment of steady-
state sensorimotor deficits.
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Two studies using MCAo stroked rats have demonstrated long-term improve-
ments in sensorimotor function following intracerebral CTX implantation. In the
first study, CTX cells from early stage cell banks were implanted 3—4 weeks after
MCAo. Animals were immunosuppressed using methylprednisolone and cyclospo-
rine A. Transplantation of CTX cells to the striatum in this model of stroke caused
statistically significant improvements in both sensorimotor function and gross mo-
tor asymmetry at 6—12 weeks post grafting. In addition, cell migration and long-
term survival in vivo were not associated with significant cell proliferation [19].

A second study using CTX delivered adjacent to the infarcted region in rats with
stable neurological deficits after MCAo [8] demonstrated a cell dose-response ef-
fect. Again, animals were immunosuppressed using methylprednisolone and cyclo-
sporine A, albeit only for the first 2 weeks.

Statistically significant dose-related recovery in sensorimotor function deficits
(bilateral asymmetry test in the mid- and high-dose groups and rotameter test af-
ter amphetamine exposure in the high-dose group) was found in the CTX cell im-
planted groups compared to the vehicle group. In-life functional improvements cor-
related with cell dose although these improvements did not correlate with survival
of CTX cells measured at postmortem. There was differentiation of CTX cells into
oligodendroglial (8%) and endothelial phenotypes (6 %). MCAo-induced reduc-
tion of neurogenesis in the subventricular zone (SVZ) was partially restored to that
observed in controls without MCA occlusion. No adverse CTX cell-related effects
were observed during in-life observations or on tissue histology. These effects were
seen at 3 months post implantation [8].

In a further study, intraparenchymal implantation of CTX cells in the rat MCAo
model improved sensorimotor dysfunctions (bilateral asymmetry test) and motor
deficits (foot-fault test, rotameter). Importantly, analyses based on lesion topology
(striatal versus striatal plus cortical damage) revealed a more significant improve-
ment in animals with a stroke confined to the striatum. No improvement in learn-
ing and memory (Morris water maze) was evident. In contrast to intraparenchymal
implantation, intracerebroventricular implantation of cells did not result in any im-
provement. MRI-measured lesion, striatal and cortical volumes were unchanged in
treated animals compared to those with stroke that received an intraparenchymal in-
jection of suspension vehicle. Grafted cells only survived after intraparenchymal in-
jection with a striatal plus cortical topology resulting in better graft survival (16,026
cells) than in animals with smaller striatal lesions (2374 cells). Almost 20 % of cells
differentiated into glial fibrillary acidic protein positive (GFAP+) astrocytes, but
<2% turned into FOX3+ neurons. These results indicate that CTX cell implants
are associated with robust recovery of behavioural dysfunction over a 3-month time
frame and that this effect is specific to their site of implantation. Lesion topology
is potentially an important factor in recovery, with a stroke confined to the striatum
showing a better outcome compared to a larger area of damage [33]. Mechanisti-
cally, given the lack of correlation between CTX survival and functional recovery,
there is limited evidence for like-for-like cell replacement as a major promoter of
functional recovery. Instead, like other recent reports using neural stem cell im-
plants in stroke brain, CTX implants act to promote endogenous repair mechanisms,
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including new blood vessel formation in ischaemic rat brain areas [34] and sus-
tained increased striatal neurogenesis after MCAo stroke [35].

Translation into Clinical Trials: The PISCES I Study

The use of CTX DP, identical to that used in preclinical studies, provides assurance
in some key aspects of translation to clinical trials. Pro-angiogenic and immuno-
modulatory characteristics of CTX are considered to represent the likely mechanism
of action in the rodent ischaemic tissue environment [ 10, 29, 34],and are known po-
tential clinical targets. Other aspects of translation remain more speculative: these
include the appropriate dose scaling; equivalence of “chronic” stroke in a rodent
and “chronic” stroke in human subjects; the role of immunosuppression; the miti-
gating effects of comorbidities (including drug treatments); and the confounding
effects of concomitant physical therapies and environmental factors on recovery.

In addition, the early stages of clinical research for advanced therapy medicinal
products are tightly regulated, and the populations deemed suitable for first-in-man
studies may be atypical of the ultimate therapeutic target population, notably with
respect to age and chronicity of stroke. The protocol for the first Pilot Investigation
of Human Neural Stem Cells in Stroke (PISCES) trial attempted to balance the
available preclinical data with regulatory requirements.

PISCES (trial registration NCT 01151124; EUDRACT number 2008-000696-19)
was an open label, single site, ascending dose study in male patients aged 60 years
or over with chronic, stable disability as defined by neurological impairment (Na-
tional Institutes of Health Stroke Scale (NIHSS) score >6), and disability (modified
Rankin Scale (mRS) >2) after ischaemic stroke that had occurred 660 months pre-
viously. Sequential groups received a single implantation of 2, 5, 10 and 20 million
cells by stereotaxic injection to the putamen ipsilateral to the stroke. The primary
endpoint was safety, including adverse events and neurological change. Second-
ary functional endpoints included clinical scales of neurological impairment, ADL,
limb spasticity, disability and health-related quality of life (NIHSS, mRS, Barthel
Index (BI), Ashworth Scale, Euro-QoL) as well as brain imaging.

Detailed inclusion and exclusion criteria are listed in Table 8.1. The rationale for
protocol criteria are discussed in depth.

Stereotaxic Intracerebral Implantation

The safety and feasibility of stereotaxic implantation of two or six million hNT cell
doses (60 and 180 pL, respectively) was initially demonstrated by Kondziolka and
colleagues [14] and confirmed in the subsequent randomised trial, involving the ste-
reotaxic implantation of five or ten million hNT cells in 250 pL total volume, in 25
patients with subcortical stroke [15]. Intracerebral delivery has also been described
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Table 8.1 Major inclusion and exclusion criteria for the PISCES I trial

Inclusion criteria

Males aged >60 years

Unilateral ischaemic stroke affecting subcortical white matter and/or basal ganglia (with or
without cortical involvement) 6 months to 5 years prior to entry into the trial, with persistent
hemiparesis

NIHSS score a minimum of 6, including >2 for motor arm and leg sub-scores

Stable neurological deficit, defined as change in NIHSS total score of two points or less over 2
months prior to cell implantation

mRS 2-4

Fitness to undergo neurosurgical procedures under general anaesthesia

Able to participate in the trial and willing to comply with all procedures either alone or with
the aid of a responsible caregiver

Capable of providing informed consent

Minimum infarct diameter of 1 cm on MRI

Exclusion criteria

Structural cerebral vascular disease of size and location likely to require surgical intervention
or increase the risk of stereotaxic stem cell implantation

Any unstable medical condition or any medical condition with an expected survival time 12
months, e.g. malignancy, uncontrolled diabetes mellitus (HbAlc 8 %)

Any disorders that could interfere with participation in the trial, including progressive neuro-
degenerative disease such as Alzheimer’s disease, severe Parkinson’s disease or Huntington’s
disease, chronic alcohol or drug abuse, untreated major depression, schizophrenia

Planned or recent major surgery within previous 30 days; e.g. cardiac or carotid surgery
Previous allogeneic stem cell, tissue, organ or bone marrow transplant

Cognitive impairment with MMSE <24

History of epilepsy

Blood coagulation disorder

Requirement for warfarin or anticoagulant treatment that cannot be interrupted

Received an unlicensed pharmaceutical product as part of a clinical trial within previous 3
months

Previous enrolment in this trial

Any condition contra-indicating MRI

Contra-indications to surgery found on the screening MRI scan:

Multifocal cerebral microbleeds suggestive of cerebral amyloid angiopathy

Cerebral aneurysms at potential risk of rupture

Arteriovenous malformations

Presence of antibodies to CTX HLA antigens

Coagulation test results that preclude surgery taking place

Current use of psychostimulant medications including; amphetamine, methylphenidate,
sinemet, amantadine or bromocriptine

Current use of intermittent botulinum toxin therapy, phenol or other antispasticity medications
(antispasticity medications are acceptable if taken regularly for at least a month)

Current requirement for tamoxifen or similar analogues

NIHSS National Institutes of Health Stroke Scale, MR/ magnetic resonance imaging, MMSE
mini mental state examination, /L4 human leucocyte antigen

in stroke for fetal porcine cells, and autologous bone marrow-derived cells [36, 37].
Trials of primary fetal cell implantation for Huntington’s or Parkinson’s diseases
include cell injections targeted to the basal ganglia of 0.5 up to 10 million cells in
volumes of 10-200 pL.
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Stereotaxic intraparenchymal delivery offers the advantage that a large and con-
trolled number of cells are delivered adjacent to the site of ischaemic tissue damage,
and circumvents the blood—brain barrier. Delivery by intraparenchymal injection
imposes anatomical restrictions since some sites cannot be safely implanted (e.g.
the brainstem), and carries a well-characterised risk of intracranial bleeding and
seizures in the range of 1-2% [38] and 2.4 % [39] respectively. In addition, there
are procedural risks associated with general anaesthesia, hospitalisation and neuro-
surgery, all in a predominantly elderly population likely to be taking antithrombotic
or anticoagulant treatment for stroke prevention.

Dose Selection

Allometric scaling suggests that a dose equivalent to the efficacious dose in rats
is approximately 20 million cells in humans. While non-clinical studies have not
indicated the dose ceiling above which there is no further increase in efficacy, the
volume of material that can be injected into the brain suggested that the highest
practical dose of CTX in man for stroke is 20 million cells.

A conservative approach for the starting dose and dose escalation was used, as
appropriate for a first-in-man trial. Previously, cell dosing in the brain for treatment
of neurological disease has employed small doses at multiple sites in the brain.
A major consideration that is specific to intracerebral delivery is the volume of
injection since this alone may lead to adverse events through compression of brain
parenchyma. The maximum implantation volumes delivered into the brains across
three animal species (NOD-SCID mouse, rat and cynomolgus monkey) in the non-
clinical development of CTX were compared to the proposed first-in-man volume
in order to evaluate the safety margin on volume of delivery in humans. In the rat
studies the volume of the implantation was ~1/111th of the rat brain volume. The
volume of the proposed first-in-man dose is 40 pL, equivalent approximately to
1/32500th of the volume of the human brain. This represents a large safety margin
of 300x in the proposed clinical trial compared to the rat studies (83x and 667x
compared to cynomolgous monkeys and NOD SCID mice, respectively). In the two
clinical trials of the hNT cell line, doses of 2—10 million cells were used, delivered
by multiple needle trajectories and multiple injection boluses of 10-20 pL each at
points along each needle pass. The initial dose volume in PISCES (40 pL in three
patients) was lower than the starting dose volume of 60 uL in four patients in the
first-in-man hNT trial.

Since the concentration of CTX drug product is fixed at 50,000 cells/uL, a dose
of two million cells requires 40 uL and a dose of five million cells 100 pL total
volume. A single needle pass was used for the 2 and 5 million cell doses, with a
second needle pass in close proximity to the first for the 10 million cell dose (total
volume 200 pL) and four needle passes (total volume 400 pL) for the 20 million cell
dose. Doses were allocated serially so that successive groups received 2, 5, 10 and
20 million cells. Only one patient was treated at a time.
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Safety Review

Screening was conducted over approximately 8 weeks before surgery to ensure that
eligible patients had stable functional deficits as measured by the National Insti-
tutes of Health Stroke Scale (NIHSS), a measurement of neurological deficit that is
widely used to characterise the severity of stroke in the acute phase. NIHSS score
predicts survival and functional recovery [40—42], and deterioration by 4 or more
points on the total NIHSS score is a widely used threshold to identify clinically sig-
nificant deterioration. NIHSS was therefore used to monitor clinical status before
and after implantation.

In addition to standard biochemistry and haematology panels, participants were
screened for the presence of specific antibodies to CTX HLA antigens before and at
multiple time points after cell implantation.

Structural magnetic resonance imaging (MRI) scans were obtained pre-implan-
tation and at 3, 12 and 24 months to specifically seek evidence of haemorrhage, new
infarction, inflammation or tumour growth at the site of cell implantation.

All implanted patients were identified to a national registry that provides lifelong
surveillance for events such as cancer and death, so long as they remain resident in
the same country. Prospective consent for postmortem examination of brain tissue
was also sought at trial entry.

An independent data and safety monitoring board (DSMB) reviewed all clinical,
imaging and safety data throughout the study. A decision to continue dosing at each
dose level followed satisfactory review of the 28-day safety data for the first patient
at that dose level; and to increase the dose to the next level following satisfactory
review of the 3-month safety data for the last patient in the lower dose group.

Rationale for Open Label Design

As a safety trial, a control group was not included. Inclusion of a small number
of non-operated control patients would be highly unlikely to be informative given
the heterogeneity of stroke patients, would significantly slow recruitment, and ran-
domisation to non-implantation may be unacceptable to patients [43]. Logically,
the appropriate control group would undergo all procedures (including general an-
aesthesia and craniotomy) except cell implantation, but the invasive nature of this
treatment in a population with potential morbidity from such procedures, was not
felt to be justified in a phase 1 study.

Rationale for Exclusion of Women

As a first-in-human trial and with no reproductive toxicology studies conducted
with CTX cells to date, only male stroke patients were included. In addition, there
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is theoretical concern that if tamoxifen is required at a later stage, it might “switch”
the CTX cells on again causing them to proliferate.

Rationale for Implanting CTX Cells into the Putamen

Implantation of CTX cells within nerve cell clusters near but not directly within the
lesion was planned, consistent with intrastriatal implantation in preclinical models.
Ischaemic lesions from stroke occurring within the internal capsule can interrupt
large numbers and types of nerve fibres, including cerebral cortical efferents to the
basal ganglia, thalamus, brainstem and spinal cord. In addition, afferent fibres pro-
jecting from the thalamus to the cortex can be interrupted. There is considerable
variability between patients in the number and type of fibre affected, depending upon
the size and specific location of the stroke within the white matter. It is considered
hazardous to inject directly into the white matter lesion, as pressure resulting from
the injection could cause further injury of the already damaged tissue. In seeking a
neuronal cluster near most white matter ischaemic lesions, the putamen was selected
as the best target, being large and easily accessible with stereotaxic approaches, and
in close proximity to the site of many middle cerebral territory strokes.

Rationale for Inclusion of Patients 6 Months to 5 Years
Postischemic Stroke

The timing for cell implantation in PISCES was selected to ensure the recruitment
of patients with stable neurological and functional deficits. Studies have found con-
sistently that functional recovery from disabling stroke reaches a maximal level by
6 months [44-48], although the great majority of such studies must be qualified
by recognising that both speed and completeness of apparent recovery are dictated
by the chosen measure, which may be insensitive to deficits that are nonetheless
significantly disabling; the BI has well described ceiling effects, for example [49].
In addition, the setting of previously reported studies may introduce bias, as the
majority were conducted in specialist rehabilitation services, referral or eligibility
for which may be dictated in part by perceived rehabilitation potential. In the Co-
penhagen Stroke Study [44, 45], recovery of neurological function was complete
within 12.5 weeks from stroke onset in 95 % of patients and time course of recovery
was clearly related to initial stroke severity. The best recovery of ADL occurred
within 8.5 weeks for mild stroke, within 13 weeks for moderate stroke, within 17
weeks for severe stroke and within 20 weeks for very severe stroke, with no fur-
ther significant improvement after this point. In another study, half of the patients
with disabling ischaemic stroke recovered within 18 months although recovery was
greatest in the first 6 months [50]. A minimum delay of 6 months therefore ensures
that spontaneous recovery of function is highly unlikely, and that participants are
likely to be medically stable.
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Rationale for Not Including Immunosuppressive Therapy

Transplantation of tissue or cell-based products is usually combined with immuno-
suppression to guard against rejection. In respect of CTX, non-clinical studies have
shown that cell survival and associated beneficial effects are not influenced by treat-
ment of the animals with immunosuppressive drugs. Furthermore, in vitro studies for
MHC-DR and MHC-ABC showed that expression of MHC class 1 and class II pro-
tein levels was low in CTX cells, indicating that the potential for rejection was low.
Infections commonly complicate the poststroke period, especially pneumonia and
urinary tract infections, and are strongly associated with poor outcome [51]. A pro-
longed period of immunodepression is recognised after stroke [52] and is likely to
increase vulnerability. Immunosuppressive therapy was therefore considered to have
significant risks, without evidence of either need or avoidance of complications.

Study Procedures

Cell Preparation and Manufacture

CTX was manufactured according to cGMP, including testing for sterility, myco-
plasma and endotoxin and determination of cell number and viability.

Cell Implantation

CTX cells were implanted under general anaesthesia by a neurosurgeon experi-
enced in stereotaxic intracranial implantation. Stem cell delivery was performed
using the technique used successfully in two previous clinical trials [53]. A burr-
hole craniotomy was fashioned at an appropriate point on the patient’s skull and the
cells implanted using an implantation cannula of the same design as the Pittsburgh
cell delivery cannula connected to a Hamilton syringe, as originally described by
Kondziolka and colleagues [53]. All injections were made at a rate of 5 pL/min,
with each deposit of one million cells (20 puL volume of cell suspension). The num-
ber of deposits was two for the lowest dose and thereafter increased to five for all
subsequent higher doses. The number of trajectories required for dosing increased
from one (2 and 5 million cell dose) to 2 (10 million cell dose) to 4 (20 million cell
dose). Total procedure time increased accordingly.

Secondary Endpoints for Efficacy and Biological Effects

Secondary endpoints included the assessment of clinical outcomes post implanta-
tion at 12 and 24 months using the Barthel Index, a measure of performance of ten
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ADL of which eight evaluate the level of dependence [54, 55] and mini mental state
examination (MMSE) and at 12, 24 and 120 months using the modified Rankin
Scale (mRS), an overall measure of disability and handicap and clinician-reported
measure of function after stroke, divided into seven categories/steps from asymp-
tomatic to dead [56, 57]. In addition, assessments were made of health-related qual-
ity of life using the EuroQoL (EQ-5D) instrument at 12 months, a summated score
derived from the modified Ashworth Scale, a widely used method for assessing
muscle spasticity, in each muscle group of the affected upper and lower limbs [58],
and the Star Cancellation test, a screening tool for unilateral spatial neglect in pa-
tients with stroke [59].

Since clinical measures cannot offer a reliable index of activity with small pa-
tient numbers and marked heterogeneity, brain-imaging studies were used to ex-
plore potential indices of biological activity. These included a functional MRI mo-
tor activation task, single voxel spectroscopy, resting state BOLD MRI, and diffu-
sion tensor imaging (DTI) pre-cell implantation and again at 1 and 12 months post
implantation.

Rehabilitation Therapy

Rehabilitation therapies are a complex set of interventions targeting multiple as-
pects of neurological and physical function, with the aim of encouraging neural
repair, and restoring function through re-training or adaptation to disability, togeth-
er with avoidance of maladaptive physical strategies and secondary complications
that may compromise function. While general principles are supported by evidence
from clinical trials (e.g. a dose-response relationship between physical therapy and
recovery of motor function), the complexity and individual approach involved in
rehabilitation therapy represents a major challenge for trials of restorative therapy
to even record, let alone to control for.

No formal rehabilitation programme was undertaken as part of the study, and the
trial selection criteria for inclusion of chronic but stable patients meant that ongoing
participation in any rehabilitation therapy was unlikely, although not specifically
prohibited. The trial recorded participation in any rehabilitation therapies through-
out follow-up.

Future Directions

Observations from the first PISCES trial support further studies, which will begin
to explore efficacy. Initial experience permits some relaxation of recruitment crite-
ria relating to initially cautious safety assessment, such that the lower age limit for
the next stage of trials has been lowered to 40 years, and women are also included.
Immunosuppression is again not planned. Earlier administration of cells than in
PISCES will be undertaken since the mechanistically relevant recovery processes
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are most prevalent in the initial few weeks after stroke, which is also most consis-
tent with the data from preclinical studies. For intraparenchymal administration at
late time points after stroke, the blood—brain barrier might prevent systemic im-
mune reactions and rejection, but this may not be so if subacute administration is
undertaken, when the blood—brain barrier is compromised in the early stages of the
ischaemic injury.

Determination of efficacy ultimately necessitates robust controlled trials, and
presents a number of challenges. Appropriate controls for a randomised trial are
likely to be a compromise in some respects. Historical controls are not valid, and
concurrent controls who undergo only conventional medical and rehabilitation ther-
apies (especially if deemed ineligible for cell therapy, as some trials have proposed)
are also sub-optimal, since not exposed to the major confounders of invasive pro-
cedures and the potent placebo effect of “stem cell therapy” [60]. While essential
scientifically, sham neurosurgery is of uncertain acceptability to patients, and the
need for sham neurosurgery has been challenged by patient groups [43]. Patient
acceptability of a proposed trial is essential to ensure recruitment, and rigid adher-
ence to conventional parallel-group randomised controlled trial designs is probably
impossible at early stages of efficacy testing since patients who accept the risks of
surgery and experimental treatment are frequently unwilling to consider the possi-
bility that they will be randomly allocated to a placebo control group. The reward—
risk balance for neurosurgical administration will also mandate the use of clinically
(not just statistically) significant endpoints in a relatively small number of patients
which poses a major challenge itself in early clinical development.

Randomisation of participants to deferred or immediate therapy, as previously
employed in a trial of ablative neurosurgery or deep-brain stimulation in Parkin-
son’s disease (PD Surg) [61], may offer a suitable design compromise for stroke,
although the difference between an acute condition with anticipated trajectory of
early recovery (with many relevant mechanisms operating at these early stages) and
a chronic degenerative process like Parkinson’s disease may raise ethical questions
around the biological equivalence of early and late interventions.

The ability to adjust for concomitant rehabilitation therapy in both active and
control arms represents a major difficulty in trial design, as discussed earlier. It is
also possible that rehabilitation training is a necessary facilitatory factor for regen-
erative effects of cell therapies to be seen, although animal models of non-specific
physical therapies also suggest that negative interactions are also possible. Imple-
mentation of standardised therapy as part of a clinical trial is difficult when dealing
with what is traditionally a highly individualised and time-limited intervention that
varies widely across healthcare systems.

Patient-selection criteria are likely to be driven largely by choice of efficacy
endpoints: a motor endpoint dictates selection of patients with a relevant motor
deficit. As well as the prevalence of motor deficits after stroke, both functional
scales and the natural history of recovery are better characterised than other neuro-
logical deficits such as speech or visuospatial neglect, and visual field problems are
confounded by the prevalence of a diverse range of pathologies affecting vision that
are prevalent in the stroke population.
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Optimal timing for intervention remains a balance of practicality and interpreta-
tion of data largely derived from animal models on mechanisms of injury and recov-
ery over time. The mode of cell delivery, delays due to requirements for manufac-
ture or ex-vivo culture, and appropriate consent procedures, are all considerations.
Intraparenchymal brain delivery entails patient preparation and adequate time to
ensure clinical stability for anaesthesia. On the background of expected recovery,
patient perspectives on acceptability of invasive intervention are likely to shift in
the early weeks after stroke, presenting a further issue with recruitment. Assump-
tions about the mechanisms that pertain at different time points after stroke, and the
mechanisms of cell action, are likely to be an over-simplification.

Phase 2 trials therefore face a challenging environment where studies will in-
evitably be small due to cell production constraints, and patient selection critical in
ensuring a credible “responder” population is recruited at a reasonable rate. Careful
short- and long-term safety review remains a requirement.
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Chapter 9
Induced Pluripotent Stem Cells as a Cell-Based
Therapeutic in Stroke

David C. Hess, Nasir Fakhri and Franklin D. West

The discovery of “induced pluripotent stem cells” (iPSC) represents a major scien-
tific breakthrough. Yamanaka first reported in 2006 that mouse fibroblasts could be
reprogrammed into embryonic-like stem cells with four virally carried genes Oct3/4,
Sox2, ¢c-Myc, and Klf4, and termed these cells “induced pluripotent stem cells”
[1]. In 2007, he reported that human fibroblasts could be similarly reprogrammed
into human iPSC with the same four factors [2]. The factors became known as
“Yamanaka factors” (Fig. 9.1). James Thomson reported similar reprogramming of
fibroblasts into iPSC, using four factors, two different from the Yamanaka factors
Oct4, Lin28, Nanog, and SOX2 [3]. Reprogramming of amphibian cells had been
accomplished decades earlier. In the early 1960s, John Gurdon showed that nuclei
from frog somatic cells when introduced into enucleated oocytes could be repro-
grammed and give rise to tadpoles [4, 5]. Gurdon and Yamanaka shared the Nobel
Prize in Physiology or Medicine in 2012 for their discoveries of reprogramming of
somatic cells.

The iPSC and somatic cell reprogramming field continues to advance rapidly.
Further work has established that fewer reprogramming factors are needed for cells
more undifferentiated than fibroblasts. iPSC can be reprogrammed from neural stem
cells (NSC) with two factors, Oct4 and K14, or even one factor, Oct4 [6]. Fibroblasts
can also be directly reprogrammed into NSC, termed induced neural stem cells
(iNSC), without going through the iPSC stage [7]. Central to reprogramming, the
master pluripotency gene, Oct4, appears to serve as “the gatekeeper into a repro-
gramming expressway” [8].
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Fig. 9.1 Reprogramming fibroblasts

The major advantages of iPSC cells are their similar developmental plasticity to
embryonic stem cells (ESC), yet iPSC lack the ethical concerns of ESC as they do
not require destruction of a human embryo. iPSC can be “patient specific” and can
be derived from patients with specific diseases. This allows them to have applica-
tions in modeling “diseases in a dish” and screening potential disease treatments.
For example, iPSC can be isolated from the skin of patients with degenerative
neurological diseases such as amyotrophic lateral sclerosis (ALS) or Parkinson’s
disease and then differentiated into the cell type of interest (e.g., motor or dopa-
minergic neurons) [9, 10]. This allows the human disease process to be studied
on a developmental level, enabling the elucidation of the cellular and molecular
mechanisms of the disease. iPSC also are of interest to pharmaceutical companies
for testing of drugs in differentiated human cells. Often, drugs are screened on
immortalized cell lines, cells that are not the exact target, or of a different species.
All of these are confounding variables that limit the predictability of drug screens.



9 Induced Pluripotent Stem Cells as a Cell-Based Therapeutic in Stroke 131

In addition, many cell types can only be obtained in small quantities such as ma-
ture neurons that no longer divide. Therefore, it makes it challenging to have suf-
ficient cell numbers to perform large-scale screens. iPSC-derived cells overcome
all of these limitations. Human iPSC are immortal and can be rapidly expanded to
large cell numbers and differentiated into specific cell types of interest [11, 12].
These cells can then be utilized in high-throughput, high-content screens that pro-
vide the rapid and compressive data sets needed to determine safety and efficacy
of potential drugs.

What has generated the most excitement for regenerative medicine is the po-
tential of iPSC as a form of cell therapy and “cell replacement” for a variety of
disabling diseases. Cell therapy with iPSC has been shown to be effective in pre-
clinical murine models of sickle cell anemia [13], hemophilia A [14], and Parkin-
son’s disease [15] holding out hope for effective treatments for these conditions.
In this chapter, we focus on the use iPSC in cell therapy and transplantation after
stroke.

Cell transplantation in stroke presents a challenge for iPSC therapy as multiple
cell types need to be repaired and regenerated after ischemia—endothelial cells,
pericytes, astrocytes, oligodendrocytes, and neurons. Therefore, unlike Parkinson’s
disease where the focus is on transplantation of dopaminergic cells into the nigros-
triatum, stroke will require either undifferentiated iPSC or multiple more differenti-
ated cells such as vascular and neuronal progenitors. On the other hand, one of the
advantages of transplantation into stroke is that the host tissue is not undergoing
ongoing degeneration. We know from the history of cell transplantation in Parkin-
son’s disease, that the graft (fetal dopaminergic cells) undergoes degeneration with
protein aggregation of alpha-synuclein deposits identical to Lewy bodies [16]. This
would not be an issue with a “one-time” injury and “static” process such as stroke.
In addition, development of iPSC therapies for stroke would not require genetic
manipulation to repair mutated genes, such as the case of Huntington’s disease,
which would be technically challenging and make Food and Drug Administration
(FDA) approval for therapy difficult. Stroke is a promising target for iPSC therapy,
being a condition with limited treatment options, and the potential to treat a large
number of patients.

iPSC Therapy in Preclinical Stroke Models

We are in the early stages of evaluating iPSC therapy in stroke and relatively few
studies have been done (Table 9.1). Early efforts at iPSC transplantation for stroke
involved direct injection of undifferentiated iPSC into the region of the infarct.
Transplantation of mouse undifferentiated iPSC into the lesioned striatum and
cortex 24 h after transient (30 min) middle cerebral artery occlusion (MCAo0) in
mice treated with cyclosporine resulted in teratoma formation by 28 days and
worse functional outcome [17, 18]. The tumors were much larger in the post-
ischemic brain than in the unlesioned cortex in sham-operated mice. Conversely,
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Table 9.1 Reprogramming Fibroblasts to iPSC
factors Oct4, SOX2, c-myc, KIf4 “Yamanaka factors” [2]
Oct4, SOX2 Nanog, LIN28 [3]
NSC to iPSC
Oct4; Oct4, K1f4 [6]
Fibroblasts directly to NSC (iNSC)
Brn4/Pou3f4, Sox2, KIf4, c-Myec, plus E47/Tcf3 [7]
iPSC induced pluripotent stem cells, NSC neural stem cells

Jiang et al. transplanted human undifferentiated iPSC into the area of the striatum
after MCA stroke in female rats [19]. Seven days after stroke, they treated animals
with iPSC, fibroblast (cell control), or phosphate-buffered saline (PBS) control.
They found iPSC treatment resulted in an improvement in functional outcome as
early as 4 days post transplant and continuing through 16 days post transplant. iPSC
transplantation also reduced infarct size. The iPSC had migrated from the injection
site along the corpus callosum toward the infarct, and they showed differentiation
into “neural cells.” However, they only showed staining for the astrocyte marker
glial fibrillary acidic protein (GFAP) and the progenitor marker nestin, which is
not specific for neurons. Surprisingly, they found no tumors or teratomas in their
animals, which were all immunosuppressed with corticosteroids. Similarly, Chen
et al. transplanted iPSC with fibrin glue (FG) cells into the subdural space of rats in
the area near the infarct after MCAo [20]. The iPSC-FG cells reduced pro-inflam-
matory and increased anti-inflammatory cytokines in the brain, reduced infarct size,
and improved functional outcome. There was no evidence of teratoma formation.
However, when iPSC without FG were transplanted into the brain before the cere-
bral infarct, they improved functional outcome but all animals at 1 month showed
evidence of teratoma formation. The subdural delivery method avoided potential
injury of the brain parenchyma during injection of the cells and the subdural trans-
plantation method with iPSC-FG reduced teratoma formation. It is unclear what
factors limited the potential of iPSCs to form tumors in these studies, yet it would
be of significant interest as future studies of iPSC-derived therapies progress. There
is precedent for limited tumor formation upon transplantation of iPSCs into isch-
emic tissue. In the heart, mouse iPSC engrafted and improved functional outcome
(echocardiography) after myocardial infarction in the immunocompetent host with-
out forming teratomas. However, teratomas did form when these cells were trans-
planted in immunodeficient hosts, and this was associated with worsening cardiac
function [21]. Immunocompetence in the host recipients ensured controlled iPSC
engraftment with tissue integration without perturbing electrical homeostasis and
without teratoma formation.

Clearly, transplantation of undifferentiated iPSC is highly unlikely to be a viable
option as a cell therapy due to the high levels of tumorigenicity associated with iPSC
and the significant risk of tumor formation in patients. On the other hand, terminally
differentiated neurons do not engraft and survive after transplantation so that an
“intermediate” stage of differentiation is required. Therefore, most transplantation
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strategies of iPSC-derived cells in stroke have employed cells developmentally re-
stricted to the neural pathway, alternatively termed “neural progenitor cells” (NPC),
“neural stem cells” (NSC) or “neuroepithelial-like cells” (NES). These cells give
rise to neurons and glial cells.

Treatment of Stroke with iPSC-Derived Neural Cells Leads
to Improved Recovery

Chang et al. were among the first to demonstrate that transplantation of iPSC-NPC
after ischemic stroke can promote functional recovery. They transplanted human
iPSC-NPC into the contralateral striatum 7 days after an MCAo in a rat suture oc-
clusion model. They tracked these cells with MRI and found they migrated toward
the peri-infarct area on the contralateral side [22]. The migrating cells expressed
C-X-C chemokine receptor type 4 (CXCR4), a ligand for stromal cell-derived fac-
tor 1 (SDF-1) and this SDF-1 CXCR4 axis is known to play a key role in stem cell
migration. The iPSC-NPC differentiated into multiple types of mature neurons, as-
trocytes, and oligodendrocytes and integrated into damaged tissues. In addition, cell
transplantation led to reduced inflammation and gliosis and improved functional
outcomes on a battery of tests. Transplantation of iPSC-NPC also led to increased
proliferation and migration of endogenous NSCs derived from the subventricular
zone and led to an overall increase in neurogenesis in the ischemic brain. No evi-
dence of tumor formation was found.

There is a publication bias for “positive” preclinical studies in experimental
stroke and for other disease states, while negative studies are underreported in the
literature [23, 24]. A “negative study” with iPSC-NSC was reported by Jensen et al.
[25]. They transplanted 250,000 iPSC—NSC or PBS (group size of ten) into rats 7
days post MCAo. Grafting was observed in eight of ten animals. The cells displayed
a neuronal phenotype and unbiased stereology of the tissue showed double the
number of injected cells with many of the cells being positive for the proliferation
marker Ki67. Although there was no tumor formation, there was graft overgrowth
in some of the animals. They found no functional improvement out to 20 days using
a battery of tests that included the elevated body swing test, adhesive removal, and
the cylinder test and found no reduction in infarct size. These negative results may
be related to the differentiation stage of NSC transplanted. Given the high prolifera-
tion of the NSC in vivo, the NSC may have been “too undifferentiated”. Previous
studies with NSC derived from ESC showed that graft overgrowth in the host was
related to the in vitro differentiation state and proliferative rate in the transplanted
cells and not the ischemic environment of the host tissues [26].

Oki et al. and the Lund group reported their work with iPSC differentiated in
vitro into long-term neuroepithelial-like stem cells (It-NES) [27]. They transplanted
the 1t-NES cells into C57 BL mice striatum 1 week after a 30 min MCAo. The mice
were treated with cyclosporine to reduce graft rejection. At 10 weeks, 7 of 12 mice
showed engraftment of the cells with only 10% of cells surviving engraftment.
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Within 1 week after transplantation, mice receiving the 1t-NES performed better on
the staircase test than mice receiving vehicle injection but they found no difference
in the corridor test. They also found no association with long-term engraftment of
cells and performance on this test. This lack of association and the early improve-
ment at 1 week made it unlikely that the improved functional performance was
related to neuronal cell replacement and more likely due to the production of re-
generative or neuroprotective factors. This was supported by the observed increase
in vascular endothelial growth factor (VEGF) a known stimulator of angiogenesis,
neurogenesis, neuroprotection, and glial growth [28] near the 1t-NES transplant.
However, they were not able to detect any increased blood vessel growth indicat-
ing the VEGF effect was not via increased angiogenesis, but through an alternative
mechanism. They also demonstrated through flurogold studies that It-NES-derived
neuronal cells were capable of producing long axonal extensions from the striatum
into the globus pallidus suggesting that these cells are capable of complex integra-
tive activity.

Oki et al. also transplanted NES into the striatum of nude rats 48 h after 30 min
MCAo and found that about 50% of the engrafted cells survived at 4 months al-
though not every rat showed engraftment. The majority of the cells (72%) at 4
months expressed neuronal nuclei (NeuN), indicating a mature neuronal phenotype,
while only a minority (6 %) were positive for the astrocyte marker GFAP. They also
transplanted It-NES into the cortex of 10 nude rats 48 h after they underwent distal
MCAo. Seven survived and two were sacrificed at 2 months and five at 4 months.
Graft survival was about 80 % at 2 months and 60 % at 4 months. The majority of
cells (77 %) expressed NeuN at 4 months but about 5% expressed dopamine- and
cAMP-regulated neuronal phosphoprotein (DARPP)-32, a marker of striatal neu-
rons, and similar to the percentage found after striatal transplantation. This finding
that the site where the cells were transplanted (e.g., cortex vs. striatum) did not
influence their final fate led the authors to conclude that the in vitro differentiation
of cells was a more important determinant of fate than the in vivo environment in
which they were transplanted. Perhaps the most significant finding of this study was
that electrophysiological recordings of transplanted It-NES in brain slices showed
functional neuronal activity. In two of the ten engrafted cells, excitatory a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated currents
could be evoked by stimulating a cortical region remote from the transplant. These
data suggest that iPSC-derived NES were capable of successfully integrating into
the brain synaptic circuitry.

While It-NES improved functional outcome and showed engrafted and evidence
of integration into functional circuitry, there remained a question of whether more
differentiated neurons such as progenitors differentiated into cortical neurons in vi-
tro might be a more optimal cell replacement. To test this hypothesis, a distal MCAo
in nude rats was used to produce a mostly cortical infarct. Forty-eight hours after
stroke, either “fated cells” differentiated into cortical neurons in vitro or “nonfated”
1t-NES were transplanted into the cortex. The fated cells had a lower proliferation
rate but more efficient conversion into neurons with greater pyramidal cell mor-
phology. Fated cells also possessed a layered cortical structure and survived long
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term (2 months). Both the fated and nonfated neurons improved bilateral function in
the stepping test compared to vehicle-treated controls. Electrophysiological record-
ing in brain slices at 20-25 weeks post transplantation showed that both fated and
nonfated cells showed functional properties of mature neurons and were able to fire
action potentials induced by either depolarizing current injection or spontaneously.
Moreover, following electrical stimulation of the intact cortex adjacent to the trans-
plant of fated cells, a monosynaptic-evoked response was recorded in the fated cells
suggesting functional synapses.

A major concern of iPSC is that the reprogramming genes used to generate these
cells are often integrated into the genome and many of these genes are tumorigenic.
To overcome this limitation, Mohammad et al. used vector-free and transgene-free
human iPSC and iPSC-NPC differentiated from these iPSC [29]. These cells were
transplanted into mice 7 days after they underwent distal MCAo with bilateral
transient common carotid artery (CCA) occlusion resulting in a barrel cortex in-
farction. iPSC-NPC improved recovery of sensorimotor function as measured by
the adhesive removal test and led to increased brain-derived neurotrophic factor
(BDNF; a factor known to have neuroprotective effects in stroke and stimulates
survival, growth, and synaptogenesis) levels. Intrinsic optical signals (I0S) evoked
by whisker stimulation at the barrel cortex were assessed 30 days after transplanta-
tion and indicated that transplanted iPSC-NPC restored neurovascular coupling. No
tumor formation was found up to 12 months. Liu et al. showed similar results with
transplanted neural precursor cells (NPreC) derived from a “novel mouse iPSC”
line reprogrammed from mouse fibroblasts using a virus and oncogene-free method
with two factors under conditions of hypoxia [30]. These iPSC—NPreCs after trans-
plantation into a mouse stroke model differentiated into neurons and astrocytes and
improved functional outcome. These results demonstrate that safe and efficacious
cells can be derived utilizing a nonviral and nonintegrating iPSC reprogramming
approach.

Since stroke generally occurs in older patients, it is important to test cell therapies
in aged animals. Tatarishvili et al. from the Lund group transplanted iPSC-NES in
aged rats (24 months) 48 h after distal MCA occlusion [31]. They found that 49 %
of the injected cells engrafted at 8§ weeks and differentiated into mature gamma
y-aminobutyric acid (GABAergic) neurons. The iPSC-NES improved functional
outcome as measured by the cylinder test at 4 and 7 weeks and reduced microglial
activation.

Timing of Transplantation

One of the important issues in transplant of iPS—NP is the optimal time to transplant
in relation to the stroke event. Previous work with NSC (derived from fetal cells)
showed that transplantation in the striatum after MCA stroke at 48 h was superior
to transplantation at 6 weeks in terms of graft survival [32]. This was thought to
be related to the more established and vigorous immune response with microglial
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activation at 6 weeks. While the 48-h time point was more effective, this is not a
“clinically practical” time to transplant in humans. Logistically, it would be difficult
to prepare the patient or the cells in such a brief period. Studies of iPSC with trans-
plantation times of 7 days have shown engraftment and improvement in functional
outcome indicating that this time point of transplantation is effective [27, 29]. Even
7 days would be logistically challenging for the production of therapeutic cells.
Even the most rapid protocols for iPSC production require weeks [33]. Then iPSC
must be expanded and differentiated, which again requires weeks before cells reach
an NSC fate. Ultimately, these cells must still undergo rigorous testing of plasticity,
homogeneity, and karyotype, under good manufacturing practice (GMP) conditions
to ensure a safe product.

Cell Dose

There is paucity of data on optimized cell dose, and there are no dose response stud-
ies of iPSC transplantation in stroke. Most of the doses of iPSC-NSC have been
extrapolated from dose response studies done with NSC derived from fetal cells in
the rat. Darsila et al. transplanted 300,000 (2 x 150,000), 750,000, and 1.5 million
NSCs after stroke in the rat and found that doses above 300,000 were not associated
with any increased graft survival suggesting that 300,000 cells were the maximum
number in the rat [32]. As can be seen in Table 9.2, the dose range for transplanta-
tion in rodents ranges from 2 x 10° to 1 x 10°. There are no dose response studies in
large animals, and it is not clear if the number of cells in the rat can be multiplied by
the ratio of human to rat brain size to find an appropriate dose in man.

Scaffolds/Matrices

The use of biodegradable scaffolds to serve as “biobridges” helps support the sur-
vival and function of the graft after intracerebral transplantation of NSC [34]. Ji
et al. used Matrigel scaffolding to transplant NPC at a “late” time point (3 weeks)
after distal MCAo—NPC grown in and transplanted with Matrigel showed improved
engraftment, survival, and function of the NSC compared to NSC transplanted
without Matrigel. The NSC with the Matrigel also reduced the size of the infarct
cavity [35]. However, Matrigel is derived from Engelbreth—Holm—Swarm (EHS)
mouse sarcoma cells, which will likely limit the ability of this matrix to be approved
by the FDA. However, there are a host of other matrices including natural and syn-
thetic systems that can be used to deliver cells and provide structural support, such
as hydrogels, or protection from the host immune system through encapsulation
[36, 37]. These matrices often possess unique properties that allow them to respond
to changes in the environment due to temperature, pH, and other physiologically
relevant parameters [38]. Matrices can be used to also transport and release other
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bioactive compounds to help in tissue regeneration as well as transport cells. Biode-
gradable scaffolds may be important in late transplantation times after stroke (e.g.,
3 months) when a cystic cavity has begun to form.

Preclinical Experimental Stroke Models

With the many failed clinical trials in stroke and other neurological diseases, there
has been a movement and major “push” to improve the “quality” of preclinical
studies and to apply “clinical trial standards.” Important issues are randomization,
blinding of the observers and investigators, an accounting of all the animals random-
ized, and sample size estimation [39]. Many preclinical studies that have formed the
foundation for clinical trials in the past have fallen short of these recommendations.
Moreover, most preclinical studies are done in young healthy adult male rodents,
and there is a need to test new agents in females and animals with comorbidities
such as age, hypertension, and diabetes [40]. While Stroke Therapy Academic In-
dustry Roundtable criteria for preclinical evaluation were designed for acute neu-
roprotective agents, many of these criteria are relevant for stroke recovery and cell
therapy. Table 9.3 shows the STAIR preclinical criteria and the present iPSC stroke
studies. There has also been a concern that due to the lissencephalic architecture
and the small proportion of white matter in the rodent brain, cell therapies should be
tested in large animal models with brain size and architecture closer to humans. To
date, all of the published preclinical studies of iPSC have been performed in rodents
and most in young healthy adult males.

In order to both avoid xenograft issues and test in a large animal model that bet-
ter models human stroke in terms of brain size and proportion of white matter, we
are now proceeding to test porcine neural progenitors (iNPs) derived from porcine
iPSC in a porcine model of stroke. This large animal work is a necessary step for
translating a stroke therapy of iPS-derived neural progenitor cells to the bedside.

Nonviral Methods for iPS Cells

The original Yamanaka method relied upon insertion of transgenes by retroviral
vectors into the host genome. This increased the risk of activation of proto-onco-
genes in the host genome. Moreover, c-MYC, one of the inserted transgenes is “tu-
morigenic” [41]. These viral and genomic integrative methods of producing iPSC
are associated with risk of tumors and will need to be avoided for future cell trans-
plantation for regenerative medicine applications.

A number of methods have been used to avoid genomic integration. These can
be divided into five approaches: (1) use of viruses that do not integrate such as ad-
enovirus [42] or Sendai [43], (2) DNA in the form of episomal plasmids, PiggyBac
transposons [44, 45], (3) RNA [46], (4) proteins [47, 48], and (5) small molecules
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Table 9.3 iPSC transplantation in stroke and STAIR criteria for preclinical testing

STAIR Criterion Description Met?

Laboratory Focal model tested in two or more laboratories Met

Animal species Focal model tested in two or more species Only rodent

Health of animals | Focal model tested in old/diseased animals (dia- | Met with aged animals
betes, HTN)

Sex of animals Focal model tested in males and females One study in females

Reperfusion Temporary and permanent models Met

Time window Administered at least 1 h after occlusion Met

Dose response At least 2 doses tested Met

Route of delivery Feasible model of delivery Met

End point Behavioral and histological outcomes measured | Met

Long-term effect Outcome measured at 4 or more weeks Met

HTN hypertension, STAIR Stroke Therapy Academic Industry Roundtable

[49] (see Table 9.4). However, the concern with all these methods is their lower
efficiency compared to the efficiency of iPSC reprogramming with the retroviral
method. For example, the initial plasmid approach used by Yamanaka’s group was
1000 times less efficient than the retroviral method [41, 50]. This is compounded
by the fact that generation of iPSC from human fibroblasts is ten times less effi-
cient than from mouse fibroblasts. However, the nonviral reprogramming methods
have improved in terms of efficiency, and many of these reprogramming methods
are now commercial kits allowing them to be used by laboratories throughout the
world, allowing a dissemination and “democratization” of iPSC technology. A sys-
tematic evaluation and comparison of these nonintegrative reprogramming methods
in xeno-free conditions was conducted in both a fibroblast cell line and primary
human fibroblasts [51]. In the fibroblast cell line, the messenger RNA (mRNA)
method showed the highest reprogramming efficiency (1.89 % of starting cells) 20-
fold higher than retroviral and plasmid methods. However, in reprogramming of
primary human fibroblasts, the episomal plasmid method of Yamanaka [52] was

Table 9.4 Reprogramming
and generation of iPSC with-
out genomic integration

Nonintegrating viruses
Adenovirus [42]
Sendai [43]

DNA
Episomal plasmid [52]

PiggyBac transposon [45, 59]
RNA

Synthetic modified mRNA [46]
Proteins [47, 48]
Small Molecules

Seven small-molecule compounds [49]
mRNA messenger RNA
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fourfold higher than the retroviral method and more than 50-fold higher than the
mRNA method. There was no difference in the quality of the iPSC cells between the
methods as measured using a reference map and “scorecard” that allows a “quick”
characterization of iPSC by comparing the gene expression pattern of key pluripo-
tency and germ lineage markers relative to a reference standard that consists of nine
different human ES and iPSC lines [53]. This episomal plasmid method appeared to
be the method most conformable to a GMP process and the generation of patient-
specific iPSC line.

Autologous or Allogeneic iPSC?

One of the major concerns of present intracerebral cell transplantation approaches
is that the transplanted cells are allografts, with concerns about limited long-term
engraftment and the requirement for long-term immunosuppression. Long-term en-
graftment in the brain in human allografts may be limited by host rejection of the
graft. One of the major advantages of iPSC-based therapy is that graft rejection
can be avoided by using “personalized” autologous cells for transplant. Studies of
syngeneic iPSC in mice differentiated into tissue-specific cells did not generate an
immune response in the recipient suggesting that transplantation of cells differenti-
ated from autologous iPSC will not elicit an immune response and will not require
immunosuppression [54]. While an autologous therapy is not ideal for neurode-
generative diseases such as Parkinson’s disease or ALS, where the cells may pos-
sess genetic defects, it is ideal for stroke where neurons of the individuals are not
genetically defective but “bystanders” to an external vascular process. However, a
“personalized” autologous approach has disadvantages. An autologous approach
is difficult to “scale” and will likely be expensive. It is unlikely that a clinical “au-
tologous” GMP process would be financially viable. The other major limitation
would be the time needed to generate the iPSC and the iPSC-derived NPC from the
individual stroke patient. This will likely take weeks to months even with advances
in iPSC technology. If the optimal time window to transplant is within the first 2
weeks, this would not permit enough time to generate the iPS—NP. However, this
personalized approach could be viable if preclinical studies indicated that iPSC—NP
transplantation was effective “months” after the stroke. In this case, a time window
of 1-6 months could be accommodated (see Table 9.5).

An alternative approach to the expense and complicated logistics of a “person-
alized” approach would be the establishment of an HLA haplotype-matched iPSC
bank or library. A call for international collaboration to establish a global iPSC
library has been sounded [55]. HLA matching would be analogous to organ and he-
matopoietic stem cell (HSC) HLA matching and banking. While iPSC transplanta-
tion would not involve contaminating T cells capable of “graft-versus-host” disease,
allogeneic iPSC would likely generate an immune response, and therefore HLA
matching is needed to reduce graft rejection [55]. It is estimated that 140 HLA ho-
mogeneous donors could produce iPSC lines that would match 90 % of the Japanese
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Table 9.5 Advantages and disadvantages with autologous and allogeneic iPSC approaches

Autologous cells Allogeneic cells

No rejection Possibility of rejection

No need for immunosuppression May require long-term immunosuppression
Require time to expand “Off the shelf”, ready to administer in shorter time
Difficult to scale Scalable

Expensive Less expensive after initial biobanking

Require local GMP facility Need for HLA-matched library and biobanking

iPSC induced pluripotent stem cells, /LA human leukocyte antigen

population but this would require screening of 160,000 Japanese volunteers [52].
Gourraud et al. used a probabilistic model and showed that a bank of 100 iPSc cell
lines with the most frequent HLA in each population would cover 78 % of European
Americans, 63 % of Asians, 52 % of Hispanics, and 45 % of Americans [56]. How-
ever, this would require extensive screening of populations including over 25,000
European Americans and 100,000 African Americans. Turner et al. demonstrated
that 150 HLA-matched homozygous donors could match 93 % of the UK popula-
tion and might require minimal immunosuppression [55]. In this proposal, instead
of extensive screening for donors, consultation and cooperation with HSC registries
with donors who have already volunteered to donate HSC would be conducted,
and donors would be approached for informed consent to donate their IPSC to the
bank. This would require a skin biopsy or blood donation to isolate and generate the
iPSCs. For regenerative medicine with allogeneic iPSC to move forward, a global,
international effort will be required.

Summary

iPSC-based therapy has great potential in stroke and, unlike other cell therapy ap-
proaches, provides the opportunity to replace damaged cells. While “rebuilding” the
damaged brain is a daunting task, there is evidence that iPSC can integrate as func-
tional neurons and send axons toward targets. Moreover, iPSC-NPC are likely to
work by “trophic” and perhaps even immunomodulatory effects on the brain. While
other routes of delivery such as the intravenous have not been explored in stroke, di-
rect stereotactic transplantation into the brain is presently the most attractive route.
More work needs to be done on optimizing the types of iPSC-neural progenitors to
transplant, the dose of cells, the timing, and targets of transplantation (penumbra
or outside the area of infarct and allow migration to the infarct). There has been
progress in viral-free and nongenomic integrative methods of reprogramming of
cells. There will need to be major efforts at developing a clinical GMP product and,
for reasons of scalability, allogeneic cells will be more feasible but this will require
establishment of iPSC libraries and banks. However, with advances in iPSC tech-
nology such as direct fibroblast to iNP reprogramming and with the possibility of
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“later” transplantation times (out to 3 months) with biodegradable matrices, autolo-
gous transplantation may be a viable option in the future, allowing transplantation
without the need for long-term immunosuppressive drugs.
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Chapter 10
Induced Pluripotent Stem-Cell-Derived Neural
Cell Types in Treatment of Stroke

Vivian W. Lau, Simon R. Platt, Steven L. Stice and Franklin D. West

Introduction

Every year, approximately 800,000 individuals in the USA alone suffer a stroke,
making stroke the leading cause of long-term disability and the fourth leading cause
of death, and adding to the millions of stroke victims and families that care for
them [1-4]. Despite considerable efforts to develop pharmacological treatments
and devices, developed approaches are grossly inadequate. These treatments are
predicated on limiting damage that occurs during an ischemic event, yet none of
them enable large-scale tissue regeneration. The promise of stem cell therapies is
the potential to replace ablated cells and damaged tissue, to form new functional
neural networks that make appropriate connections and lead to the restoration of
sensory, motor, and cognitive function in patients. The regeneration and replace-
ment of lost tissue and improvements in functional deficits will enable the many
stroke victims to return to a more productive lifestyle and relieve the family burden
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of long-term care. Adult and embryonic stem cells (ESCs) and neural stem cells
derived from ESCs have all been of keen interest to the stroke field. However, adult
stem cells pose inherent difficulties, including isolation and expansion for some
therapies, while ESCs have been mired in controversy since they were first isolated
[5]. Some patients and practitioners may object to the use of ESCs and seek alterna-
tives, despite publications demonstrating that viable embryos do not need to be used
or destroyed in order to isolate ESCs [6].

In parallel, a new type of pluripotent stem cell has been generated—induced plu-
ripotent stem cells (iPSCs). Although relatively new, iPSCs are believed to harbor
all the same beneficial properties as ESCs, with both being pluripotent stem cells
capable of forming any cell type in the body. It is a common belief that iPSCs will
eventually be derived from the patient’s own somatic cells so that immunologi-
cal rejection associated with transplantation of any foreign cells or tissues may be
averted. iPSCs are highly plastic and can be easily differentiated into neural stem
cells (NSCs) that can be expanded to someday provide the volume of cells needed
for therapeutic applications. Data in rodent stroke models have been very positive
with induced pluripotent stem-cell-derived neural stem cell (iNSC) transplantations
leading to functional recovery and decreased infarct sizes [7—10]. However, many
challenges and questions remain before iNSC cell therapies can be deemed a safe
and effective treatment in human patients.

iNSCs have the potential to transform the way researchers and physicians ap-
proach stroke treatments; transitioning from a paradigm of merely limiting further
ischemic injury to one where lost tissue can be regenerated. For well over 50 years,
tremendous effort has been committed to producing stroke therapies that limit the
extent of injury through pharmaceutical and mechanical means with limited success.
These approaches lead to recanalization of occluded vessels to restore blood flow
to ischemic tissues or function as neuroprotectants that reduce cytotoxicity from
inflammatory responses, damaging free radicals, or similar elements [11-14]. These
efforts have had limited success with tissue plasminogen activator (tPA) being the
only Food and Drug Administration (FDA)-approved pharmacological treatment in
addition to a handful of FDA-approved clot-retrieval devices [14, 15]. These ap-
proaches are effective yet suffer from significant shortcomings. Only about 5% of
ischemic stroke patients receive tPA due to its restrictive 4.5 h window of use. The
mechanical embolus removal in cerebral ischemia (MERCI) system (an FDA-ap-
proved clot-retrieval device) can be used in patients up to 8 h post stroke, but often
fails to restore blood flow in ~50% of occluded vessels [14, 15]. Neither of these
clot-removal approaches can be utilized to treat patients that have suffered a hemor-
rhagic stroke, thereby excluding approximately 15 % of the stroke patient population
[16]. A host of other neuroprotective treatments reducing secondary injury caused
by inflammatory and immune responses have been developed yet have never made
it beyond clinical trials (reviewed in [17, 18]). Even assuming that thrombolytic,
neuroprotective, or similar approaches were 100 % effective, these treatments only
prevent further damage, but have little regenerative capabilities. Therefore, the tis-
sue damage caused by the initial ischemic event remains unchanged beyond normal
healing. An assessment of the litany of failed treatments by the Stem Cell Emerging
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Paradigm in Stroke Consortium meetings (STEPS I, II, and III), modeled on the
stroke therapy academic industry roundtable (STAIR) model where leaders from
academia, industry, and the FDA and National Institute of Neurological Disorders
and Stroke (NINDS) participate, resulted in publications identifying several major
factors needed to improve the development of stroke treatments. One of the major
conclusions was the need for a regenerative cell therapy that will not only protect
cells from ischemic injury but also replace lost and damaged tissues [19, 20]. This
has resulted in a growing interest in potentially restorative treatments centered on
stem cell therapies.

Recent studies have demonstrated that iNSCs may serve as an excellent regen-
erative therapy with a dual function: (1) acting as a cell-replacement therapy and as
(2) a producer of regenerative paracrine factors (e.g., vascular endothelial growth
factor, VEGF) that enhance endogenous tissue regeneration in rodent stroke models
[7-10, 21-23] (Fig. 10.1). Transplanted cells migrate to the site of injury, differ-
entiate, and functionally integrate forming new electrically active neural networks
leading to improvement in neurological scores and motor function. These exciting
and encouraging results have spurned considerable interest in the stroke community
as a step forward in personalized regenerative medicine. In this chapter, we examine
the development of iPSCs and derived NSCs, the current state of the art and areas of
emphasis for improved translation to human medicine.

Development of Induced Pluripotent Stem Cell Technology

iPSCs are a recent discovery where mature somatic cells can be reprogrammed
into pluripotent stem cells capable of differentiating into any cell type in the body
through the over-expression of defined genes [24, 25]. The development of iPSC
reprogramming technology resides at the convergence point of the fields of cellular
reprogramming and ESCs where the conceptual framework to understand the genet-
ic, epigenetic, and functional pluripotency networks were pioneered [26—32]. Based
on prior knowledge, Yamanaka’s research team hypothesized that “the factors that
play important roles in the maintenance of ES cell identity also play pivotal roles in
the induction of pluripotency in somatic cells” [25]. In the mouse, embryonic fibro-
blasts were retrovirally transduced with 24 pluripotency-associated genes resulting
in the formation of nine colonies exhibiting ESC character with cells growing in
colonies and displaying a rounded morphology, large nucleoli, and high nucleus-to-
cytoplasm ratio. They went on to demonstrate that only four critical factors (Pou5fl
(also known as Oct3/4), Sox2, c-Myc and K1f4) were necessary to achieve complete
reprogramming of embryonic and adult fibroblast cells. iPSCs demonstrated mor-
phology, immunoreactivity, global gene expression, and epigenetic status indicative
of a pluripotent state similar to ESCs. Functional tests of plasticity demonstrated
that iPSCs were capable of forming embryoid bodies (EBs; Fig. 10.2a) in vitro and
teratomas in vivo consisting of all three germ layers, ectoderm, endoderm, and me-
soderm. iPSCs ultimately passed the most stringent of tests and were found capable
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Fig. 10.1 iNSC functioning as a cell-replacement therapy and as a producer of regenerative thera-
peutics for stroke patients. a A patient who has an ischemic or hemorrhagic stroke (ischemic stroke
shown) experiences significant brain tissue damage and loss. iNSCs could be generated from the
patient’s own body by collecting adult somatic cells and reprogramming these cells using pluri-
potency transcription factors into induced pluripotent stem cells (iPSCs). iPSCs could then be
differentiated into iNSCs and transplanted back into the patient where they would differentiate into
neurons and glia that functionally integrate into the site of injury. b Transplanted iNSCs and dif-
ferentiated cells have been shown to produce and may generate other regenerative and protective
signaling factors including vascular endothelial growth factor ( VEGF) and interleukin-10 (/L-10).
(Illustration by Leah K. Schultz)
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Fig. 10.2 Induced pluripotent stem cells (iPSCs) are capable of differentiating into any cell type
in the body in vitro and in vivo. a To test iPSCs for their ability to form cell types of all three germ
layers, a defining characteristic of iPSCs, EB differentiation is commonly used. iPSCs are induced
to form large masses of cells reminiscent of developing embryos that induces spontaneous cell sig-
naling that leads to the formation of endoderm, mesoderm, and ectoderm. Cell types representative
of these lineages are commonly confirmed by immunocytochemistry of specific cell type marker
expression. For example, cells can be immunostained for the neuron marker microtubule-asso-
ciated protein 2 (MAP?2) to identify cells of the ectoderm lineage. b To more stringently test the
functional capacity of iPSCs, chimera formation is commonly performed. Embryos are collected
from donor animals and are injected with iPSCs. iPSCs integrate and are transferred to a surrogate
female. As the embryos develop, the integrated iPSCs are incorporated into tissues throughout
the animal’s body. Chimeric offspring are then composed of cells from the donor embryo and the
inserted iPSCs. (Illustration by Leah K. Schultz)

of incorporating into all tissues of chimeric mice including the germline (Fig. 10.2b)
and were successful in the tetraploid complementation pluripotency assay—a test
where all cells of the embryo proper are derived solely from transplanted iPSCs
[25, 33-35]. The significant value of this iPSC technology for basic mouse genetics
was soon recognized. However, of perhaps even greater interest was their obvious
potential in human medicine for cell-replacement therapy. In 2007, the Yamanaka
lab was successful in deriving the first human iPSCs using the same reprogramming
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genes that were successful in the generation of mouse iPSCs, thus opening the door
a bit wider for personalized medicine [24].

Intuitively, patients treated with their own iPSCs would be less immunogenic
than those treated with allogeneic iPSCs (iPSCs derived from other patients) or
ESCs; therefore, autologous iPSCs are thought to be similar to autologous human
adult stem cell therapies used today in the clinic. However, there is still debate
as to their immunogenicity. An early publication demonstrated that mouse iPSCs
transplanted into a syngenic recipient animal, an animal that is genetically identi-
cal and transplant compatible to the mouse from which the iPSCs were derived,
resulted in a T-cell-dependent immune response [36]. The researchers attributed this
response to aberrant gene expression resulting from the reprogramming process. In
contrast, recent studies showed little or no evidence of increased T cell proliferation
or integration, antigen-specific secondary immune activity, or graft rejection in re-
sponse to undifferentiated or differentiated mouse iPSCs transplanted into syngenic
animals [37, 38]. These studies support the premise that autologous iPSCs may be
safely transplanted into human patients without rejection; however, additional stud-
ies are needed to confirm these findings.

iPSC technology has made considerable advancements with alternative re-
programming strategies aimed at improving safety and efficiency. The initial Ya-
manaka lab reprogramming approach utilized spontaneous retrovirus integration of
known oncogenes, including c-Myc. This random integration approach raised major
concerns that insertion of genes could lead to insertional mutagenesis in addition
to spontaneous reactivation of the c-Myc oncogene, which could potentially lead
to tumor formation in human patients. However, recent advancements have led to
novel nonintegrating approaches including minicircle DNA, modified mRNAs, and
protein strategies to generate iPSCs without the need for permanent incorporation
of reprogramming genes or the use of viral techniques [39—41] (Table 10.1). Efforts
have also led to combinations of reprogramming factors that do not require the use
of c-Myc [42]. These advances significantly improved many of the initial safety
concerns that limited the potential of iPSC technology.

Differentiation of Induced Pluripotent Stem Cells into Therapeutic
Cells for Stroke Treatment

Stroke results in the active recruitment of endogenous NSCs in the brain leading to
proliferation and migration of NSCs from the subventricular zone to the ischemic
region [43—46]. This natural regenerative cell response is insufficient, however, to
restore most stroke patients to their normal pre-stroke function [45, 46]. iNSCs can
act as a supplemental cell source to increase the number of NSCs and the regenera-
tive capabilities of the stroked brain. It is preferential to differentiate iPSCs into
iNSCs as the direct transplantation of undifferentiated cells is likely to lead to tumor
formation. Previous studies by Kawai et al. and Chen et al. showed that transplanta-
tion of undifferentiated stem cells into middle cerebral artery occlusion (MCAO)
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stroke models led to the development of large tumors containing cells of the ecto-
derm, endoderm, and mesoderm lineages [47, 48]. The differentiation of iPSCs into
iNSCs has been successfully achieved using a number of different protocols origi-
nally developed for hESCs [7-10]. Oki et al. utilized a previously developed ESC
approach where iPSCs were detached and grown in suspension as EBs to enhance
spontaneous differentiation [9, 49]. To better direct these cells down the neural lin-
eage, EBs were then cultured in chemically defined neural medium composed of
DMEM/F12, supplemented with insulin, transferrin, progesterone, putrescine, sodi-
um selenite, and heparin in the presence of FGF-2. Plated EBs flattened and formed
small, elongated cells that generated rosette structures resembling the early neural
tube. In addition to the typical neural stem cell markers SOX2 and Nestin, neural ro-
sette cells expressed the rosette-associated transcription factors DACH1 and PLZF
with apical expression of ZO-1. Neural rosettes were isolated and ultimately lost the
rosette morphology and further developed into NSCs. However, these iNSCs are
capable of long-term expansion, while maintaining SOX2 and Nestin expression
[9]. Yuan et al. used a similar EB approach, where EBs were formed and plated but
were also exposed to retinoic acid (RA) leading to the formation of rosettes [10].
Upon removal of RA, neural rosette cells detached, continued to grow in suspension
and formed neural spheres. These spheres were then plated on poly-ornithine and
laminin-coated dishes in serum-free media with derived cells being a homogeneous
population of NSCs. Other groups have used similar systems with variations includ-
ing the addition of unique growth factors, inhibitors, supporting stromal cells (e.g.,
PA6) and changes in timing of differentiation steps [7, 8]. Despite the variability in
protocols, iNSCs are SOX1 and Nestin positive and should be capable of differen-
tiating into multiple lineages of neurons and glia.

Intuitively it may seem that iNSCs would be the best cell type for transplanta-
tion to regenerate lost and damaged tissue. However, the plasticity of iNSCs is
such that they may differentiate into any neural cell type and may differentiate
into cells that are regionally incorrect. Therefore, it is of potential value to gener-
ate iPSC-derived progenitors that are regionalized. A recent report described the
derivation of telencephalic progenitors, which may be valuable for treating stroke
regionalized to the forebrain [21]. iPSCs were differentiated using a serum-free
EB approach. Telencephalic progenitors expressed the pallial telencephalic marker
PAX6 and the telencephalic marker BF1 in addition to the neural stem cell markers
SOX1 and Nestin. Tornero et al. recently generated cortical neuron progenitors for
the treatment of stroke noting that “Clinical and imaging data showing the distribu-
tion of ischemic cell loss underlying the most severe symptoms in stroke patients
indicate that cell replacement approaches should focus on the reconstruction of
damaged cortex” [23]. To produce cortically fated cells, Tornero et al. differenti-
ated iPSCs in the presence of Wnt3A, BMP4, and cyclopamine. These cortical pro-
genitors expressed the cortex-specific neuronal marker TBR1 and cortex markers
CTIP2 and CDP (markers associated with the deeper and superficial cortex layers
respectively). hESCs and iPSCs have been found to be capable of differentiating
into numerous specialized neural cell types making the potential cell type options
and combinations for therapeutic use numerous. The ability to transplant multiple
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combinations of various neural cell types to match regional-specific areas of the
brain is intriguing yet adds an additional layer of complexity that will take signifi-
cant consideration.

Direct Reprogramming of Fibroblasts into NSCs

Two major limitations of transplanting iNSCs into stroke patients are (1) the po-
tential of transplanting a contaminating iPSC subpopulation that spontaneously
develops into a tumor and (2) the somewhat lengthy time period it takes to gener-
ate iNSCs. Typically, it can take months to generate and sufficiently characterize
iNSCs with the need to first isolate and expand the somatic cells, then reprogram
the cells into iPSCs, differentiate these cells into iNSCs and then perform the neces-
sary quality control tests on these cells prior to transplantation (e.g., cellular phe-
notyping, functionality assessments, karyotype analysis). A recent breakthrough in
reprogramming has led to the development of technologies where somatic cells can
be directly reprogrammed into neurons and NSCs without a pluripotent stem cell in-
termediate [50-53]. Direct neural stem cell reprogramming has been accomplished
with various combinations of reprogramming factors (Table 10.2). Ring et al. was
the first to show that both mouse and human fibroblasts could be reprogrammed
into iNSCs with simple culture manipulations and the overexpression of the single
reprogramming gene SOX2 [53]. Human cells formed clusters of SOX2 and Nestin
positive cells 5 days after SOX2 retroviral transduction. These cells then underwent
multiple rounds of neurosphere culture and could be maintained under standard
NSC conditions. Human iNSCs were capable of differentiation into TUJ1/MAP2 +
neurons, glial fibrillary acidic protein (GFAP)+ astrocytes and O4/OLIG2 + oligo-
dendrocytes. Mouse cells showed similar developmental plasticity and upon further
differentiation were proven to be functionally active. Neurons derived from mouse
iNSCs formed synapses marked by synapsin with patch-clamp recordings show-
ing functional membrane properties and activity. Neither human nor mouse cells
formed tumors upon transplantation into noninjured animals. Direct iNSC repro-
gramming provides a rapid and safe reprogramming approach with the only major
limitation being the need for viral delivery and integration of reprogramming fac-
tors. Yet, building upon nonviral and nongenomic DNA-integrating approaches cre-
ated for generating iPSCs, it is very likely that similar approaches can be developed
for direct reprogramming of somatic cells into iNSC.

iNSC Transplantation into Stroke Models Leads To Promising Yet
Mixed Success

iNSCs have been transplanted into mouse and rat MCAO reperfusion models with
cells showing promising results [7-10, 21, 22]. However, it is difficult to compare
outcomes and efficacy across studies as transplantation parameters were variable



=
° $914201pudposIjo
m [gs] UBLWUNY PUE ISNOJA] | PUB SOJAJ01ISE ‘SUOINON SNIIAONY 7XO0S 01
= LOO0 Pare|
> $91420Ipuapo3I0 -n3a1 AY31g 29 DAN-D
[ogT] ISNOJN | pue SAA201ISE ‘SUOININ. SITAONY 2 AT X TXOS 6
PATA % DAN-D
BIXOS®INIE®
sajfo01puspostio 9XVd 1Al ¥ 1STH
[ser] ISNOJN | pue SAA201ISE ‘SUOININ. SNITAONY ¥ INON ¥ I'TDSV 8
TILANW
[veil ASNO SUOINON SOIANUT % INIE ® 1'10SV L
suorje[ndruewr
(sd4aL BIPOW JULOLIUSIS
PR[]0HUOS XOp pasnp +DOAND % vATA
[e€T] ASNOJA] | S9IAD0I)SE pUB SUOINAN -suen-o1d) SNIATIUO ¥ 7X0S % 100 9
(10308 §) LIH M
(mo]) s91A001puapoIIjo 10 (103084 $) DAIN-D
[zer] OSNOJA | PUB SIAJ0IISE ‘SUOININ snaaondy | ‘pATI ‘YNIL ¥ TXOS S
$91£001pudposij0 INYg
[z¢] OSNOJA] | PUE $91A001ISE ‘SUOINON] SNITATIUO] % 1DOX0d % TXOS ¥
TILAIN pue
[rerl UBWINg UOINON SIIARUST TNYE pue pTI-yiu €
[AOYNIN ¥ T LA
[1¢] uewiny UOImMSN SIADUST ® INYJd ® 1'IOSV [4
ID1Z 10T ILAW
[0s] ISNON UOIMaN SOIADUST ® INYId ® 1'IOSV I
Surwrer3oxdar
Q0URIRJOY soroadg soeaur| JO 9poN s10)0€ ]

156

s1ojuagoud [emou ojur Surwer3ordar 1oa1q 7 01 dqeL



10 Induced Pluripotent Stem-Cell-Derived Neural Cell Types ... 157

with transplant cell numbers ranging from 100,000 to 1,000,000, and timing of
transplantation ranging from immediately post-reperfusion to 7 days later. The site
of injection was also variable with cells being injected proximal to the lesion or in
the contralateral hemisphere to the site of injury. These differences may also ac-
count for the significant amount of variability with respect to results. In general,
200,000-250,000 cells were injected 7 days later, avoiding the extreme levels of
cytotoxicity immediately after stroke, into the ipsilateral lobe of stroked animals.
Transplants showed survival in most studies, but the exact cell number is ques-
tionable with one study estimating 10 % cell survival [9]. Transplanted cells regu-
larly showed differentiation into neurons, astrocytes, and oligodendrocytes with
quantitative data showing higher levels of neuron differentiation than glia [9, 22].
iNSC-derived neurons showed specialization with cells differentiating into dopa-
minergic and gabaminergic neurons [7-9]. Functionally, whole-cell patch-clamp
recordings of brain slices from iNSCs-treated mice at 5 months showed that the
majority of iNSC-derived neurons tested were able to produce action potentials
in response to depolarizing current and were sensitive to the voltage-gated Na+
channel blocker tetrodotoxin (TTX) and the voltage-gated K+ channel blocker tet-
racthylammonium (TEA) [9]. iNSC-derived neurons were also sensitive to type-A
y-aminobutyric acid (GABA,,) receptor and glutamate receptor antagonists. These
results and additional findings showed that iNSC-derived neurons were capable of
receiving synaptic input from host neurons and functionally integrating into the
neural circuitry [9].

The effect of iNSCs on endogenous tissue was inconsistent between studies.
iNSCs had a protective and regenerative effect on host tissues, likely caused by
paracrine signaling with the release of factors such as VEGF, as demonstrated in
the Cheng et al. study [7]. They found that cell transplantation resulted in a 36
and 11 % reduction in Iba-1+ and ED1+ immune cells respectively—cells that are
often associated with increased cytotoxicity. At week 8, they demonstrated a 55 %
reduction in gliosis and a 17 % reduction in apoptosis. However, Oki et al. found
no significant effect on immune cells (Iba-1 or ED1) or gliosis [9]. Similar studies
showed no significant difference in stroke volume suggesting a minimal neuropro-
tective effect [9, 22].

Functional assessments again showed mixed results across studies, yet were
promising. Studies showed improvements in modified neurological scores, rotarod,
stepping, and staircase assessments in animals treated with iNSCs relative to non-
treated controls [7-9, 21]. Animals showed mixed results with the tape removal test
and failed to show significant improvement over control in the corridor, elevated
body swing, and cylinder tests [9, 22]. Interestingly, the study that demonstrated
the most significant functional improvement also showed the largest decrease in
immune cell number, apoptosis, and gliosis [9]. This suggests a strong correlation
between tissue-level improvements and positive functional outcomes.
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iNSCs in Stroke May Confer Neuroprotection and Enhance
Neuroplasticity and Angiogenesis Through Trophic Factor Effects

Transplantation of human iNSCs has been associated with improved functional
recovery and a reduction in secondary neural degeneration in various models of
ischemic stroke [7-9, 21, 23]. Most of the beneficial effects of iNSCs are observed
shortly after transplantation and appear to be independent of iNSC survival suggest-
ing that beneficial effects of iNSCs are not all attributable to cell replacement [8,
9, 21]. While the exact mechanisms through which iNSCs are able to contribute to
neural recovery are not well understood, proposed mechanisms include secretion of
angiogenic factors such as VEGF, neurotrophic factors such as brain-derived neu-
rotrophic factor (BDNF) and glial cell-line-derived neurotrophic factor (GDNF),
and downregulation of inflammatory mediators such as interleukin-6 (IL-6), IL-1j,
and tumor necrosis factor alpha (TNF-a) [8, 9, 54]. These neuroprotective trophic
factors may be secreted by the stem cells themselves or act through stimulation
of endogenous protective pathways decreasing inflammation, promoting neural re-
generation, angiogenesis, plasticity, and recruitment of axons from ipsilateral and
contralateral hemispheres [8, 9, 55].

Routes of Cell Delivery

A variety of approaches to delivering therapeutic cells to sites of neural injury have
been described [56—58]. These include intraparenchymal, intravascular, intracister-
nal, and intracerebroventricular injections (Fig. 10.3). To date, delivery of iNSCs
for the treatment of ischemic stroke in animal models has been limited to intrapa-
renchymal injection through transcranial approaches. Intraparenchymal approaches
have also been used in several human clinical trials involving the administration
of fetal porcine cells and cultured human neuronal cells to patients suffering from
chronic stroke injuries [59, 60]. It is important to note, however, that intraparen-
chymal injections are by no means the only method of delivering cell therapy to
sites of neural injury. To appreciate alternative delivery options, it is necessary to
explore methods utilized with other stem cell therapies (e.g., mesenchymal stem
cells, embryonic stem cell-derived NPCs, and umbilical cord-derived cells). There
are pros and cons to each delivery method, which will be described in more detail
in the sections below.

Intraparenchymal

Intraparenchymal injections are the most commonly reported approach. This may
be due to the advantages conferred by this method such as site specificity, guaran-
teed cell delivery to the site of injury, and direct penetration through the blood—brain
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Fig. 10.3 Routes of iNSC transplantation. iNSCs can be transplanted utilizing a number of
approaches: intravenous, intra-arterial, intracisternal, intraparenchymal, and intraventricular.
Intravenous routes are the least invasive and least technically challenging approach with cells
being injected into a peripheral vein of the patient. Successfully transplanted cell numbers are
generally low with IV injections as many cells are lost to the pulmonary first-pass effect. Intra-
arterial injections of iNSCs provide superior cell delivery but are associated with increased mor-
bidity from thrombosis and hemorrhage. Intracisternal injections are moderately invasive with
cells being injected into one of the subarachnoid cisterns (injection into cisterna magna shown in
figure). Intraparenchymal and intraventricular injections allow more direct cell delivery but are
relatively more invasive and require a transcranial approach with injection directly into the brain
matter or lateral ventricles respectively. (Illustration by Leah K. Schultz)

barrier [58]. Unfortunately, intraparenchymal injections typically require more in-
vasive approaches to the site of injury through burr hole craniectomies. Intraparen-
chymal injections may also result in more clustered, uneven distributions of cells
within injured tissue relative to other cell delivery techniques such as intra-arterial
(IA) injections that can accomplish a diffuse, extensive spread of cells throughout
an injured region [57]. The location of the injection is dependent on the specific
injury with a large proportion of MCAO models targeting injections at the site most
consistently associated with infarction—the striatum [8, 9, 21]. With advanced im-
aging techniques such as magnetic resonance imaging (MRI), it is also possible to
target injections into the peri-infarct tissue rather than into the infarct core, which
may allow for improved cell survival and engraftment [61]. Implantation into either
the ipsilateral or contralateral hemisphere to the injury has resulted in beneficial
effects, with evidence that cells are able to migrate across midline from the contra-
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lateral hemisphere towards the site of injury [7, 62]. Injected neural progenitor cells
display a predilection for injured tissues—a trait described as pathotropism [63, 64].
Ischemic injured brain tissue can secrete a variety of signals such as stromal derived
factor-1 (SDF-1) and monocyte chemotactic factor 1 (MCP-1), which attract cells,
including iNSCs, carrying the receptors CXCR4, CXCR7, and CCR2 [65—67]. This
pathotropism will likely enhance the ability of cells to treat ischemic tissue through
trophic factor signaling and improve engraftment of cells.

Intravenous

Intravenous (IV) injections are another popular route as they are generally less in-
vasive and pose less of a technical challenge. The number of cells that need to be
administered is normally greatly increased from what is permissible via intraparen-
chymal delivery [57]. In general, IV cell delivery results in the reduced cell engraft-
ment and is associated with cell-uptake by systemic, nontarget organs with many
of these cells being trapped in the lungs and liver [68]. The common occurrence of
cells being trapped in the small vasculature of lungs is commonly referred to as the
pulmonary first-pass effect [69]. Nonetheless, studies with NPCs (not of human-
induced pluripotent stem cell origin) have shown that IV administration of cells
in ischemic neural injury models can result in a reduction of ischemia-associated
learning dysfunction, even when administration was delayed beyond the typical
acute therapeutic window [70]. It is believed that these benefits arise from the pro-
duction of anti-inflammatory and regenerative factors that have a systemic effect
including the injured brain. In rare instances, IV delivery of cells has resulted in
detectable cell engraftment within the brain [56, 71]. The ability of cells to travel
from the vasculature into the brain may reflect the permeability of a compromised
blood—brain barrier at the site of injury.

Intra-arterial

A means of avoiding the pulmonary first-pass effect is IA delivery of cells. This
method is generally more invasive with higher patient risk for morbidity (due to
hemorrhage and thrombosis) and mortality than intravenous approaches [57]. While
riskier, cells administered IA have demonstrated increased migration, dissemina-
tion, and transplantation success than cells administered IV or intrathecally (IT)
[57]. In a study where human mesenchymal stem cells (MSCs) were delivered IA in
an MCAO rodent model, it was demonstrated that the location of transplanted cells
was dependent on the timing of cell delivery [72]. Cells delivered 1 day post injury
were distributed to the peri-infarct region and core of the stroke. Cells delivered
on day 4 post injury demonstrated only a peri-infarct distribution. No functional
improvements and only very few cells were successfully delivered when injections
were administered 7 days post stroke. This would imply a limitation in the time-
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frame in which IA treatments are effective, although this remains to be shown with
iNSCs. Timing of delivery IA may also have an impact on the phenotypic fate of
transplanted NSCs with cells transplanted in the first 24 h expressing significantly
more GFAP and cells transplanted at 7 and 14 days expressing more BIII-tubulin,
indicating astrocyte and neuron differentiation respectively [73].

Intracerebroventricular and Intracisternal

Intracerebroventricular or intrathecal injections have also been reported as a means
of delivering cells to the ischemic brain [56, 57]. These are generally associated
with less patient risk than [A and intraparenchymal approaches and permit the in-
jection of higher cell numbers. Following intra-ventricular injections, the cells are
able to adhere to the walls of the ventricles and migrate through the ependymal
lining into the damaged tissues, especially through the lateral versus medial walls
of the ventricles [56, 57]. The exact mechanism through which the cells traverse
through the ependymal lining is unknown but theories include transport through
macrophage-associated regional specializations termed “fractones” [56, 74].

With intrathecal (IT) injections, cells are delivered into the cisterna magna.
Again, larger cell numbers can be delivered than with intraparenchymal approach-
es. Unfortunately, given the flow of cerebrospinal fluid, cells can be lost to other
parts of the central nervous system (CNS). In comparisons between 1A, IV, and IT
in rodent models, IT injections were more effective at delivering cells than I'V injec-
tions, but IA was considered the superior delivery method in terms of total number
of NPCs successfully delivered to the targeted tissue and the achievement of a dif-
fuse, widespread distribution of cells within the injury [57, 75].

Delivery with an Extracellular Matrix

Survival rates of engrafted cells, regardless of the method of cell delivery, are typi-
cally low with less than half of injected cells surviving for any period of time ([76];
reviewed in [58]). One method of increasing cell survivability in the cytotoxic acute
ischemic injury environment is through implantation of iNSCs with supportive ex-
tracellular matrices (ECMs). ECMs can be derived from natural materials like col-
lagen, polyglycosaminoglycans, and ornithine/laminin or from synthetic polymers
and hydrogels including polyglycolic acid (PGA), polyethylene glycol (PEG), and
poly-L-lactic acid (PLLA) [77, 78]. These materials can be transformed into scaf-
folds with a variety of shapes and sizes with various porosities and stiffnesses to
promote engraftment and recovery. In areas of severe or cystic tissue loss, as is seen
in ischemic stroke, biomaterial scaffolds can act as bridging substrates to allow cell
attachment and engraftment [79]. There is also suggestion that biomaterial scaffolds
can play a part in inhibiting glial scar formation in some neural injury models [80].
Encapsulating scaffolds can act as barriers for grafted cells protecting from host im-
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mune rejection, while permitting signaling factors to diffuse between the graft and
the injured environment [81]. As neural injuries often possess irregular boundaries,
malleable and liquid substrates such as injectable hydrogels and microspheres have
been particular targets of investigation [79, 82, 83]. In addition to acting as struc-
tural support, scaffolds can also be engineered to contain various growth factors,
peptides, and chemical signals such as heparin and hyaluronan to promote microen-
vironments conducive to graft survival [78, 83—86]. Multiple studies demonstrated
that ECM or NSC alone did not improve sensory motor function recovery nor de-
creased infarct size after focal cerebral ischemia in rodents. However, when ECM
and NSCs were combined, there was a significant improvement in both functional
and anatomical outcomes [82].

Despite their anticipated benefits, biomaterials can also present unique challeng-
es including inhibition of neurite outgrowth by the scaffold [79, 87—89] and variable
matrix degradation times [90]. In some cases, the scaffold may interfere with graft
cell differentiation and integration [91]. For synthetic polymers, there is particular
concern about harmful degradation by-products that can increase local acidity, in-
flammation, and tissue damage [92]. Immunoreactivity and tumorgenicity of bio-
materials are also of concern, especially with undefined natural materials harvested
from plant and animal sources [77]. In addition to the materials in its composition,
the macro-architecture of the implants appears to play a role in the host-immune re-
sponse [93]. With some scaffolds, fibrous tissue buildup and foreign-body reactions
around the implant can also cause interference with tissue integration, angiogenesis,
and trophic factor diffusion to and from the grafted cells ([93]; reviewed by [92]).
Nonetheless, ECMs offer an exciting and viable option for improving the success of
iNSC transplantation in the ischemic-stroke environment.

Cell Dosage

Currently, there are no clear guidelines on how to determine the therapeutic number
of cells to be transplanted for any cell therapy to achieve optimum treatment of
stroke. Albeit there are some key factors that are likely to be critical in the develop-
ment of guidelines for therapeutic dose. These potential factors include:

1. Severity, localization and type of stroke injury

2. Whether the therapeutic is acting through paracrine signaling as a producer of
neuroprotectants, regenerative factors or as a replacement therapy

3. Comorbidities such as hypertension and diabetes

4. Patient age, sex, and size

5. Delivery mechanism

When delivering cells through the vasculature, cistern, or ventricle, it is possible to
administer higher cell numbers with some rodent IV dosages approximating 5 x 10°
cells [56, 94, 95]. The beneficial effects may also be dose-dependent as shown in a
rat ischemic stroke study involving IV administration of bone marrow stromal cells
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(BMSCs); rats receiving higher cell numbers displayed better outcomes [96]. In
rodent models of ischemic stroke, cell numbers for intraparenchymal implantation
have ranged anywhere from 5000 to 1.5 million [97]. When translating this to hu-
man patients, consideration should be given to the significant size disparity between
rodents and humans. A cells-per-body-mass dosage can be extrapolated from rodent
studies but may not be the best method for determining an optimal dose in human
patients similar to pharmacokinetic studies where differences in species metabo-
lism and physiology contribute significantly to appropriate dose scaling [98, 99].
Some clinical trials have adopted this approach by calculating the effective IV dose
of BMSCs in rodents and determining an equivalent dosage in humans as about
1 x 10® cells/patient [100]. In one study looking at intraparenchymal cell delivery in
arodent model, the injection of higher numbers of cells resulted in higher total num-
ber of cells surviving [97]. Cell survivability on a percentage basis, however, was
actually higher when lower numbers of cells were injected, suggesting an optimal
threshold for cell numbers to be engrafted. It is thought that beyond this threshold,
cell survivability decreases due to limited supply of local nutrients.

Timing

A potential benefit of cell therapy is that it offers a broader therapeutic time win-
dow than current FDA-approved therapies like tPA, which require administration
in the hyperacute phase (<6 h) from the time of injury [101]. The precise optimal
therapeutic time window for stem cell treatment of stroke is still unclear and likely
varies between stroke conditions. One factor that should be considered is the route
of cell delivery. For routes of administration like intravascular injection that rely on
a compromised blood-brain barrier and inflammatory signaling for cells to home to
the site of injury, therapy within the acute period post stroke may be more relevant
as reviewed in Bliss et al. 2010 [101]. For IA routes, the timing of the injection can
affect the distribution, survival, and the phenotypic fates of the injected cells [73].
There are also concerns for cell survivability with transplantation during the
acute stroke phase due to the cytotoxic environment, which suggests that the sub-
acute or chronic injury periods may be more optimum transplant points [101]. This
is highly dependent, however, on the anticipated primary effect of the transplanted
cells. In some cases where the primary effect is through neuroprotection via trophic
effects rather than cell differentiation and replacement, transplantation during the
acute post-stroke period may be optimal. Whereas if a cell is predicted to have an
anti-inflammatory or neuroplasticity effect, it is perhaps more relevant to transplant
cells during the subacute stroke phase [101]. Earlier intraparenchymal injection
times are also supported by reports where the beneficial effects of intraparenchymal
injections were independent of cell survival [8, 9, 56]. One thought is that earlier in-
tracerebral injection times may improve cell survivability as the microglial response
has not yet had a chance to establish itself [97]. Rosenblum et al. [73] compared
injection of neural progenitor cells (NPCs) at various time points in a hypoxia—isch-
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emia rodent model and demonstrated that intra-striatal injections 3 days post injury
yielded the highest cell engraftment as compared to injections administered at 6 and
24 h and 7 and 14 days. Current clinical trials have surveyed the effects of BMSCs
and Human NT2N neurons (derived from the NTera2 teratocarcinoma cell line)
on stroke injuries in the late subacute period (4—5 weeks post stroke) and chronic
periods, respectively [100, 102]. While some patients appeared to benefit from the
treatment, the benefits were not considered to be statistically significant [102]. The
exact mechanisms of action of cell therapy at these later treatment points have not
been specified. To date, studies investigating the optimal therapeutic time frame for
administration of iNSCs have not been investigated.

Future Directions

While there have been successful transplantations of iNSCs into rodent models of
ischemic stroke, there are still many unanswered questions regarding the specifics
of cell dosage, use of ECM, transplant location, optimal timing for transplantation,
or the best vehicle and approach for cell delivery. The lack of consensus in a rela-
tively homogeneous model species like the rat or mouse suggests that optimal cell
transplantation conditions are likely varied and case dependent.

Long-term studies on the safety and efficacy of iNSCs have yet to be completed
in non rodent models. As outlined by the STAIR [103] and STEPS II [104] meet-
ings, it is vital that successful rodent therapies be confirmed in other animal models
of stroke prior to advancing to human clinical trials. Several large-animal models
of ischemic stroke have been developed and iNSC transplantation studies in these
species are eagerly awaited [105-107]. Due to similarities between humans and
primates, the primate model would seem to be a natural fit for studies of iNSC
treatments. However, the cost, specialized facilities, regulatory burden, and ethical
issues associated with primate models make alternative large-animal models such
as sheep and pigs more attractive in some respects. The pig stroke model offers a
significant advantage over rodent models as pigs have much larger gyrencephalic
brains with gray—white matter composition more similar to humans [108, 109]. Uti-
lization of animal models with similar white matter composition is of significant
importance as white matter injuries uniquely contribute to clinical deficits in stroke
patients and it will be important to determine if iNSC treatment will be able to ap-
propriately differentiate and integrate in both gray- and white-matter compartments
[110, 111]. Both the human and pig brain is composed of >65 % white matter, while
white matter in the rodent brain is <10 %, making the pig a potentially excellent
surrogate [107, 110, 112—115]). Moreover, human and pig brains are both gyrence-
phalic, while the rodent brain is lissencephalic, a key architectural difference that
has a direct correlation with brain connectivity and complexity [107, 112, 113].
Brain size is also another major variable when considering a cell therapy. The hu-
man brain is approximately 650 times the size of the average rodent brain, while
only being 7.5 times the size of the pig brain—a size comparable to typical nonhu-
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man primate models [116]. Size affects the number of cells to be transplanted, the
sites of injection, the ability of the graft to be vascularized, and the distances axons
must travel to form connections. To achieve maximum clinical translatability, using
animal models as similar to humans as possible will be of critical importance in test-
ing additional factors affecting iNSC therapy efficacy and safety.

iNSC treatment of stroke in rodent models have led to justified enthusiasm with
cells showing long-term integration and functionality with treated animals show-
ing improvement in functional deficiencies [7—10]. In the light of these initial suc-
cesses, and with an eye towards clinical applications, additional studies are now
needed to assess basic questions such as cell dosage, treatment window, and route
of delivery in suitable large animal models. These studies should be performed as
randomized double-blinded trials to prevent any unintended bias from researchers,
under the most stringent testing conditions possible. Utilizing strict testing proto-
cols, regenerative iNSC therapy will hopefully move from promise and potential to
arealized clinical therapy that will help millions of stroke victims lead more normal
and productive lives.

References

1. YoungJA, Tolentino M. Stroke evaluation and treatment. Top Stroke Rehabil. 2009;16(6):389—
410.

2. Towfighi A, Ovbiagele B, Saver JL. Therapeutic milestone: stroke declines from the second
to the third leading organ- and disease-specific cause of death in the United States. Stroke.
2010;41(3):499-503.

3. Hess DC, Borlongan CV. Cell-based therapy in ischemic stroke. Expert Rev Neurother.
2008;8(8):1193-201.

4. Madri JA. Modeling the neurovascular niche: implications for recovery from CNS injury. J
Physiol Pharmacol. 2009;60 Suppl 4:95-104.

5. Wright LS, Prowse KR, Wallace K, Linskens MH, Svendsen CN. Human progenitor cells
isolated from the developing cortex undergo decreased neurogenesis and eventual senes-
cence following expansion in vitro. Exp Cell Res. 2006;312(11):2107-20.

6. Klimanskaya I, Chung Y, Becker S, Lu SJ, Lanza R. Human embryonic stem cell lines de-
rived from single blastomeres. Nature. 2006;444(7118):481-5.

7. Chang DJ, Lee N, Park IH, Choi C, Jeon I, Kwon J, Oh SH, Shin DA, Do JT, Lee DR, Lee H,
Moon H, Hong KS, Daley GQ, Song J. Therapeutic potential of human induced pluripotent
stem cells in experimental stroke. Cell Transplant. 2013;22(8):1427—40.

8. Polentes J, Jendelova P, Cailleret M, Braun H, Romanyuk N, Tropel P, Brenot M, Itier V,
Seminatore C, Baldauf K, Turnovcova K, Jirak D, Teletin M, Come J, Tournois J, Rey-
mann K, Sykova E, Viville S, Onteniente B. Human induced pluripotent stem cells improve
stroke outcome and reduce secondary degeneration in the recipient brain. Cell Transplant.
2012;21(12):2587-602.

9. Oki K, Tatarishvili J, Woods J, Koch P, Wattananit S, Mine Y, Monni E, Prietro DT, Ahlenius
H, Ladewig J, Brustle O, Lindvall O, Kokaia Z. Human induced pluripotent stem cells form
functional neurons and improve recovery after grafting in stroke-damaged brain. Stem Cells.
2012;30(6):1120-33.

10. Yuan T, Liao W, Feng NH, Lou YL, Niu X, Zhang AJ, Wang Y, Deng ZF. Human induced
pluripotent stem-cell-derived neural stem cells survive, migrate, differentiate, and improve



166

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

V. W. Lau et al.

neurological function in a rat model of middle cerebral artery occlusion. Stem Cell Res Ther.
2013;4(3):73.

Kirmani JF, Alkawi A, Panezai S, Gizzi M. Advances in thrombolytics for treatment of acute
ischemic stroke. Neurology. 2012; 79(13 Suppl 1):S119-25.

Sarraj A, Grotta JC. Stroke: new horizons in treatment. Lancet Neurol. 2014;13(1):2-3.
Sutherland BA, Minnerup J, Balami JS, Arba F, Buchan AM, Kleinschnitz C. Neuroprotection
for ischaemic stroke: translation from the bench to the bedside. Int J Stroke. 2012;7(5):407—
18.

Turner RC, Dodson SC, Rosen CL, Huber JD. The science of cerebral ischemia and the quest
for neuroprotection: navigating past failure to future success. J Neurosurg. 2013;118(5):1072—
85.

Hassan AE, Aman MM, Chauhdry SA, Grigoryan M, Tekle WG, Rodriguez GJ, Qureshi Al.
Value of other endovascular techniques among patients with MERCI device failure during
the treatment of acute ischemic stroke: what to do when MERCI fails? J Vasc Interv Neurol.
2013;5(2):9-13.

Sahni R, Weinberger J. Management of intracerebral hemorrhage. Vasc Health Risk Manag.
2007;3(5):701-9.

Cheng YD, Al-Khoury L, Zivin JA. Neuroprotection for ischemic stroke: two decades of suc-
cess and failure. NeuroRx. 2004;1(1):36-45.

Savitz SI, Fisher M. Future of neuroprotection for acute stroke: in the aftermath of the SAINT
trials. Ann Neurol. 2007;61(5):396—402.

Stem Cell Therapies as an Emerging Paradigm in Stroke Participants. Stem cell therapies as
an emerging paradigm in stroke (STEPS): bridging basic and clinical science for cellular and
neurogenic factor therapy in treating stroke. Stroke. 2009;40(2):510-5.

Savitz SI, Chopp M, Deans R, Carmichael ST, Phinney D, Wechsler L. Stem cell therapy as
an emerging paradigm for stroke (STEPS) II. Stroke. 2011;42(3):825-9.

Gomi M, Takagi Y, Morizane A, Doi D, Nishimura M, Miyamoto S, Takahashi J.
Functional recovery of the murine brain ischemia model using human induced pluripotent
stem-cell-derived telencephalic progenitors. Brain Res. 2012;1459:52—60.

Jensen MB, Yan H, Krishnaney-Davison R, Al Sawaf A, Zhang SC. Survival and differentia-
tion of transplanted neural stem-cell-derived from human induced pluripotent stem cells in a
rat stroke model. J Stroke Cerebrovasc Dis. 2013;22(4):304-8.

Tornero D, Wattananit S, Gronning Madsen M, Koch P, Wood J, Tatarishvili J, Mine Y, Ge
R, Monni E, Devaraju K, Hevner RF, Brustle O, Lindvall O, Kokaia Z. Human induced
pluripotent stem-cell-derived cortical neurons integrate in stroke-injured cortex and improve
functional recovery. Brain 2013;136(Pt 12):3561-77.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S. In-
duction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell.
2007;131(5):861-72.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and
adult fibroblast cultures by defined factors. Cell. 2006;126(4):663—76.

Briggs R, King TJ. Transplantation of living nuclei from blastula cells into enucleated frogs’
eggs. Proc Natl Acad Sci U S A. 1952;38(5):455-63.

Gurdon JB. The developmental capacity of nuclei taken from intestinal epithelium cells of
feeding tadpoles. J Embryol Exp Morphol. 1962;10:622—40.

Wilmut [, Schnieke AE, McWhir J, Kind AJ, Campbell KH. Viable offspring derived from
fetal and adult mammalian cells. Nature. 1997;385(6619):810-3.

Cowan CA, Atienza J, Melton DA, Eggan K Nuclear reprogramming of somatic cells after
fusion with human embryonic stem cells. Science. 2005;309(5739):1369-73.

Martin GR. Isolation of a pluripotent cell line from early mouse embryos cultured in medium
conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci U S A. 1981;78(12):7634-8.
ThomsonJA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, Jones JM.
Embryonic stem cell lines derived from human blastocysts. Science. 1998;282(5391):1145-7.



10

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Induced Pluripotent Stem-Cell-Derived Neural Cell Types ... 167

Thomson JA, Kalishman J, Golos TG, Durning M, Harris CP, Becker RA, Hearn JP. Isolation
of a primate embryonic stem cell line. Proc Natl Acad Sci U S A. 1995;92(17):7844-8.
Okita K, Ichisaka T, Yamanaka S. Generation of germline-competent induced pluripotent
stem cells. Nature 2007;448(7151):313-7.

Zhao XY, Li W, Lv Z, Liu L, Tong M, Hai T, Hao J, Guo CL, Ma QW, Wang L, Zeng
F, Zhou Q. iPS cells produce viable mice through tetraploid complementation. Nature.
2009;461(7260):86-90.

Boland MJ, Hazen JL, Nazor KL, Rodriguez AR, Gifford W, Martin G, Kupriyanov S, Baldwin
KK. Adult mice generated from induced pluripotent stem cells. Nature. 2009;461(7260):91—
4.

Zhao T, Zhang ZN, Rong Z, Xu Y. Immunogenicity of induced pluripotent stem cells. Nature.
2011;474 (7350):212-5.

Guha P, Morgan JW, Mostoslavsky G, Rodrigues NP, Boyd AS. Lack of immune response
to differentiated cells derived from syngeneic induced pluripotent stem cells. Cell Stem Cell.
2013;12(4):407-12.

Araki R, Uda M, Hoki Y, Sunayama M, Nakamura M, Ando S, Sugiura M, Ideno H, Shimada
A, Nifuji A, Abe M. Negligible immunogenicity of terminally differentiated cells derived
from induced pluripotent or embryonic stem cells. Nature. 2013;494(7435):100-4.

Warren L, Manos PD, Ahfeldt T, Loh YH, Li H, Lau F, Ebina W, Mandal PK, Smith ZD,
Meissner A, Daley GQ, Brack AS, Collins JJ, Cowan C, Schlaeger TM, Rossi DJ. Highly
efficient reprogramming to pluripotency and directed differentiation of human cells with syn-
thetic modified mRNA. Cell Stem Cell. 2010;7(5):618-30.

Kim D, Kim CH, Moon JI, Chung YG, Chang MY, Han BS, Ko S, Yang E, Cha KY, Lanza
R, Kim KS. Generation of human induced pluripotent stem cells by direct delivery of repro-
gramming proteins. Cell Stem Cell. 2009;4(6):472—6.

Jia F, Wilson KD, Sun N, Gupta DM, Huang M, Li Z, Panetta NJ, Chen ZY, Robbins RC, Kay
MA, Longaker MT, Wu JC. A nonviral minicircle vector for deriving human iPS cells. Nat
Methods. 2010;7(3):197-9.

Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka T, Aoi T, Okita K, Mochiduki
Y, Takizawa N, Yamanaka S. Generation of induced pluripotent stem cells without Myc from
mouse and human fibroblasts. Nat Biotechnol. 2008;26(1):101-6.

Zhang R, Zhang Z, Wang L, Wang Y, Gousev A, Zhang L, Ho KL, Morshead C, Chopp M.
Activated neural stem cells contribute to stroke-induced neurogenesis and neuroblast migra-
tion toward the infarct boundary in adult rats. J Cereb Blood Flow Metab. 2004;24(4):441-8.
Vandeputte C, Reumers V, Aelvoet SA, Thiry I, De Swaef S, Van Den Haute C, Pascual-Bra-
zo J, Farr TD, Vande Velde G, Hoehn M, Himmelreich U, Van Laere K, Debyser Z, Gijsbers
R, Baekelandt V. Bioluminescence imaging of stroke-induced endogenous neural stem cell
response. Neurobiol Dis. 2014;69:144-55.

Jin K, Wang X, Xie L, Mao XO, Zhu W, Wang Y, Shen J, Mao Y, Banwait S, Greenberg DA.
Evidence for stroke-induced neurogenesis in the human brain. Proc Natl Acad Sci U S A.
2006;103(35):13198-202.

Marti-Fabregas J, Romaguera-Ros M, Gomez-Pinedo U, Martinez-Ramirez S, Jimenez-Xar-
rie E, Marin R, Marti-Vilalta JL, Garcia-Verdugo JM. Proliferation in the human ipsilateral
subventricular zone after ischemic stroke. Neurology. 2010;74(5):357-65.

Kawai H, Yamashita T, Ohta Y, Deguchi K, Nagotani S, Zhang X, Ikeda Y, Matsuura T, Abe
K. Tridermal tumorigenesis of induced pluripotent stem cells transplanted in ischemic brain.
J Cereb Blood Flow Metab. 2010;30(8):1487-93.

Chen SJ, Chang CM, Tsai SK, Chang YL, Chou SJ, Huang SS, Tai LK, Chen YC, Ku
HH, Li HY, Chiou SH Functional improvement of focal cerebral ischemia injury by sub-
dural transplantation of induced pluripotent stem cells with fibrin glue. Stem Cells Dev.
2010;19(11):1757-67.

Zhang SC, Wernig M, Duncan ID, Brustle O, Thomson JA. In vitro differentiation of
transplantable neural precursors from human embryonic stem cells. Nat Biotechnol.
2001;19(12):1129-33.



168

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l1.

62.

63.

64.

65.

66.

67.

68.

V. W. Lau et al.

Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, Sudhof TC, Wernig M. Direct conversion
of fibroblasts to functional neurons by defined factors. Nature. 2010;463(7284):1035-41.
Pang ZP, Yang N, Vierbuchen T, Ostermeier A, Fuentes DR, Yang TQ, Citri A, Sebastiano V,
Marro S, Sudhof TC, Wernig M. Induction of human neuronal cells by defined transcription
factors. Nature. 2011;476(7359):220-3.

Lujan E, Chanda S, Ahlenius H, Sudhof TC, Wernig M. Direct conversion of mouse fi-
broblasts to self-renewing, tripotent neural precursor cells. Proc Natl Acad Sci U S A.
2012;109(7):2527-32.

Ring KL, Tong LM, Balestra ME, Javier R, Andrews-Zwilling Y, Li G, Walker D, Zhang WR,
Kreitzer AC, Huang Y. Direct reprogramming of mouse and human fibroblasts into multipo-
tent neural stem cells with a single factor. Cell Stem Cell. 2012;11(1):100-9.

Nori S, Okada Y, Yasuda A, Tsuji O, Takahashi Y, Kobayashi Y, Fujiyoshi K, Koike M, Uchi-
yama Y, lkeda E, Toyama Y, Yamanaka S, Nakamura M, Okano H. Grafted human-induced
pluripotent stem-cell-derived neurospheres promote motor functional recovery after spinal
cord injury in mice. Proc Natl Acad Sci U S A. 2011;108(40):16825-30.

Kokaia Z, Martino G, Schwartz M, Lindvall O. Cross-talk between neural stem cells and im-
mune cells: the key to better brain repair? Nat Neurosci. 2012;15(8):1078-87.

Jin K, Sun Y, Xie L, Mao XO, Childs J, Peel A, Logvinova A, Banwait S, Greenberg DA.
Comparison of ischemia-directed migration of neural precursor cells after intrastriatal, intra-
ventricular, or intravenous transplantation in the rat. Neurobiol Dis. 2005;18(2):366—74.

Li L, Jiang Q, Ding G, Zhang L, Zhang ZG, Li Q, Panda S, Lu M, Ewing JR, Chopp M.
Effects of administration route on migration and distribution of neural progenitor cells trans-
planted into rats with focal cerebral ischemia, an MRI study. J Cereb Blood Flow Metab.
2010;30(3):653-62.

Bliss T, Guzman R, Daadi M, Steinberg GK. Cell transplantation therapy for stroke. Stroke.
2007;38 Suppl 2:817-26.

Savitz SI, Dinsmore J, Wu J, Henderson GV, Stieg P, Caplan LR. Neurotransplantation of
fetal porcine cells in patients with basal ganglia infarcts: a preliminary safety and feasibility
study. Cerebrovasc Dis (Basel, Switzerland). 2005;20(2):101-7.

Kondziolka D, Wechsler L, Goldstein S, Meltzer C, Thulborn KR, Gebel J, Jannetta P, DeC-
esare S, Elder EM, McGrogan M, Reitman MA, Bynum L. Transplantation of cultured hu-
man neuronal cells for patients with stroke. Neurology. 2000;55(4):565-9.

Smith EJ, Stroemer RP, Gorenkova N, Nakajima M, Crum WR, Tang E, Stevanato L, Sinden
JD, Modo M. Implantation site and lesion topology determine efficacy of a human neural
stem cell line in a rat model of chronic stroke. Stem Cells. 2012;30(4):785-96.

Modo M, Stroemer RP, Tang E, Patel S, Hodges H. Effects of implantation site of stem cell
grafts on behavioral recovery from stroke damage. Stroke. 2002;33(9):2270-8.

Teixeira Al, Duckworth JK, Hermanson O. Getting the right stuff: controlling neural stem
cell state and fate in vivo and in vitro with biomaterials. Cell Res. 2007;17(1):56-61.
Pluchino S, Zanotti L, Rossi B, Brambilla E, Ottoboni L, Salani G, Martinello M, Cattalini
A, Bergami A, Furlan R, Comi G, Constantin G, Martino G. Neurosphere-derived multi-
potent precursors promote neuroprotection by an immunomodulatory mechanism. Nature.
2005;436(7048):266-71.

Wiltrout C, Lang B, Yan Y, Dempsey RJ, Vemuganti R. Repairing brain after stroke: A review
on post-ischemic neurogenesis. Neurochem Int. 2007;50(7-8):1028—41.

Hess DC, Borlongan CV. Cell-based therapy in ischemic stroke. Expert Rev Neurother.
2008;8(8):1193-201.

Kojima T, Hirota Y, Ema M, Takahashi S, Miyoshi I, Okano H, Sawamoto K. Subventricular
zone-derived neural progenitor cells migrate along a blood vessel scaffold toward the post-
stroke striatum. Stem Cells. 2010;28(3):545-54.

Lappalainen RS, Narkilahti S, Huhtala T, Liimatainen T, Suuronen T, Ndrvédnen A, Suuronen
R, Hovatta O, Jolkkonen J. The SPECT imaging shows the accumulation of neural progeni-
tor cells into internal organs after systemic administration in middle cerebral artery occlusion
rats. Neurosci Lett. 2008;440(3):246-50.



10

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Induced Pluripotent Stem-Cell-Derived Neural Cell Types ... 169

Fischer UM, Harting MT, Jimenez F, Monzon-Posadas WO, Xue H, Savitz SI, Laine GA,
Cox CS Jr. Pulmonary passage is a major obstacle for intravenous stem cell delivery: the
pulmonary first-pass effect. Stem Cells Dev. 2009;18(5):683-92.

Mochizuki N, Moriyama Y, Takagi N, Takeo S, Tanonaka K. Intravenous injection of neural
progenitor cells improves cerebral ischemia-induced learning dysfunction. Biol Pharm Bull.
2011;34(2):260-5.

Mezey E. Turning blood into brain: cells bearing neuronal antigens generated in vivo from
bone marrow. Science. 2000;290(5497):1779-82.

Ishizaka S, Horie N, Satoh K, Fukuda Y, Nishida N, Nagata 1. Intra-arterial cell transplanta-
tion provides timing-dependent cell distribution and functional recovery after stroke. Stroke.
2013;44(3):720-6.

Rosenblum S, Wang N, Smith TN, Pendharkar AV, Chua JY, Birk H, Guzman R. Timing of
intra-arterial neural stem cell transplantation after hypoxia-ischemia influences cell engraft-
ment, survival, and differentiation. Stroke. 2012;43(6):1624-31.

Mercier F, Kitasako JT, Hatton GI. Anatomy of the brain neurogenic zones revisited: frac-
tones and the fibroblast/macrophage network. J Comp Neurol. 2002;451(2):170-88.

Zhang L, Li Y, Romanko M, Kramer BC, Gosiewska A, Chopp M, Hong K. Different routes
of administration of human umbilical tissue-derived cells improve functional recovery in the
rat after focal cerebral ischemia. Brain Res. 2012;1489:104—12.

Hicks AU, Lappalainen RS, Narkilahti S, Suuronen R, Corbett D, Sivenius J, Hovatta O,
Jolkkonen J. Transplantation of human embryonic stem-cell-derived neural precursor cells
and enriched environment after cortical stroke in rats: cell survival and functional recovery.
Eur J Neurosci. 2009;29(3):562—74.

Uemura M, Refaat MM, Shinoyama M, Hayashi H, Hashimoto N, Takahashi J. Matrigel
supports survival and neuronal differentiation of grafted embryonic stem-cell-derived neural
precursor cells. J Neurosci Res. 2010;88(3):542-51.

Hoffman AS. Hydrogels for biomedical applications. Adv Drug Deliv Rev. 2002;54:3—12.
Zhong J, Chan A, Morad L, Kornblum HI, Fan G, Carmichael ST. Hydrogel matrix to sup-
port stem cell survival after brain transplantation in stroke. Neurorehabil Neural Repair.
2010;24(7):636-44.

Teng YD, Lavik EB, Qu X, Park KI, Ourednik J, Zurakowski D, Langer R, Snyder EY. Func-
tional recovery following traumatic spinal cord injury mediated by a unique polymer scaffold
seeded with neural stem cells. Proc Natl Acad Sci U S A. 2002;99(5):3024-9.

Park KI, Teng YD, Snyder EY. The injured brain interacts reciprocally with neural stem cells
supported by scaffolds to reconstitute lost tissue. Nat Biotechnol. 2002;20(11):1111-7.

Jin K, Mao X, Xie L, Galvan V, Lai B, Wang Y, Gorostiza O, Wang X, Greenberg DA. Trans-
plantation of human neural precursor cells in Matrigel scaffolding improves outcome from
focal cerebral ischemia after delayed postischemic treatment in rats. J Cereb Blood Flow
Metab. 2010;30(3):534—44.

Skop NB, Calderon F, Levison SW, Gandhi CD, Cho CH. Heparin crosslinked chitosan mi-
crospheres for the delivery of neural stem cells and growth factors for central nervous system
repair. Acta Biomater. 2013;9(6):6834-43.

Drury JL, Mooney DJ. Hydrogels for tissue engineering: scaffold design variables and ap-
plications. Biomaterials. 2003;24(24):4337-51.

Place ES, Evans ND, Stevens MM. Complexity in biomaterials for tissue engineering. Nat
Mater. 2009;8(6):457-70.

Delcroix GJ, Schiller PC, Benoit JP, Montero-Menei CN. Adult cell therapy for brain neuro-
nal damages and the role of tissue engineering. Biomaterials. 2010;31(8):2105-20.

Jiang FX, Yurke B, Firestein BL, Langrana NA. Neurite outgrowth on a DNA crosslinked
hydrogel with tunable stiffnesses. Ann Biomed Eng. 2008;36(9):1565-79.

Balgude AP, Yu X, Szymanski A, Bellamkonda RV. Agarose gel stiffness determines rate of
DRG neurite extension in 3D cultures. Biomaterials. 2001;22:1077—-84.

Willitis RK, Skornia SL. Effect of collagen gel stiffness on neurite extension. J Biomater Sci
Polym Ed. 2004;15(12):1521-31.



170

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

V. W. Lau et al.

Bible E, Chau DY, Alexander MR, Price J, Shakesheff KM, Modo M. The support of neural
stem cells transplanted into stroke-induced brain cavities by PLGA particles. Biomaterials.
2009;30(16):2985-94.

Bible E, Dell’Acqua F, Solanky B, Balducci A, Crapo PM, Badylak SF, Ahrens ET, Modo
M. Non-invasive imaging of transplanted human neural stem cells and ECM scaffold
remodeling in the stroke-damaged rat brain by (19)F- and diffusion-MRI. Biomaterials.
2012;33(10):2858-71.

Fournier E, Passirani C, Montero-Menei CN, Benoit JP. Biocompatibility of implant-
able synthetic polymeric drug carriers: focus on brain biocompatibility. Biomaterials.
2003;24(19):3311-31.

Wong DY, Leveque JC, Brumblay H, Krebsbach PH, Hollister SJ, Lamarca F. Macro-
architectures in spinal cord scaffold implants influence regeneration. J Neurotrauma.
2008;25(8):1027-37.

Sokolova IB, Fedotova OR, Tsikunov SG, Polyntsev DG. Mesenchymal stem cells re-
store orientation and exploratory behavior of rats after brain injury. Bull Exp Biol Med.
2011;151(1):130-2.

Honma T, Honmou O, lihoshi S, Harada K, Houkin K, Hamada H, Kocsis JD. Intravenous
infusion of immortalized human mesenchymal stem cells protects against injury in a cere-
bral ischemia model in adult rat. Exp Neurol. 2006;199(1):56-66.

ChenJ, LiY, Wang L, Zhang Z, Lu D, Lu M, Chopp M. Therapeutic Benefit of Intravenous
Administration of Bone Marrow Stromal Cells After Cerebral Ischemia in Rats. Stroke.
2001;32(4):1005-11.

Darsalia V, Allison SJ, Cusulin C, Monni E, Kuzdas D, Kallur T, Lindvall O, Kokaia Z. Cell
number and timing of transplantation determine survival of human neural stem cell grafts in
stroke-damaged rat brain. J Cereb Blood Flow Metab. 2011;31(1):235-42.

Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to human studies revis-
ited. FASEB J. 2008;22(3):659-61.

Sharma V, McNeill JH. To scale or not to scale: the principles of dose extrapolation. Br J
Pharmacol. 2009;157(6):907-21.

Bang OY, Lee JS, Lee PH, Lee G. Autologous mesenchymal stem cell transplantation in
stroke patients. Ann Neurol. 2005;57(6):874-82.

Bliss TM, Andres RH, Steinberg GK. Optimizing the success of cell transplantation therapy
for stroke. Neurobiol Dis. 2010;37(2):275-83.

Kondziolka D, Steinberg GK, Wechsler L, Meltzer CC, Elder E, Gebel J, DeCesare S, Jovin
T, Zafonte R, Lebowitz J, Flickinger JC, Tong D, Marks MP, Jamieson C, Luu D, Bell-
Stephens T, Teraoka J. Neurotransplantation for patients with subcortical motor stroke: a
Phase 2 randomized trial. J Neurosurg. 2005;103(1):38-45.

Fisher M, Feuerstein G, Howells DW, Hurn PD, Kent TA, Savitz SI, Lo EH, Group S.
Update of the stroke therapy academic industry roundtable preclinical recommendations.
Stroke. 2009;40(6):2244-50.

Savitz SI, Chopp M, Deans R, Carmichael T, Phinney D, Wechsler L, Participants S. Stem
cell therapy as an emerging paradigm for stroke (STEPS) II. Stroke. 2011;42(3):825-9.
Boltze J, Nitzsche B, Geiger KD, Schoon HA. Histopathological investigation of different
MCAO modalities and impact of autologous bone marrow mononuclear cell administration
in an ovine stroke model. Transl Stroke Res. 2011;2(3):279-93.

Platt SR, Holmes S, Howerth E, Duberstein J, Dove C, Kinder H, Wyatt E, Linville A, Lau
V, Stice S, Hill W, Hess DC, West F. Development and characterization of a Yucatan min-
iature biomedical pig permanent middle cerebral artery occlusion stroke model. Exp Transl
Stroke Med. 2014;6:5.

Tanaka Y, Imai H, Konno K, Miyagishima T, Kubota C, Puentes S, Aoki T, Hata H, Takata
K, Yoshimoto Y, Saito N. Experimental model of lacunar infarction in the gyrencephalic
brain of the miniature pig: neurological assessment and histological, immunohistochemi-
cal, and physiological evaluation of dynamic corticospinal tract deformation. Stroke.
2008;39(1):205-12.



10 Induced Pluripotent Stem-Cell-Derived Neural Cell Types ... 171

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Duberstein KJ, Platt SR, Holmes SP, Dove CR, Howerth EW, Kent M, Stice SL, Hill WD,
Hess DC, West FD. Gait analysis in a pre- and post-ischemic stroke biomedical pig model.
Physiol Behav. 2014;125:8-16.

Platt SR, Holmes SP, Howerth EW, Duberstein KJ, Dove CR, Kinder HA, Wyatt EL, Lin-
ville AV, Lau VW, Stice SL, Hill WD, Hess DC, West FD. Development and characteriza-
tion of a Yucatan miniature biomedical pig permanent middle cerebral artery occlusion
stroke model. Exp Transl Stroke Med. 2014;6(1):5.

Baltan S, Besancon EF, Mbow B, Ye Z, Hamner MA, Ransom BR. White matter vulnerabil-
ity to ischemic injury increases with age because of enhanced excitotoxicity. J Neurosci.
2008;28(6):1479-89.

Mason GF, Pan JW, Chu WJ, Newcomer BR, Zhang Y, Orr R, Hetherington HP. Measure-
ment of the tricarboxylic acid cycle rate in human grey and white matter in vivo by 1H-[13C]
magnetic resonance spectroscopy at 4.1T. J Cereb Blood Flow Metab. 1999;19(11):1179—
88.

Nakamura M, Imai H, Konno K, Kubota C, Seki K, Puentes S, Faried A, Yokoo H, Hata H,
Yoshimoto Y, Saito N. Experimental investigation of encephalomyosynangiosis using gyr-
encephalic brain of the miniature pig: histopathological evaluation of dynamic reconstruc-
tion of vessels for functional anastomosis. Laboratory investigation. J Neurosurg Pediatr.
2009;3(6):488-95.

Kuluz JW, Prado R, He D, Zhao W, Dietrich WD, Watson B. New pediatric model of
ischemic stroke in infant piglets by photothrombosis: acute changes in cerebral blood flow,
microvasculature, and early histopathology. Stroke. 2007;38(6):1932-7.

Zhang K, Sejnowski TJ. A universal scaling law between gray matter and white matter of
cerebral cortex. Proc Natl Acad Sci U S A. 2000;97(10):5621-6.

Watanabe H, Andersen F, Simonsen CZ, Evans SM, Gjedde A, Cumming P, DaNe XSG.
MR-based statistical atlas of the Gottingen minipig brain. Neuroimage. 2001;14(5):1089—
96.

Lind NM, Moustgaard A, Jelsing J, Vajta G, Cumming P, Hansen AK. The use of pigs in
neuroscience: modeling brain disorders. Neurosci Biobehav Rev 2007;31(5):728-51.
Lowry W, Richter L, Yachechko R, Pyle A, Tchieu J, Sridharan R, Clark A, Plath K. Gen-
eration of human induced pluripotent stem cells from dermal fibroblasts. Proc Natl Acad
Sci U S A. 2008;105(8):2883.

Huangfu D, Osafune K, Maehr R, Guo W, Eijkelenboom A, Chen S, Muhlestein W, Melton
DA. Induction of pluripotent stem cells from primary human fibroblasts with only Oct4 and
Sox2. Nat Biotechnol. 2008;26(11):1269-75.

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, Nie J, Jon-
sdottir GA, Ruotti V, Stewart R. Induced pluripotent stem cell lines derived from human
somatic cells. Science. 2007;318(5858):1917-20.

Stadtfeld M, Brennand K, Hochedlinger K. Reprogramming of pancreatic f cells into in-
duced pluripotent stem cells. Curr Biol. 2008;18(12):890—-894.

Sommer CA, Stadtfeld M, Murphy GJ, Hochedlinger K, Kotton DN, Mostoslavsky G. In-
duced pluripotent stem cell generation using a single lentiviral stem cell cassette. Stem
Cells. 2009;27(3):543-9.

Anokye-Danso F, Trivedi CM, Juhr D, Gupta M, Cui Z, Tian Y, Zhang Y, Yang W, Gruber
PJ, Epstein JA. Highly efficient miRNA-mediated reprogramming of mouse and human
somatic cells to pluripotency. Cell Stem Cell. 2011;8(4):376-88.

Woltjen K, Michael IP, Mohseni P, Desai R, Mileikovsky M, Hamaéldinen R, Cowling R,
Wang W, Liu P, Gertsenstein M. piggyBac transposition reprograms fibroblasts to induced
pluripotent stem cells. Nature. 2009;458(7239):766-70.

Somers A, Jean JC, Sommer CA, Omari A, Ford CC, Mills JA, Ying L, Sommer AG,
Jean JM, Smith BW. Generation of transgene-free lung disease-specific human induced
pluripotent stem cells using a single excisable lentiviral stem cell cassette. Stem Cells.
2010;28(10):1728-40.



172

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

V. W. Lau et al.

Zhou W, Freed CR. Adenoviral gene delivery can reprogram human fibroblasts to induced
pluripotent stem cells. Stem Cells. 2009;27(11):2667-74.

Okita K, Nakagawa M, Hyenjong H, Ichisaka T, Yamanaka S. Generation of mouse induced
pluripotent stem cells without viral vectors. Science. 2008;322(5903):949-53.

Si-Tayeb K, Noto F, Sepac A, Sedlic F, Bosnjak Z, Lough J, Duncan S. Generation of hu-
man induced pluripotent stem cells by simple transient transfection of plasmid DNA encod-
ing reprogramming factors. BMC Dev Biol. 2010;10(1):81.

Kim D, Kim CH, Moon JI, Chung YG, Chang MY, Han BS, Ko S, Yang E, Cha KY, Lanza
R. Generation of human induced pluripotent stem cells by direct delivery of reprogramming
proteins. Cell Stem Cell. 2009;4(6):472.

Zhou H, Wu S, Joo JY, Zhu S, Han DW, Lin T, Trauger S, Bien G, Yao S, Zhu Y. Gen-
eration of induced pluripotent stem cells using recombinant proteins. Cell Stem Cell.
2010;4(5):381.

Warren L, Manos PD, Ahfeldt T, Loh YH, Li H, Lau F, Ebina W, Mandal PK, Smith ZD,
Meissner A. Highly efficient reprogramming to pluripotency and directed differentiation of
human cells with synthetic modified mRNA. Cell Stem Cell. 2010;7(5):618-30.
Ambasudhan R, Talantova M, Coleman R, Yuan X, Zhu S, Lipton SA, Ding S. Direct repro-
gramming of adult human fibroblasts to functional neurons under defined conditions. Cell
Stem Cell. 2011;9(2):113-8.

Han DW, Tapia N, Hermann A, Hemmer K, Hoing S, Arauzo-Bravo MJ, Zachres H, Wu G,
Frank S, Moritz S, Greber B, Yang JH, Lee HT, Schwamborn JC, Storch A, Scholer HR.
Direct reprogramming of fibroblasts into neural stem cells by defined factors. Cell Stem
Cell. 2012;10(4):465-72.

Kim J, Efe JA, Zhu S, Talantova M, Yuan X, Wang S, Lipton SA, Zhang K, Ding S. Di-
rect reprogramming of mouse fibroblasts to neural progenitors. Proc Natl Acad Sci U S A.
2011;108(19):7838-43.

Marro S, Pang ZP, Yang N, Tsai MC, Qu K, Chang HY, Sudhof TC, Wernig M. Direct lin-
eage conversion of terminally differentiated hepatocytes to functional neurons. Cell Stem
Cell. 2011;9(4):374-82.

Sheng C, Zheng Q, Wu J, Xu Z, Wang L, Li W, Zhang H, Zhao XY, Liu L, Wang Z, Guo C,
Wu HJ, Liu Z, He S, Wang XJ, Chen Z, Zhou Q. Direct reprogramming of Sertoli cells into
multipotent neural stem cells by defined factors. Cell Res. 2012;22(1):208-18.

Thier M, Worsdorfer P, Lakes YB, Gorris R, Herms S, Opitz T, Seiferling D, Quandel T,
Hoffmann P, Nothen MM, Brustle O, Edenhofer F. Direct conversion of fibroblasts into
stably expandable neural stem cells. Cell Stem Cell. 2012;10(4):473-9.



Chapter 11
Preconditioning and Cell-Based Therapeutics

David C. Hess and Md Nasrul Hoda

One of the major barriers to cell therapy is the poor and incomplete engraftment of
stem and progenitor cells after transplantation. Transplanted cells undergo apop-
tosis in the hostile environment of ischemic tissue of activated inflammatory cells
such as neutrophils and macrophages. Mesenchymal stem cells (MSC), one of the
most promising cell therapies, show limited survival and engraftment in the heart;
after injection into the left ventricle of nude mice, less than 1% survive 4 days after
transplantation [1].

Early work in cell transplantation in the brain came in the Parkinson’s disease
field [2]. Studies showed that only about 5-20 % of transplanted fetal dopaminergic
mesencephalic cells survived in the striatum, most undergoing apoptotic cell death
in the first week after transplantation [3, 4]. Graft survival was even poorer in aged
animals although the time course of cell death was similar to younger animals.
Despite limited long-term engraftment, there has been long-term benefit in some
patients up to 18 years after transplantation. However, some grafted fetal dopami-
nergic neurons show evidence of protein aggregates of alpha-synuclein that repre-
sent Lewy bodies indicating that the degenerative milieu of the brain has triggered
the degenerative process in the grafted cells [2].

In terms of cell transplantation, stroke and other acute brain injuries differ from
Parkinson’s disease in that the injury is acute with a known time of onset and the
underlying brain is not undergoing an active and ongoing neurodegenerative pro-
cess. After the acute brain injury with a defined time of onset, there is an acute
inflammatory response in the brain accompanied by a systemic inflammatory and
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immune response involving the spleen and other lymphoid tissue. Later, there is
chronic inflammation with microglial activation. In the early hours and days after
injury, there is oxidative stress; but within days there is also ongoing “remodeling”
with early attempts at repair.

Transplantation of neural stem cells (NSC) into the area of the infarct in rodent
models of focal cerebral ischemia shows a wide variability of graft survival. Hicks
et al. found that less than 1% of cells grafted and survived at 2 months after trans-
plantation [5]. Darsalia et al. transplanted NSC into the striatum after stroke and
found higher graft survival at 48 h (58 %) than at 6 weeks (27%) [6]. Moreover,
there was greater graft survival in the infarcted striatum than intact striatum (31 %)
showing that the acute stroke environment may be more hospitable than normal
brain [6]. Similar findings of improved graft survival in injured versus normal brains
have been shown in transient global ischemia models. Transplantation of NSC into
the hippocampal fissure or the periventricular areas near the corpus callosum was
more efficient in “injured” than normal brain as integrated surviving cells engrafted
in 60 % of lesioned animals (37/61) compared to only 25 % of nonlesioned controls
(7/28). However, in the ischemic animals that showed engraftment, only about 19 %
of the transplanted cells engrafted [7]. Other studies have found poorer survival of
transplanted NSC in stroke than uninjured brain [8, 9]. Some of these differences
relate to the experimental model tested, where and how the cells were transplanted,
and how the cells were prepared.

Clearly, greater graft survival and function is important for the intracerebral de-
livery route where the goal is both “cell replacement” and direct trophic effects
of the transplanted cells on the brain. However, the efficacy of some cell-based
therapeutics may not require long-term engraftment and engraftment may not be
desirable with the attendant risks of tumor formation and an ongoing inflammatory
reaction with graft rejection. For example, with the intravenous route of cell trans-
plantation with Multistem in the 24-48-h time window, the major mechanism of
action is immunomodulation and the target organs are the spleen and lymphoid tis-
sue with secondary effects on the brain [10]. In this case, the cells “do their job and
leave.” However, even if long-term engraftment is not desired, greater “potency” of
the cells in the short term will result in a greater therapeutic effect.

The potency of a stem cell is generally defined as its ability to differentiate into
various cell types. For example, “totipotent cells” have the greatest differentiation
potential followed by “pluripotent” cells, and then “multipotent” stem cells. How-
ever, the definition of “potency” more appropriate for cell therapy is the ability of
the cells to repair or promote recovery and this may involve greater survival and
integration in the tissue, the elaboration of trophic factors, the immunomodulatory
effect on host immune and inflammatory responses, and the ability to promote an-
giogenesis and tissue repair. The “potency” of cell therapy can be increased by
genetically modifying the cells. For example, MSC transfected with the heme oxy-
genase 1 (HO-1) or Akt genes are more effective in preclinical models than non-
transfected cells [11, 12]. However, an easier and safer approach is to pretreat or
“precondition” the cells with hypoxia or other agents such as IL-6 or minocycline
that trigger protective pathways in the cells and increase their potency.
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Preconditioning

Preconditioning is the application of a sublethal stimulus to a cell, tissue, organ such
as the heart or brain, or whole animal in order to protect against a later lethal stimu-
lus. This concept has been known since antiquity. King Mithridates IV of Pontus
(132-63 B.C.), an implacable foe of the Romans, took small doses of poisons to
protect himself against assassination attempts by poisoning, a common danger and
fear in that era [13, 14]. “Mithridatism” refers to the use of small amounts of toxins
or poisons to protect against a lethal dose. Paracelsus, a medieval physician, taught
that the “dose makes the poison,” a basic principle of toxicology [15, 16].

Preconditioning can be “hypoxic” or ‘ischemic” or include other agents that are
normally pro-inflammatory and harmful such as lipopolysaccharide (LPS). The def-
inition of preconditioning is often widened to include agents that are not normally
toxic or lethal such as pharmacological agents or growth factors such as erythropoi-
etin (EPO). The fundamental principle is that preconditioning triggers endogenous
protective pathways and elicits a “protective phenotype.”

In 1986, Murry et al. first reported ischemic preconditioning in the heart when
they demonstrated that brief repetitive 5-min periods of occlusion of the left an-
terior descending coronary artery in dogs protected against later longer durations
of occlusion (40 min) and lethal ischemia [17]. This was extended to the brain in
a transient global ischemia model when Kitigawa et al. reported that brief 2-min
duration occlusions of both carotid arteries in the gerbil protected against CA1 neu-
ronal cell in the hippocampus after later 5-min occlusions [18]. The durations and
intervals of the ischemic stimulus were critical to the protection. This phenomenon
was found in other areas of the brain, outside the hippocampus, and was termed
“ischemic tolerance” [18, 19].

Hypoxia

Stem and progenitor cells reside in a “stem cell niche,” an anatomical compart-
ment enriched with blood vessels and glycoproteins [20]. Ordinarily, cells are cul-
tured in conditions of “normoxia” of 21 % oxygen. However, stem cells reside in a
niche where oxygen concentrations are far lower [21]. Using direct measurements
of oxygen tensions in tissue or with mathematical modeling, oxygen tensions in
MSC compartments are estimated to be 2-8 % oxygen, hematopoietic stem cell
compartments (HSC) 1-6% oxygen, and NSC < 1-6% oxygen. NSC reside in a
very hypoxic environment in the subventricular zone (SVZ). Measurements of oxy-
gen tension are as low as 0.55% oxygen in various areas of the brain suggesting
that low oxygen tensions exist in the SVZ although direct measurements from the
SVZ have never been performed [21]. These conditions of hypoxia in vivo, termed
“physiological normoxia,” are much lower than the 21 % oxygen conditions of tis-
sue culture normoxia.
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Hypoxic Preconditioning of Cells

Since stem and progenitor cells normally reside in a “hypoxic” stem cell niche
and they are often being transplanted in a hypoxic—ischemic tissue environment,
culturing the cells in conditions of hypoxia might better prepare them for survival
and engraftment after transplantation and improve their “trophic effects” on tis-
sue. In 2003, Akita et al. reported that hypoxic preconditioning (HP) of peripheral
blood mononuclear cells for 7 days increased their differentiation into endothelial
progenitor cells (EPCs), increased secretion of vascular endothelial growth factor
(VEGF), and increased their migratory potential and their efficacy in vivo at thera-
peutic vasculogenesis in a hind-limb ischemia model compared to cells treated un-
der normoxia [22]. Other early studies showed that HP of peripheral bone marrow
mononuclear cells in 2% oxygen for 24 h increased their resistance to oxidative
stress in vitro and survival in vivo after intramuscular implantation and they were
more effective at increasing microvascular density and blood blow in a hind-limb
ischemia model at 28 days compared with cells treated under normoxia [23].

One of the first demonstrations of preconditioning of stem/progenitor cells in
cardiac injury models was “pharmacological” preconditioning of skeletal myoblasts
with diazoxide [24]. Diazoxide opens mitochondrial potassium channels, an under-
lying mechanism of preconditioning. Skeletal myoblasts represented a promising
therapy for cardiac injury and heart failure but the major barrier was poor graft sur-
vival. Niagara et al. showed that preconditioning with diazoxide reduced apoptosis
in vitro, increased the release of paracrine factors, increased graft survival, and im-
proved cardiac function 4 weeks later as measured by echocardiography in a rodent
myocardial infarction model [24].

MSC reside in close proximity to blood vessels in a “perivascular” niche in
nearly all tissues and appear to be a subset of “pericytes” [25, 26]. Due to their
ability to function as “trophic factories” or “drug stores” with immunomodulatory
effects, MSC are a promising cell therapy [27]. One of the first studies of HP of
MSC showed that culturing in 1-3 % oxygen for 16-24 h, activated Akt, induced
expression of cMet, a receptor for hepatocyte growth factor, increased migration,
and increased their efficacy at restoring blood flow in a hind-limb ischemic model
compared to cells treated in normoxia [28]. Other studies have confirmed that hy-
poxic conditioning of MSC increases their survival and function in a wide variety
of in vitro and in vivo models [29-41]. HP “reverses” the aging of stem cells. HP of
senescent adipose stromal stem cells reversed the decline in their angiogenic poten-
tial in an in vivo mouse hind-limb ischemia model [42].
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Hypoxia Preconditioning in Brain Injury Models

HP is effective in NSC and in brain injury models. Embryonic stem cells differenti-
ated into neural progenitor cells with retinoic acid (ES-NPCs) were more resistant
to apoptosis and caspase 3 activation after exposure to hypoxia [43]. These same
effects were seen with bone-marrow-derived MSC. HP increased secretion of EPO
and upregulated expression of bcl-2, hypoxia-inducible factor (HIF-1a), erythro-
poietin receptor (EPOR), neurofilament (NF), and synaptophysin in ES-NPCs. The
hypoxic effect was attenuated by blocking the EPOR R receptor and could be mim-
icked by EPO. These striking effects of HP in vitro were also seen in an in vivo
stroke model. HP- ES-NPCs were transplanted by stereotactic implantation 2 days
after MCA temporary suture occlusion in the infarct area and showed greater sur-
vival, enhanced neuronal differentiation, and facilitated long-term (35 days) func-
tional recovery of the rats compared to nonconditioned cells.

HP of bone-marrow-derived MSC was also shown to be more effective than nor-
moxic cells after intravenous delivery in a MCA rodent stroke model. In compari-
son to cells treated with normoxia, MSC exposed to 0.5 % oxygen upregulated HIF-
lalpha and trophic/growth factors in BMSCs, including brain-derived neurotrophic
factor (BDNF), glial cell-derived neurotrophic factor (GDNF), VEGF and its recep-
tor FIK-1, EPO and its receptor EPOR, and stromal derived factor-1 (SDF-1) and its
CXC chemokine receptor 4 (CXCR4). HP cells administered intravenously 24 h af-
ter a temporary 90-min middle cerebral artery (MCA) occlusion reduced microglial
activation in the brain and improved functional outcome as measured by Rotarod
at 15 days [44]. HP of MSC were also effective when these cells were delivered by
an intranasal route after stroke. HP-MSC had greater migration to ischemic cortex,
reduced infarct size, and improved functional outcome compared to nonconditioned
MSC [45].

HP of human umbilical cord-derived CD34 cells (hUCB?*) has also been shown
to be effective in stroke. In a three-vessel occlusion model in the rat (MCA and
bilateral carotids), intracerebral transplantation of HP hUCB?* led to greater en-
graftment, enhanced angiogenesis, facilitated proliferation of endogenous neural
stem cells, promoted neurite outgrowth, and improved outcome in comparison to
untreated (no hypoxia) hUCB?*. This effect was mediated, at least in part, by hypox-
ia-mediated upregulation of exchange protein activated by cAMP-1 (Epacl) [46].

The HP regimens are varied and include single brief episodes (of less than an
hour), longer single episodes of 12-24 h in duration, [28, 43, 46], more prolonged
hypoxia (0.5 %) for 24—72 h [44], and repeated brief (30 min) episodes of hypoxia
[47]. Brief repeated episodes are more effective than single brief episodes (30 min)
[47, 48]. However, perhaps due to ease of use, most studies have used continuous
hypoxia rather than brief repeated episodes [49].

HP increases the survival and “potency” of a wide variety of stem and progenitor
cells including PBMC, MSC, neural progenitor cells, and hUCB*. A “potency as-
say”” measures the biological activity of a cell therapy [50]. These assays may be in
vitro such as an Elisa that measure levels of secreted trophic factors such as VEGF,
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Table 11.1 Types of preconditioning of cells prior to transplantation

Hypoxia—ischemia | Cytokines Trophic/growth factors | Drugs/pharmacological agents
Hypoxia (0.5 to 1L-6 EPO, SDF-1 Minocycline/doxycycline

3% 02)

Cobalt Autologous stroke serum | Diazoxide

EPO erythropoietin, SDF-1 stromal derived factor-1

or in vitro assays of migration or angiogenesis. /n vivo assays such as angiogenesis,
tissue protection, or facilitation of functional outcomes may be even more predic-
tive of a response in humans although they tend to be “low throughput” (Tables 11.1
and 11.2).

Pathways of Protection

The mechanism by which hypoxia increases cell survival and “potency” involves
HIF-1. HIF-1, discovered and characterized by Semenza, is a transcription factor
involved in hypoxic adaptation and functions as a master regulator of oxygen ho-
meostasis expressed in all metazoan species analyzed [51-53]. HIF-1 controls oxy-
gen delivery by regulating angiogenesis and oxygen utilization, regulates glucose
metabolism, and is involved in redox homeostasis. HIF-1 consists of HIF-1a and
HIF-1 subunits, which each contain basic helix—loop—helix-PAS (bHLH-PAS) do-
mains. After heterodimerization, they bind DNA leading to transcription of down-
stream genes such as VEGF, EPO, sodium—calcium, exchanger —1 (NCX-1). HIF
binds to hypoxia-responsive elements and modulates up to 200 genes involved in
angiogenesis, mitochondrial biogenesis, cell proliferation, and apoptosis [49, 54].
HIF cytoprotective pathways involve VEGF, EPO, and an HIF-1-sphingosine ki-
nase-sphingosine 1 phosphate-CCl1 2 (MCP-1) signaling pathway that mediates HP-
induced ischemic tolerance in the brain [55, 56].

HIF-1a protein levels determine HIF-1 transcriptional activity as HIF-1p het-
erodimerizes with other bHLH-PAS proteins and are present in excess (Semenza
et al. 1996). Under conditions of high oxygen tension, HIF-1 is bound by to Von
Hippel-Lindau (VHL) protein which targets HIF1a for degradation by the protea-
some. The binding of VHL to HIF-1 is dependent upon hydroxylation of a specific

Table 11.2 Hypoxic preconditioning increases “potency” of cells

In vitro In vivo
Greater survival, reduced apoptosis Increased cell survival and engraftment
Increased migration in migratory assays Increased migration in the brain
Increased angiogenesis Increased angiogenesis

Reduction of tissue injury

Facilitates functional recovery
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proline residue in HIF-1a by the prolyl hydroxylase PHD2 which uses O, as a sub-
strate. Therefore, its activity is inhibited under hypoxic conditions. One attractive
target for pharmaceutical companies is to develop prolyl hydroxylase inhibitors
(PHIs) to induce HIF activity for treatment of disorders in which HIF mediates pro-
tective responses. For example, a small molecule inhibitor of HIF prolyl hydroxy-
lases was neuroprotective if administered prior to cerebral ischemia in an MCA
occlusion model; however, it was not protective if given at the time of ischemia,
limiting its clinical usefulness [57].

SDF-1/CXCR Axis

SDF-1/CXCL12 belongs to the CSC chemokine family and is involved in angio-
genesis and stem and progenitor cell migration [58]. SDF-1 had two known recep-
tors, CXCR4, the best known, and CXCR7. The CXCR4 receptor is expressed on
lymphocytes, monocytes, HSC, and ES cells. SDF-1/CXCR4 is involved in pro-
genitor and stem cell trafficking and homing to sites of injury. Hypoxia increases
the expression of CXCR 4 and CXCR?7 and the migration, adhesion, and survival of
MSCs. CXCR4 mediates the increased migration while both CXCR4 and CXCR7
mediate adhesion and CXCR?7 resistance to oxidative stress [35] This effect is medi-
ated via HIF-1 and Akt.

Preconditioning of MSC with SDF-1 decreases their apoptosis, improves their
survival and engraftment, and reduces infarction in an MI model [59]. Precondition-
ing EPCs with SDF-1 increases their angiogenic potential in vitro and in vivo in a
hind-limb ischemia model [60]. To date, there are no studies of preconditioning
cells with SDF-1 in a stroke or brain injury model.

Other “Preconditoning” Agents
IL-6

IL-6 is a proinflammatory cytokine and, as part of the acute phase response, is as-
sociated with recurrent stroke, although it is doubtful that IL-6 per se is causal in
recurrent stroke [61, 62]. IL-6 promotes a survival pathway through activation of
signal transducer and activator of transcription 3 (STAT3) and is neuroprotective
in some stroke models [63]. NSC preconditioned with IL-6 and transplanted into
mouse brain 6 h or 7 days after stroke increased angiogenesis and improved func-
tional recovery compared to nonconditioned cells [8]. Transplantation at 6 h also
reduced infarct size. These effects were abolished when the preconditioned cells
were treated with a small interfering RNA to STAT 3.
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Minocycline

Minocycline is an effective neuroprotectant and has been tested in early-phase clini-
cal trials in stroke in humans [64—66]. Sakata et al. preconditioned NSC with mino-
cycline and reported protection against in vitro oxygen glucose deprivation (OGD)
[9] Minocycline preconditioning upregulated the transcription factor nuclear factor
erythroid 2-related factor 2 (Nrf2) and the antioxidant genes, NQO1 and HO-1, and
increased the secretion of the paracrine factors, BDNF, GDNF, nerve growth fac-
tor, and VEGF. Minocycline-preconditioned NSC also survived better in ischemic
brain when transplanted at 6 h post stroke than nonconditioned cells. Moreover,
the minocycline preconditioned NSC reduced infarct size and improved functional
outcome at 28 days as measured by the rotarod and beam balance test. Treatment
of the preconditioned cells with NRf2 small inhibitory RNA before transplantation
blocked this neuroprotective effect. NSC preconditioning with doxycycline, anoth-
er tetracycline similar to minocycline, also improved survival of NSC in a hypoxia
reoxygenation model and also induced upregulation of Nrf2, similar to minocycline
[67]. Minocycline is also effective at increasing graft survival when administered to
the host. Intracerebral transplantation of porcine fetal neurons cells in the striatum
resulted in no graft survival in any animal at 62 days; however, if the animals were
treated daily with minocycline, cells engrafted in 40 % of the animals [68].

Autologous Stroke Sera

Another approach is to precondition cells with autologous sera prior to transplanta-
tion. This approach leverages the reparative effects of trophic factors in the blood
after stroke. In the STARTING clinical trial of autologous MSC in stroke patients,
MSC will be ex vivo expanded in culture with autologous stroke patient sera ob-
tained as soon as possible after the stroke and then administered IV [69].

Pre- and Postconditioning the Host Tissue

While there has been extensive work on preconditioning the donor cells prior to
transplantation, there has been less work on “conditioning” the host or the recipient
tissue. With this approach, the aim is to reduce the acute inflammatory response of
the host that impairs engraftment and promotes the death of the graft. Since we are
transplanting cells into tissue affer an ischemic episode or potentially after a trau-
matic brain injury, the precise “temporal” term for this type of conditioning would
be “postconditioning.”
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Remote Ischemic Conditioning

While direct pre- and postconditioning would require access and repetitive occlu-
sion of the middle cerebral artery or other major cerebral artery in patients with
stroke, conditioning can be applied at a “distance” or a “remote site” and still pro-
vide protection to a distant organ like the brain [70]. Remote ischemic conditioning
(RIC) allows a more accessible site like the limb to be used. This can be accom-
plished with a simple tourniquet or blood pressure cuff repeatedly inflated and de-
flated on the arm or leg. The intervention is feasible, safe, and well tolerated. There
is a large body of evidence that ischemic conditioning is effective in animal models
for stroke at reducing infarct size and improving functional outcome when applied
before (pre), during (per), and after ischemia—reperfusion (post) [70, 71]. This effect
may be mediated by improved cerebral blood flow and cytoprotection of the organ.
RIC also seems to dampen and modulate the immune response. There is already
clinical trial data suggesting the efficacy of RIC in humans in a chronic condition-
ing setting to reduce recurrent stroke in high-risk patients with intracranial stenosis
and in the prehospital setting in acute ischemic stroke [72, 73].

To date, there has been little published work on this approach. In a rodent MI
model, remote ischemic postconditioning achieved by four cycles of 5-min occlu-
sions of the abdominal aorta 1 week post MI, increased the retention of intrave-
nously administered MSC 1 day later in the heart and improved cardiac function at
1 month as measured by echocardiography compared to controls [74]. The remote
postconditioning increased SDF-1 in the ischemic heart and transiently in the blood;
the beneficial effect of postconditioning was blocked by antibodies to CXCR4, sug-
gesting that the SDF-1-CXCR4 axis was at least partially mediating the effect.

We propose that RIC be tested in preclinical models of stem cell transplantation.
Testing with appropriate “sham” conditioning controls should be performed with intra-
venous, intra-arterial, and intracerebral delivery routes. Another related innovative ap-
proach would be to combine HP of transplanted stem/progenitor cells with RIC so that
both the donor cells and the host would be conditioned. If preclinical models suggest
efficacy, these approaches could be easily translated to patients (Fig. 11.1).

Summary

HP of stem and progenitor cells prior to transplantation increases their “potency”
in terms of both in vitro and in vivo survival and function. One of the rationales
for this approach is the finding that stem and progenitor cells normally reside in a
“hypoxic” stem cell niche. Moreover, other “preconditioning agents” such as IL-6,
minocycline, and SDF-1 represent alternative approaches. In the future, more at-
tention will be given to “conditioning” the host to prepare the tissue to receive a
transplant. Remote limb ischemic conditioning is a safe and feasible approach that
might best be combined with hypoxic conditioning of transplanted cells to optimize
cell-based therapeutics.
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Fig. 11.1 a Remote limb conditioning (RIC) in patient with stroke. In a, the patient undergoes
remote limb conditioning with a blood pressure cuff repeatedly inflated and deflated on the arm,
24-48 h after stroke (middle pane) The following day, bone-marrow-derived stem cells are admin-
istered intravenously (right pane). b In b, the RIC is applied at around day 5-7 post stroke, then
the patient is taken to the operating room (OR, right pane) for stereotactic transplantation of
induced pluripotent stem cells differentiated into neural progenitor cells (iPS-NP). The RIC could
be continued in the OR and thereafter
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Chapter 12

Tracking of Administered Progenitor Cells in
Brain Injury and Stroke by Magnetic Resonance
Imaging

Bhagelu R. Achyut and Ali S. Arbab

Introduction

Brain has limited regenerative potential in disease conditions such as neurodegen-
eration, stroke, and several other neural injuries. Vasculature density and blood sup-
ply to damaged brain areas are significantly reduced under pathological conditions.
Therefore, possible attempts need to make the use of stem-cell-based therapies to
regenerate vasculature and hence neural cells with functional similarities to brain
cells. Cell therapies are intended to induce enhancement of neovascularization or
prevention of vascular endothelial cell (EC) death by using endothelial progenitor
cells (EPCs). Similarly, neural progenitor cells (NPC) can also be used to protect
injured neurons or enhanced neurogenesis [1-3]. These progenitor cells are being
collected from different sources such as peripheral blood, bone marrow (BM), um-
bilical cord blood (UCB), umbilical tissues, and embryonic tissues, such as embry-
onic stem cells and fetal subventricular zone (SVZ) NPCs [2-5]. Although most of
the time administration of cells is through intravenous (IV) route, preclinical studies
are also performed by injecting cells directly into either ipsi- or contra-lateral hemi-
spheres [2, 3]. With the possibility of cell therapy in stroke or brain injury cases,
investigators want to know the spatial or temporal migration of administered cells
to the site of interests.

Different imaging modalities can be used to track administered cells. Various in
vitro techniques are being used to tag these cells so that they can be detected using
in vivo imaging. Different reporter genes have been introduced into cells and are
detected by optical imager/fluorescent or confocal microcopy [6—10]. Exogenous
optical or fluorescent tags such as quantum dots or other near infrared nanopar-
ticles are being introduced into the cytoplasm of cells for optical imaging [11-15].
Nuclear medicine approaches have incorporated the sodium iodide symporter
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(NIS) [16—18] or herpes simplex virus thymidine kinase (HSVtk) genes into cells
and have used chelated radionuclides or positron emitters to track cells [19-22].
Indium-111-oxine and Technicium-99m chelates [23, 24] have been used to label
cells to track by single photon emission computed tomography (SPECT) [25-28].
Positron emitting radioisotope 2-[18F]-fluoro-2-deoxy-p-glucose (18F-FDG) and
copper 64 pyruvaldehyde-bis (N4-methylthiosemicarbazone) have been used in the
in vitro labeling and subsequence tracking of labeled cells [29, 30] by positron
emission tomography (PET).

Labeling cells with superparamagnetic iron oxide nanoparticles (superpara-
magnetic ironoxides, SPIO) or a paramagnetic contrast agent (gadolinium [Gd] or
manganese [Mn]) allows for the possibility of detecting single cells or clusters of
labeled cells within target tissues by magnetic resonance imaging (MRI) following
either direct implantation or IV injection [31-37]. Various approaches have been
developed to label cells with SPIO nanoparticles or soluble paramagnetic magnetic
resonance (MR) contrast agents [31-33, 38—52]. This chapter focuses on how EPCs
or NPCs can be labeled with SPIOs for cellular MRI (CMRI) and how these labeled
cells are being tracked by CMRI. Cell tracking using other imaging modalities with
Food and Drug Administration (FDA)-approved agents is also discussed.

Characterization of MRI Contrast Agents or Magnetic
Nanoparticles Used in Cell Labeling for CMRI

MR contrast agents used to label cells can either exhibit properties of being para-
magnetic or superparamagnetic. These agents alter the nuclear magnetic resonance
(NMR) relaxation times of the water protons in solution or tissue known as T1, T2,
and T2*. The spin—lattice or longitudinal relaxation time or T1 represents the ex-
ponential recovery of the proton spin to align with the external magnetic field. The
spin—spin or transverse relaxation time or T2 is the exponential loss of coherence
among the spins oriented at an angle to the static magnetic field due to interactions
of the spins. The T2* (T2 star) is the loss of phase coherence of the spins in the
external magnetic field and is a combination of magnetic field in-homogeneities
and T2.

Paramagnetic Agents

Paramagnetism refers to the ability of a metal such as Mn, Gd, or iron to interact
with water protons through dipole—dipole interaction with direct inner sphere ef-
fects resulting in a shortening of NMR relaxation times and is usually associated
with enhancement (increase in signal intensity) on T1-weighted images. Gd chelates
(i.e., GdADTPA, GdADOTA, or GdADO3A) and Mn chloride are paramagnetic contrast
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agents used in experimental and clinical studies. These agents tend to shorten T1
relaxation time greater than T2 and T2* of tissues.

Gd chelate-based contrast agents for cell labeling have been used to label cells ex
vivo with limited results. Reports indicate modest T1 enhancement or in some cases
no T1 enhancement when Gd-chelated agents are used for cell labeling [53—59].
Thus, the need remains to identify an agent that will exert a strong T1 effect, allow-
ing the detection of cells in disease models where the cells need to be conspicuous
versus surrounding tissues, where labeled cell numbers are low, or when concentra-
tion of Gd is low.

Giesel et al. [56] were able to label mesenchymal stem cells (MSCs) using a
bifunctional gadoflurine M-Cy3.5 for both MRI and optical imaging. Gadoflurine
M-Cy3.5 is designed with a hydrophilic tail that allows the agent to insert in the
cell wall and then gets internalized into cytosol. Intracerebral implantation of 10°
gadoflurine M-Cy3.5-labeled MSC allowed for clear visualization of cells in the rat
brain on T1-weighted imaging at clinical relevant 1.5 T that could be confirmed by
fluorescent microscopy. Anderson et al. used Gd fullerenol which has higher rela-
tivities than conventional Gd chelates, to label MSCs [49]. Gd fullerenol-labeled
MSCs could be detected on 7T MRI following direct injection of 10° cells into the
rat thigh. Gd fullerenol labeling decreased the stem cell proliferation initially sug-
gesting that the agent may be altering mitochondrial function. Brekke et al. used a
combination of Gd chelate with fluorescent tag to label cells and noted a significant
decrease in proliferation and increase in reactive oxygen species with 24 h of incu-
bation [60]. The transient negative effect of a Gd-based agent on cell proliferation
used for cellular and molecular imaging will need further evaluation to ensure there
is no long-term toxicity or ability of the cells to repair damage.

Mn chloride was the first paramagnetic contrast agent used in MRI and has been
shown that it can be taken up by cells in vivo through calcium channels in the cell
membrane. [52, 61, 62]. Aoki et al. have reported that lymphocytes could be labeled
following incubation with Mn chloride [52]. MRI of cells in gelatin demonstrated
increased signal intensity on T1-weighted images; however, it is not clear if there
would be sufficient contrast enhancement to detect Mn-labeled cells in vivo by
MRI. Recently, cells have been labeled with paramagnetic Mn oxide nanoparticles
and the enhancement could be detected using standard T1-weighted imaging al-
though further work is needed to fully understand the uptake and safety of this
agent in stem cells [63]. Odaka et al. labeled mononuclear cells using Mn chloride
and image them up to 21 days following intramuscular administration of labeled
cells [64]. However, tracking of Mn-labeled cell following IV administration is yet
to be feasible. This major drawback to use Mn as a MR contrast agent is its narrow
therapeutic window and potential toxicity.
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Superparamagnetic Agents

Superparamagnetic iron oxide nanoparticles are a family of MRI contrast agents
that are presently being used to efficiently label cells for cellular imaging. There are
various methods used to prepare SPIO nanoparticles, resulting in a wide range of
physiochemical differences including core size (e.g., ultrasmall (U)SPIO), shape,
mono- or oligocrystalline composition, and outer coating that may alter the ability
to use these agents to label cells. The basic chemistry behind the formation of super-
paramagnetic iron oxide nanoparticles is a mixture of ferrous and ferric iron salts at
alkaline pH with a coating (dextran or other types of coatings) that is actively stirred
or sonicated resulting in magnetite containing various ratios of Fe,O, to Fe,O, in
the crystals [65, 66].

The size of the (U)SPIO nanoparticles depends on the surface coating used and
will determine whether the particle is monocrystalline (ferumoxtran) or consists of
multiple or oligocrystalline such as ferumoxides [66]. Surface coatings on (U)SPIO
nanoparticles may be various sized and surface charged molecules, including dex-
tran and modified cross-linked dextran, dendrimers, starches, citrate, or viral par-
ticles [44, 66—85]. For several clinically approved SPIO nanoparticles (e.g., feru-
moxides, ferumoxtran, and ferucarbotran), the coating is dextran, that is attached
through electrostatic interaction to the iron core by hydrogen bonds between some
of the dextran hydroxyl groups and the surface oxide groups of the iron core [86].
For SPIO nanoparticles (e.g., ferumoxides or ferucarbotran), the dextran coating
links multiple iron oxide crystals together and they have a hydrodynamic diameter
of about between 60 and 200 nm [86]. Recently, a semisynthetic carbohydrate non-
dextran-coated ultrasmall SPION (USPIO), ferumoxytol, has been approved for the
treatment of iron deficiency anemia in chronic kidney disease [87, 88]. Drs. Frank
and Arbab’s group has introduced ferumoxytol as cell-labeling agents and showed
the efficiency in tracking administered cell by MRI [89, 90].

The coating molecules contribute to the surface charge or zeta potential of the
(U)SPIO in water. The zeta potential or the average potential difference in millivolts
existing between the surface of the (U)SPIO nanoparticles immersed in a conduc-
tion liquid (water) and the bulk of the liquid. Dextran-coated ferumoxide has a zeta
potential of =32 mV while ferumoxtran that is coated with a shorter chain dextran
has a measured zeta potential of —2.0 to 0 mV [91] and the near neutral surface
potential of ferumoxtran possibly contributes to the long blood half-life compared
to the larger SPIO nanoparticles. Zeta potentials of ferumoxytol is reported to be at
—24.4+9.32 mV in water [89].

In general, (U)SPIO nanoparticles will alter the T2/T2* of the surrounding tis-
sue compared to the T1 relaxation times in part due to field gradients surrounding
the nanoparticles resulting in a rapid dephasing of the protons in the environment.
(U)SPIO nanoparticles effect on MRI signal intensities depend on various factors
including particle size, hydrodynamic radius, concentration of particles within the
voxel, image acquisition parameters, and whether the MR contrast agent is in solu-
tion or compartmentalized within a cell [35, 37, 92]. Long echo time T2-weighted
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spin echo pulse sequences or T2*-weighted gradient echo MR pulse sequences are
usually used to detect the presence of (U)SPIO nanoparticles within tissues and
these agents usually appear as hypointensities with or without associated suscep-
tibility artifacts on the images. For MR cellular imaging, (U)SPIO nanoparticles
are usually compartmentalized within endosomes or macropinosomes within the
cytoplasma of cells and causing a decrease in the signal intensity of the target tissue
on T2- and T2*-weighted images because of rapid dephasing of the water proton
spins set up by the magnetic field gradients that develop around the magnetically
labeled cells.

Methods of Labeling Cells with Magnetic Nanoparticles
for CMRI

It is mentioned in the earlier section that the surface of most of the commercially
available (U)SPIO nanoparticles is negatively charged. On the other hand, electric
charge of cell surface is also negative. To make the nanoparticles efficiently taken
up by the cells, surface charge of the nanoparticles should be modified. Investigators
have modified the surface change of the nanoparticles by coating it with cationic
materials or modified the surface of the coating by attaching membrane penetrable
peptides. Commercially available transfection agents can also be used to modify the
surface charge of the nanoparticles to facilitate the uptake by cells.

Modified Nanoparticles for Cell Labeling

Superparamagnetic iron oxide nanoparticles are being used to efficiently label cells
for cellular MRI. There are various methods used to prepare SPIO and ultrasmall
(U)SPIO nanoparticles, resulting in a wide range of physio-chemical properties in-
cluding core size, shape, mono- or oligo-crystalline composition, and coatings that
allow the SPIO nanoparticles to exist in a colloidal suspension in aqueous solu-
tions. The types of coatings include dextran and modified cross-linked dextran, den-
drimers, starches, citrate, or viral particles and are usually attached through electro-
static interactions with the surface of the iron oxide crystal core contributing to the
hydrodynamic size and zeta potential of the SPIO nanoparticles. The zeta potential
or the average potential difference in millivolts exists between the surface of the
(U)SPIO nanoparticles immersed in a conduction liquid (water) and the bulk of the
liquid. The SPIO nanoparticles have been characterized as either being anionic or
cationic (positive or negative zeta potential) and which will determine the contrast
agent’s ability to interact with cell/plasma membrane.

Dendrimers are branched synthetic polymers with layered architecture that can
be of various sizes or generation and have multiple applications including [93-96]:
to compact DNA and transfect oligonucleotides into cells by binding to the plasma



192 B. R. Achyut and A. S. Arbab

membrane and stimulating endocytosis. Adding generation 4.5 polyamindoamine
(PAMAM) dendrimer as a coating of iron oxide nanoparticles resulted in the syn-
thesis of magnetodendrimers (MD-100) [69]. Incubating mammalian cells with
MD-100 for 1-2 days resulted in a wide variety of cells demonstrating on Prussian
blue (PB) staining a remarkably high degree of intracellular labeling, with the cyto-
plasm containing large numbers of iron-containing vesicles or endosomes.

Modification to the dextran coating of USPIO nanoparticles cross-linking the
dextran strands cross-linked iron oxide (CLIO) and then covalently attaching HI'V-1
Tat proteins to the surface has allowed for efficient and effective labeling of non-
phagocytic cells presumably through macropinocytosis [42]. Using MR imaging,
homing of CLIO-Tat-labeled lymphocytes could be visualized in the liver and
spleen in normal mice [97]. CLIO-Tat-labeled T cells have been used as adoptive
transfer autoimmune diabetes mouse model and labeled cells have been shown to
selectively home to specific antigens in B16 melanoma in mouse model by in vivo
MRI [41, 98, 99]. CLIO-Tat or modification that include attaching to the dextran
coat optical imaging agents (i.e., fluorescein isothiocyanate (FITC), CYS5.5) is very
efficient at labeling cells ex vivo [100]; CLIO-Tat use is relatively limited since it is
a custom synthesized agent and not commercially available.

Conjugating antigen-specific internalizing monoclonal antibodies (MoADb) to the
dextran coat of USPIO nanoparticles has facilitated the magnetic labeling of cells
by clathrin-mediated endocytosis. [101-106]. The monoclonal antibody (OX-26) to
the rat transferrin receptor was covalently attached to USPIO nanoparticles (MION-
46L) and used to label rat progenitor oligodendrocytes (CG-4). MION-46L-OX-
26-labeled rat CG-4 cells were directly implanted into spinal cords of myelin de-
ficient rats and ex vivo MR images, obtained on days 10-14 after implantation,
demonstrated excellent correlation between the hypointense regions and blooming
artifacts caused by the presence of labeled cells and the degree of myelination in the
spinal cord detected on immunohistochemistry. The results demonstrated that mag-
netically labeled cells would not interfere with the cell differentiation, migration
along area of pathology, or the formation of myelin wraps around axons.

Viruses and viral shells are being explored as carriers for MRI contrast agents.
Using hemagglutination virus of Japan (HVJ) envelope that encapsulated SPIO
nanoparticles was found to label microglial cells in culture [44, 107, 108]. The HVJ
SPIO-labeled cells were intra-cardiac injected and clusters of cells could be seen
within 1 day following transplantation in the brains of mice. The HVJ SPIO parti-
cles were reportedly more efficient at labeling cells than combining dextran-coated
SPIO with transfection agent, lipofectamine [44]; however, since HVJ envelopes
are not commercially available, the use of this agent for labeling cells is limited.

Micron-sized iron oxide, commercially available particles or beads (MPIO), is
also being used to label cells for cellular MRI studies in experimental models. These
agents are from 0.3 to >5 pum in size containing greater than 60 % magnetite in a
polymer coating that can include a fluorescent marker that allows for dual detection
of labeled cells by MRI and fluorescent microscopy. MPIOs can be purchased with
either terminal amines or carboxyl groups on the surface, thus allowing for chemi-
cal modification to attach peptides, ligands, or MoAb to specific targets and recep-
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tors on cells. MPIOs have been used to track macrophage infiltration in transplanta-
tion rejection, to monitor single-cell migration in tissues and to locate implanted
stem cells in an area of myocardial infarction [46, 78, 109-111].

Transfection-Agent-Mediated Cell Labeling

Although several approaches for labeling cells with SPIO nanoparticles have been
explored, most of the agents used were proprietary compounds, involved unique
or complex synthesis, or biochemical modification of the dextran coat of the SPIO
nanoparticles to stimulate endocytosis by cells. In 2002, a relatively straightforward
approach was developed combining (U)SPIO nanoparticles (e.g., ferumoxtran and
ferumoxides) with commonly available polycationic transfection agents to effec-
tively label cells. Different commercially available transfection agents have been
tried with varying results [31, 33, 34, 36, 38, 112, 113]. However, most of the com-
mercially available transfection agents are toxic to the cells at relatively low doses
and moreover these transfection agents are not FDA approved to be used in the
clinics. By mixing two FDA-approved agents, ferumoxides (Feridex IV, Berlex,
NJ) and protamine sulfate together form a complex that efficiently and effectively
label stem cells [33, 34, 39, 114-116]. Protamine sulfate is an FDA-approved drug
containing >60% arginine for the treatment of heparin anticoagulation overdose.
Cells are labeled with the ferumoxides—protamine sulfate (FePro) complex via mac-
ropinocytosis and can be imaged at clinically relevant MRI fields using standard
imaging techniques. The concentration of iron in cells is dependent on nuclear to
cytoplasmic ratio, the iron concentration in the nano- or pm-sized particles, iron
content in media, incubation times, and method of endocytosis of the particles
[33, 34, 46]. Unlabeled stem cells usually contain less that 0.1 pg of iron per cell,
whereas labeled cells grown in suspension (i.e., hematopoietic stem cells (HSCs), T
cells) contain 1-5 pg iron per cells and cells that adhere to culture dish (i.e., MSCs,
human cervical cancer cells and macrophages) can take up from 5 to >20 pg iron
per cell [33, 34, 39]. Labeling cells with ferumoxides do not alter the viability and
functional capability of cells or the differential capacity of stem cells [33, 117].
Ferumoxides-protamine sulfate labeled embryonic, mesenchymal, hematopoietic,
and neural stem cells (NSCs) showed similar rates of differentiation to different
lineages, compared to control unlabeled cells [33, 112, 117, 118]. Janic et al. [119]
have further improved the labeling procedures using ferumoxides-protamine sulfate
and used extensively to label EPCs and track them in neovascularization in vascular
diseases such as stroke.

Unfortunately, most of the FDA-approved SPIOs are not commercially avail-
able anymore. The manufacturers have stopped producing SPIOs due to nonviable
commercial values. The good news is that there is another FDA-approved USPIO
(ferumoxytol), which is being used in chronic renal failure patients. Drs. Frank
and Arbab’s group have utilized this USPIO and made complexes using protamine
sulfate and heparin, all of them are FDA approved. The complexes are used to label
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different types of cells and tracked them by MRI [89, 90]. Recent articles indicated
the safe handling of endocytosed ironoxides by the cells [120, 121]. Soon after
phagocytosis, iron particles remain within endosomes and by days 3—-5 these endo-
somes fuse with lysosomes and the ironoxides particles start disintegrating [121].
Pawelczyk et al. have shown that ironoxides labeling of HeLa and MSCs resulted
in a transient decrease in TfR-1 mRNA and protein levels. In contrast, ironoxides
labeling of primary macrophages resulted in an increase in TfR-1 mRNA but not
in TfR-1 protein levels. Ferritin mRNA and protein levels increased transiently in
labeled HeLa and macrophages but were sustained in MSCs [120]. Previously, we
have shown that retention of iron in the labeled cells depends on the rate of division
and metabolic activity of cells [34]. In rapidly growing cells, the intracellular iron
completely disappeared by 58 divisions. On the other hand, the intracellular iron
was observed after 6 weeks in cells, where cell division was almost inhibited.

Labeling and Tracking of Endothelial Progenitor Cells

The formation of blood vessels occurs by two mechanisms: vasculogenesis and an-
giogenesis. Vasculogenesis is the process where blood vessels are formed de novo
by in situ differentiation of the primitive progenitors—i.e., angioblasts into mature
ECs, which was thought to only take place during embryonic development [122].
In contrast, angiogenesis occurs during both the embryonic development and the
postnatal life, and is defined as a process that gives rise to new blood vessels by
proliferation and migration of preexisting, differentiated ECs [123]. Angiogenic
factors, such as vascular endothelial growth factor (VEGF), stimulate angiogen-
esis by promoting activation, proliferation, sprouting, and migration of ECs and
therefore allow for a rapid formation of new blood vessels [124]. ECs that contrib-
ute to neovasculatures can originate from sprouting and co-option of neighboring
preexisting vessels [125]. However, there are emerging evidences indicating that
BM-derived EPCs also contribute to the vasculogenesis [126]. A subpopulation of
CD34" human HSCs identified by the cell-surface molecule CD133* (AC133%) has
been shown to be more specific for endothelial differentiation and angiogenesis
[127, 128]. Additionally, published results also showed migration and incorpora-
tion of IV-administered CD347/AC133" cells in the neovasculatures [129]. EPCs
collected from BM, peripheral, or cord blood have been used in different animal
models to determine whether these cells have the capacity to become part of the
neovasculatures in tissues.

Landscapes of CD34"/AC133" Endothelial Progenitor Cells

Previous studies demonstrated the existence of circulating ECs in peripheral blood
in various vascular diseases [130]. However, for a while, it was unclear whether
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these cells or their precursors play a role in postnatal vascular growth. The break-
through came from the work by Asahara et al. (1997) who demonstrated the pres-
ence of CD34"/VEGF receptor-2 (VEGFR2) + EPCs in human peripheral blood
[126]. These cells gave rise to mature ECs in culture and were capable of incorpo-
rating into the sites of active neovascularization in animal models. This landmark
work opened the possibility that in adults, endothelial stem or precursor cells may
contribute to the formation of new blood vessels by vasculogenesis. Since then,
researchers have been gaining significant insights into the postnatal neovasculariza-
tion and the EPCs’ origin, phenotype and function. However, the main factor hin-
dering the EPCs research is the controversy on the identity of EPCs. Earlier studies
defined EPCs as the cells co-expressing HSC marker CD34 and endothelial marker
VEGFR2. Since subsequent work showed that some mature ECs also co-express
CD34 and VEGFR?2 and that CD34 was not an exclusive marker for hematopoietic
cells, a novel CD133 glycoprotein was accepted as a more appropriate marker for
immature progenitor cells [127, 131]. Glycosylated form of CD133 protein is ex-
pressed on HSCs but not on mature ECs, and it is recognized by AC133 monoclonal
antibody. Peichev et al. (2000) suggested that a subset of circulating CD34" cells that
are positive for both VEGFR-2 and AC133 represent a functional EPC population
that plays a role in postnatal angiogenesis or vasculogenesis [131]. EPCs also share
many cell-surface markers with ECs and with stem/progenitor cells of different
tissues. However, currently it is customary to define EPCs as cells that are positive
for AC133, CD34, and VEGFR2 markers, with the following distinction: AC133/
CD34"/VEGFR2" cells represent an immature, highly proliferative EPC population
localized mainly in the BM, while AC133—/CD34"/VEGFR2" cells are considered
circulatory, more mature cells that are limited in their proliferative capacity [132].
In addition, these more mature cells also express some of the endothelial specific
antigens such as platelet EC adhesion molecule 1 (PECAM-1 or CD31), E-selectin
(CD62E) and VE-cadherin (CD144), chemokine receptor CXCR-4 (CD184) and
have the ability to migrate in response to the CXCR-4 ligand, stromal cell-derived
factor (SDF)-1a and VEGEF. It is now generally accepted that new vessels can also
be formed via recruitment of circulating EPCs.

EPCs have been identified mainly in the mononuclear cell fraction of peripheral
blood, leukapheresis products, and in UCB [126], which represent immense thera-
peutic potential roles such as regenerative agent and imaging probe. Characteriza-
tion and phenotypical expression of EPCs is still controversial and there is still no
consensus on the EPC’s definition. Some investigators pointed out that EPCs are
CD45 marker negative and should express CD31, kinase insert domain receptor
(KDR) (VEGFR2), VE cadherin and von Willebrand factor (vWF) [133]. These
investigators usually collect cells from peripheral or cord blood mononuclear cells
as an adherent cell population and propagate them in differentiating media contain-
ing high amount of fetal bovine serum (FBS). Dr. Arbab’s group reported that cord
blood (CB)-derived AC133* cells can be amplified by long-term in vitro expansion
while preserving their angiogenic potential, which is critically important for devel-
oping EPC-based therapies [128, 134]. There are reports showing peripheral blood
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CD45" angiogenic cells that show all the hallmarks of EPC as well as CD45 surface
marker [135].

Indeed, studies in recent years demonstrated that IV-administered progenitors
isolated from BM, peripheral blood, or UCB can home to ischemic sites, empha-
sizing the significance of the paracrine effect of lesion-secreted factors. To show
the endothelial potential of cord blood CD34*/AC133" cells, investigators have
performed extensive in vitro and in vivo studies. Recent publications showed the
potential of long- and short-term cultured UCB-derived CD34*/AC133" EPCs to
make tube-like structures in both in vitro and in vivo matrigel angiogenesis studies
[128]. Despite of the significant amount of data available, controversy still remains
on the identity and function of the putative EPC and its functional significance
and contribution to vasculature growth and repair of damaged or degenerated brain
areas. Gradually, the consensus on the putative EPC phenotype is arising, neverthe-
less further identification and characterization of novel, more specific EPC markers
are warranted.

Endothelial Progenitor Cells in Vascular Integrity and Repair

The endogenous EPCs maintain vascular integrity and homeostasis by mediating
response to vascular injury by inducing ECs regeneration, and hence promoting
tissue neovascularization [136, 137]. Preclinical studies have shown that EPCs par-
ticipate in neovascularization processes in ischemic organs, and hence their regula-
tion could have therapeutic applications in vascular diseases [138, 139]. Recently,
association between circulating EPCs and outcome in different subtypes of acute
ischemic stroke was evaluated. The results showed that number of circulating EPCs
is significantly lower in patients with large-vessel disease than in those with small-
vessel disease. EPCs are indicator of vascular integrity in stroke, which is evident
by low CD133* CD34" subset of EPCs in stroke patients. Low EPCs were associ-
ated with high intercellular adhesion molecule 1 (ICAM-1; marker of neuroinflam-
mation) in those stroke patients [140]. Similarly, less number of EPCs on admis-
sion is an independent risk factor for poor 6-month outcome in patients with acute
ischemic stroke [141]. After acute ischemic stroke, circulating EPC counts peaked
at day 7 [142]. In patients with large artery atherosclerosis and small-vessel disease
subtypes, higher counts were related to better outcome at 3 months [142]. In adult
ischemic brain injury or stroke, transplanted EPCs reside to the ischemic injury
core, and promote cerebral neovascularization and neuron progenitor cell migration
and survival, and improve long-term neurobehavioral outcomes [143]. Integrity of
the vascular endothelial monolayer is extremely important, since it represents a
barrier between the blood and sub-endothelial matrix proteins. Thus, restricts the
infiltration of inflammatory cells and controls vascular smooth muscle proliferation
[139]. The cerebrovascular system is considered as dynamic entity that remodels
according to patho-physiological conditions. As discussed before, under hypoxia/
ischemia conditions, new blood vessel formation in adults has traditionally been
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understood to be the results from angiogenesis [ 123, 144] and vasculogenesis [122].
EPCs have shown great potential as neuroregenerative therapies as they regenerate
into ECs, astrocytes, pericytes and smooth muscle cells, NSCs, oligodendrocytes,
and neurons. EPCs migrate to injured tissue and participate in neovascularization,
regeneration of the injured endothelium, which provide cells to differentiate into
mature vascular ECs, and secrete pro-angiogenic growth factors [139]. The process
of EPC homing to the site of injury is highly regulated that starts with detach-
ment from the BM niche, migration into blood vessels, and reaching to homing site
through the circulation. EPCs interact with the damaged endothelial monolayer in
a similar way that leukocytes interact with activated ECs. Interestingly, adhesion
molecules such as P-selectin, E-selectin, and 2-integrins have been identified as
key regulators of EPC homing [139]. Investigators found that systemic administra-
tion of UCB-derived EPCs in adult mice resulted in significant protection against
hypoxic/ischemic brain injury, with reduced infarct volume, decreased neutrophil
infiltration, and increased focal blood flow [145]. Interestingly, this study also re-
ported that circulating EPC levels were inversely correlated with cerebral infarc-
tion, but positively correlated with regional blood flow in hypoperfused areas of
the brain after ischemia [145], suggesting that EPCs may be a predictor of the func-
tional cerebral vasculature. In other study, authors reported that higher EPC levels
were indicative of smaller volumes of acute lesion, final lesion, and lesion growth,
and may serve as markers of acute phase stroke severity [146]. Cross talk between
the brain and systemic responses in blood is increasingly suspected of playing criti-
cal roles in stroke. Authors showed that reactive astrocytes can release a damage-
associated molecular-pattern molecule called high-mobility group box 1 (HMGB1)
that promotes EPC-mediated neurovascular remodeling during stroke recovery. In
a mouse model of focal cerebral ischemia, reactive astrocytes in the peri-infarct
cortex upregulate HMGBI1 at 14 days post stroke, along with an accumulation of
endogenous EPCs[147].

Recently, studies have shown that AC133" stem/progenitor cells derived from
hUCB improve structural and functional recovery in stroke models [140, 148, 149].
The study examined the effect of hUCB AC133" EPCs on stroke development and
resolution in a middle cerebral artery occlusion (MCAo0) rat model. Accumula-
tion of transplanted cells in stroke-affected hemispheres and revealed that stroke
volume decreased at a significantly higher rate exerted a therapeutic effect on the
extent of tissue damage, regeneration, and time course of stroke resolution [148].
Administration of hUCB-derived cells significantly reduced ventricular volume and
improved cerebral blood flow, which is histologically evidenced by enhanced ex-
pression of vVWF and synaptophysin [149]. In mouse model, EPCs protect the brain
against ischemic injury, promote neurovascular repair through SDF-1-mediated sig-
naling pathways, and improve long-term neurobehavioral outcomes [150]. These
studies indicate that EPCs possess tremendous regenerative potential. Application
of UCB-derived EPCs could be used extensively for brain injury and stoke, if ex-
ploited correctly. However, these findings have subsequently been proven in animal
models, clinical trials have not been encouraging. These discrepancies have limited
translation of EPCs from bench to bedside [151].
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ACI133* EPCs-Facilitated Mechanisms in Neovascularization

Higher expression of genes regulating angiogenesis was also observed in AC133"
cells. Previous studies including ours have shown the mechanism associated with
the EPCs migration to damage area. The recruitment of EPCs from BM is initiated
by increased circulatory levels of factors such as VEGF, fibroblast growth factor
(FGF), SDF-1a, granulocyte monocytes colony-stimulating factor (GM-CSF), os-
teopontin, etc., probably secreted by degenerated or damaged area [150, 152—155].
EPCs are known to express receptors for these aforementioned secreted factors, e.g.,
SDEF-1 acts as a chemoattractant for EPCs migration due to abundant expression of
CXCR4 receptors on cell membrane [155]. Moreover, EPCs were also shown to be
attracted toward RANTES, which is an inflammatory cytokines [128, 156]. It was
found that the CYP4A/F-20-HETE system is expressed in EPCs derived from hu-
man UCB and can act as both an autocrine and a paracrine regulatory factor [157].
HMGBI up-regulation in post-ischemic brain could promote exogenous human
peripheral blood-derived EPC-mediated stroke recovery by modulating paracrine
function of EPCs in mice [158]. These factors activate BM microenvironment to
switch from a dormant to a pro-angiogenic state and the process involves the ac-
tivation of matrix metalloproteinase-9 (MMP-9) that releases BM stromal cells’
membrane bound c-Kit (CD117) ligand. Generated soluble form of c-Kit ligand
stimulates c-Kit positive EPCs to move from BM niche to the BM vascular zone
and translocate to the circulation [159]. Tissue hypoxia present in ischemic vascular
diseases is considered to be central to this paracrine mechanism and this ischemic
effect was shown to be mediated by marked increase in VEGF and SDF-1a circulat-
ing levels [160]. VEGF and SDF-1a expressions are transcriptionally upregulated
by tissue hypoxia-induced expression and/or activation of hypoxia inducible factor-
lo (HIF-1a) [160]. In addition to the increase in their circulatory levels, VEGF and
SDF-1a expressions are increased locally, within the hypoxic tissue itself that in
turn stimulate recruitment of progenitor cells to the hypoxic site as well. Our previ-
ous results also indicated that the homing of EPCs into the neovessels was related
to HIF-1a-induced SDF-1a expression [152]. Recent studies also demonstrated the
correlation between VEGF and SDF-1a expression at the transcriptional and func-
tional/effector level. VEGF was shown to upregulate SDF-1a and CXCR-4 mol-
ecules. In addition, it was demonstrated the possible synergistic effect between two
cytokines by showing that without a concurrent VEGF signal; SDF-1 was insuffi-
cient in recruiting EPCs to the disease sites [161]. In addition, factors that regulate
physiological angiogenesis can also play a role in EPC recruitment and mobiliza-
tion [128].

Studies have also been done to investigate the expression of secreted molecules
by the homing EPCs and cell—cell interaction products at the site of stroke. Authors
studied the cell—cell interaction in neovascular recovery after stroke. HMGB1 and
-2 integrin signaling was found to play an important role in interactions between
brain endothelium and EPCs, which is governed by reactive astrocytes in stroke
[162]. Recently, elevated EPC and EC cells were found in hemorrhagic and isch-



12 Tracking of Administered Progenitor Cells in Brain Injury and Stroke ... 199

emic stroke patients. VEGF, SDF-1, hepatocyte growth factor (HGF), and endo-
thelin-1 (ET-1) were increased at plasma levels in the hemorrhagic patients. ET-
ImRNA expression was increased in peripheral blood cells in the ischemic stroke
patients. Significant correlations were observed between EPCs or ECs and Big ET-1
protein or mRNA levels in hemorrhagic stroke but not in the ischemic stroke pa-
tients. These results suggest that ET-1 may play a role in pathophysiology of stroke
and subsequent EPC mobilization [163]. In other study involving early ischemic
stroke patients, high ICAM-1 was associated with low CD133" CD34" subset of
EPC. This suggests that biomarker of neuroinflammation may predict tissue injury
and stroke severity in early ischemia [140]. Recently, VEGF, FGF-b, and platelet-
derived growth factor (PDGF)-bb factors secreted by EPCs were found to enhance
neuro-repair responses after cerebral ischemia in mice [164]. This indicates that
administration of EPC-secreted factors could become a safe and effective cell-free
option to be considered in future therapeutic strategies for stroke. Outgrowth ECs
(OECs) from stroke patients present higher levels of pro-angiogenic factors such
as C-C Motif Chemokine 2 (CCL2), inhibitor of DNA binding 3 (ID3), insulin-like
growth factor 1 (IGF-1), MMPY, transforming growth factor receoptor 1 (TGF-
BR1), TNFAIP2, tumor necrosis factor (TNF), and transforming growth factor beta
1 (TGFB1) at early stages, decreasing in mature OECs when they become more
similar to mature microvascular ECs [165]. Collectively, these aforementioned
studies have depicted the secretory response of EPCs with their microenvironment
at the homing site. However, noninvasive imaging methods may provide for the
localization of EPCs and HSCs within the injured areas, thus furthering the un-
derstanding of extracellular and stromal components required for incorporation of
these cells into the neovasculatures.

Tracking of CD34"/AC133" Endothelial Progenitor Cells

So far, the abundant of data has shown the involvement of EPCs in neovasculariza-
tion process. Therefore, it is now required to monitor the neovascularization process
and understand the involvement of EPCs using in vivo models of diseases. A major
challenge in the development of cell-based therapies for stroke is to deliver optimal
number of cells (therapeutic dose) to the site of lesions. In addition, CB-derived
EPCs have potential use as a therapeutic and imaging probe [134]. Authors report
that new technique with short incubation time using 100 pg/ml of Ferumoxides and
3 pg/ml of protamine sulfate is effective in labeling cells for cellular MRI [119].
Study by Varma et al. 2013 evaluated the dynamic biodistribution of systemically
injected labeled hUCB-derived EPCs in animal model, which was monitored by In-
111-oxine-based SPECT imaging [ 166]. Magnetically labeled cord blood EPCs can
be in vitro expanded and cryopreserved for future use as MRI probes for monitoring
the migration and incorporation to the sites of neovascularization [167]. Since, mo-
lecular and cellular imaging is essential in the determination of bioavailability and
efficacy of various drugs and targeting agents, use of UCB cells is more efficient
in such studies.



200 B. R. Achyut and A. S. Arbab

There is an argument that host macrophage will take up the dead iron-labeled
cells after homing and incorporation into target tissues, and these macrophages
along with dead cells will produce misleading low signal intensity on MRI or can
show iron-positive cells on PB staining. With this report and with subsequent pub-
lications, Arbab et al. have shown that host macrophages (mouse) did not show any
iron on PB staining [ 129, 152]. Moreover, iron-labeled EPCs also worked as histo-
logical marker, which was easily detected by PB. Surprisingly, host macrophage did
not show any iron positivity even with local implantation of magnetically labeled
EPCs.

In the following section, we have discussed the stroke studies that exploited
EPCs as a MRI probe. MRI was used to monitor stroke development and resolu-
tion, as well as the migration and localization of administered magnetically labeled
EPCs, 1, 7, and 14 days after the stroke onset [148]. T2-weighted images detected
ischemic lesions that appeared as defined regions of signal hyperintensity in all
animals at days 7 and 14 after the MCAo procedure (Fig. 12.1a) [148]. Animals
receiving hUCB AC133" EPCs, susceptibility-weighted imaging (SWI) of the same
sections revealed signal hypointensity areas that resulted from accumulation of

. 5 ._f

Fig. 12.1 Tracking of ferumoxide and protamine sulfate (FePro)-labeled human umbilical cord
blood (hUCB)-derived AC133" endothelial progenitor cells (EPCs) to brain ischemic lesions.
FePro-labeled hUCB AC133" EPCs were administered IV to the rats that had undergone middle
cerebral artery occlusion 24 h earlier. Fourteen days after cell administration, magnetic resonance
imaging (MRI) identified stroke lesions and demonstrated the presence of administered cells
within the lesions. a T2 MRI maps depicting the stroke area as a hyperintense (white) region,
bordered in red. b Susceptibility-weighted imaging (SWI) showing the accumulation of FePro-
labeled cells in the stroke-affected hemisphere, within the same slice that is bordered in red in
a. ¢, d, f 3,3-Diaminobenzidine enhanced Prussian blue staining confirmed the accumulation of
FePro-labeled cells mainly in the ischemic boundary, within and around large thin blood vessels. e
No cells were detected in the brains of control animals. Magnification: 10 (¢, e) and 40 (d, f). Scale
bars 50 um (c, ) and 10 um (d, f).
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FePro-labeled transplanted cells (Fig. 12.1b) [148]. Staining by PB staining of cor-
responding tissue sections confirmed the presence of administered FePro-labeled
cells that accumulated mainly within the ischemic boundary (IB) of the stroke le-
sion (Fig. 12.1c, d, f) [148]. Some cells were detected within and around the walls
of large thin blood vessels that were indicative of neoangiogenesis (Fig. 12.1d, f).
As expected, PB staining did not detect any cells in the contralateral hemispheres
of control animals (Fig. 12.1e) [148]. Later, stroke tissue sections were stained with
FITC-labeled tomato lectin (endothelial lining of blood vessels), which demonstrat-
ed the presence of large, thin blood vessels within the ipsilateral brain hemisphere.
Further, we noticed that accumulation of transplanted and Dil-labeled cells were
either colocalized with lectin or found in the vicinity of lectin-positive areas [148].

Further, MRI was also used in evaluating changes in stroke lesions over time.
In the subacute phase (24 h after MCAo), bright zones observed on MRI were
identified as ischemic lesions in both experimental and control groups. T2 maps
constructed from T2-weighted images were used for measuring changes in stroke
volume at different time points (Fig. 12.2a). Over the course of 15 days, stroke-
affected areas decreased in size, and quantitative analysis demonstrated that the rate
of shrinkage was higher in the animals receiving cells compared with the control
animals. In the control group, stroke volume decreased by 43 % at day 7, whereas in
the animals receiving cells this decrease was at 34 % of original volume calculated
at day 1 after MCAo. Statistical analysis showed that by day 7, stroke-affected
areas decreased in volume at a significantly higher rate in animals receiving cells
compared with the control animals (p <0.05). However, at day 14 after MCAo, a
significant difference between control and experimental animals was not observed
(Fig. 12.2b). An analysis of tissue sections obtained from animals that received
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Fig. 12.2 Changes in stroke volume over time: magnetic resonance imaging analysis. Images
of T2 maps constructed from T2-weighted images depict stroke lesions as hyperintense areas at
days 1, 7, and 14 after middle cerebral artery occlusion in cell-treated and control animals. a
Magnetic resonance T2-weighted images from two representative animals from each group (cell-
treated and control). b Quantitative analysis of T2 maps revealed that over the course of 15 days,
stroke-affected areas shrank at a significantly higher rate in animals that received ferumoxide and
protamine sulfate-labeled human umbilical cord blood AC133 endothelial progenitor cells (EPCs)
as compared with the control animals. Graph shows mean SD, p<0.05.
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hUCB AC133" EPCs revealed strong positivity for vVWF within the ischemic core
and the IB [148]. Strong nestin activity was also observed within the ipsilateral
SVZ. Interestingly, ipsilateral brain parenchyma within the SVZ and adjacent to
ventricular walls exhibited stretches of nestin-positive cells that extended toward
IB and IC, giving an impression of cells migrating toward the ischemic lesion [ 148].

Very recently our group also reported the use of EPCs as gene carrier and MRI
imaging probes to target neovascularization [168]. The purposes of this study were
to determine whether (1) IV-administered genetically transformed CB-derived EPC
can carry hNIS and express transgene products and (2) accumulation of these ad-
ministered EPC can be tracked by in vivo MRI and the expression of hNIS can be
determined by in vivo Tc-99m SPECT. This study first time reported the use of CB-
derived EPCs to carry a gene (hNIS), and the migration and the expression of gene
products were determined by in vivo MRI as well as SPECT studies, respectively.
These EPCs were used both as gene carrier and imaging probes. EPCs can be used
to deliver therapeutic genes to the sites of lesions. The use of EPCs to carry thera-
peutic gene to the sites of neovascularization in different lesions are underway in
our laboratory. Ultimate goal is to exploit EPCs as therapeutic agent to enhance neo-
vascularization brain injury and stroke therapy. We have also used transgenic EPCs
in stroke model and follow their accumulation by SPECT (Fig. 12.3). In conclusion,
EPCs can effectively separate from peripheral blood, BM, and CB. With the estab-
lished culture technique developed by our group, one can propagate the separated
EPCs to many folds, which then can be manipulated ex vivo to carry contrast agents
or reporter gene. Following systemic administration, EPCs can be tracked by differ-
ent imaging modalities to the sites of active angiogenesis/vasculogenesis in brain
injury and stroke.

Fig. 12.3 SPECT images for
tracking of IV-injected EPCs
and transgene expression.
Rats with stroke (MCAo0)
were injected with transgenic
EPCs carrying the ANIS gene
or control EPCs. Animals that
received transgenic EPCs car-
rying the ANIS gene showed
higher Tc-99m activity in the
stroke area (arrow) compared
with stroke rats receiving
nontransgenic EPCs

Non-Transgenic EPCs

Transgenic EPCs
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Tracking of Neural Progenitor/Stem Cells

NSCs or NPCs are most evident adult-derived stem cell type for brain repair due to
their tendency to develop into the required neural cells. NPCs are localized adjacent
to ECs in the SVZ, subgranular zone of the dentate gyrus, and also the subependy-
mal zone of the spinal cord in the adult rodent brain [169]. These regions are acti-
vated following an injury or stroke; however, this activation alone is not sufficient
to elicit full functional repair [170]. Interestingly, NPCs derived from human fetal
brain have also been utilized to treat experimental stroke in rodents [171]. First
evidence about the role of NPCs as a regenerative agent for stroke was observed
when homologous embryo brain cortex tissue was transplanted into hypoxic brain
regions of rat [172]. These grafted cells containing NSCs established stable mor-
phological connections with neighboring neurons and improved electrophysiologi-
cal performance [173]. In addition to improved structural and functional behaviors,
NPCs treatment reorganizes white matter in stroke that can be detected by MRI
in rat. White matter reorganization was coextensive with increases of fractional
anisotropy after stroke in the ischemic recovery regions compared to that in the IC
region [174]. Similar to other cell-based therapies, NPCs administration route is
also critical in stroke research and treatment modalities. High mortality with intra-
arterial (IA) delivery (IA: 41 %; IC: 17 %; IV: 8 %) of NPCs poses a serious concern
for using this route of administration. However, 1A administration showed signifi-
cantly increased migration, more diffuse distribution pattern, and a larger number
of transplanted NPCs in the target brain compared to that of intracisternal (IC) or
IV administration[175].

Several studies have been reported that deciphered the molecular mechanisms
associated with the neuroregeneration by NPCs. For example, Liu et al. showed that
miR17-92 cluster plays an important role in mediating NPCs function through sonic
hedgehog (Shh) signaling pathway, which is involved in up-regulating miR17-92
cluster expression [176]. Same group reported that MiR-124a regulates prolifera-
tion of NPCs through Notch signaling pathway, which was discovered after profil-
ing the SVZ of the brain with stroke [177]. In this study, transfection of NPCs with
miR-124a significantly reduced progenitor cell proliferation and stimulated neuro-
nal differentiation to neuroblasts, measured by an increase in the number of double-
cortin positive cells [177]. The role of Notch pathway was deciphered by blocking
it by siRNA against Notch or a gamma secretase inhibitor that significantly reduced
Notch, NICD and Hesl expression in stroke-induced cell proliferation [178]. In-
terestingly, SDF-1a secreted by human CD133-derived multipotent stromal cells
promotes survival of NPCs through CXCR7 [179].

NPCs labeled with different ironoxides nanoparticles were administered in
stroke and traumatic brain injury models and the migration and incorporation of
NPCs in the lesions were determined by cellular MRI [180-182]. Following IC
administration Dr. Chopp’s group has demonstrated the spatial and temporal migra-
tion of NPC in stroke sites by MRI [181]. The administered cells migrated at a rate
of 65 pm/h and administered labeled cells appeared at the site of lesion within 48 h
following IC administration.



204 B. R. Achyut and A. S. Arbab

Conclusion

Brain is highly malleable due to ischemic insult, injury, and stroke. Endogenous
angiogenesis neurogenesis and synaptogenesis are able to provide only partial func-
tional recovery. Cell-based therapy offers potential therapeutic modalities to repair
damaged brain compared to other classical therapies. Stroke studies involving ex-
perimental models have shown the evidence of stem cell migration to the lesion,
survival, and improved differentiation. Both EPCs and NPCs have been associated
with significantly improved behavioral outcomes due to induced angiogenesis and
neurogenesis, respectively, in brain injury. The multiple mechanisms of action of
EPCs and NPCs include the secretion of trophic factors, immunomodulation, and
anti-inflammatory effects in the recovery process. At the same time, recent devel-
opments in cellular and molecular imaging modalities such as MRI have offered a
noninvasive method to monitor the changes in damaged/recovered brain, before/
after these cell-based therapies, respectively. All of this provides clear ideas of clini-
cal trials that could be planned mostly using EPCs and NPCs administered through
specific routes in stroke.
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Chapter 13
Biomaterials Application in Stem Cell Therapies
for Stroke

Pouria Moshayedi and S. Thomas Carmichael

Stroke: Prevalence, Burden, and Pathophysiology

Epidemiology and Burden of Stroke

Stroke is among the leading causes of long-term disability in the world [1].
Currently, about 6.8 million Americans live with stroke. An expedited and more
equipped emergency response has decreased stroke-related mortality by 13 % over
a decade. Because of declining death rates, estimates are that stroke prevalence will
increase to 10.2 million in the USA by 2030 [1]. Therefore, stroke is a significant
and growing health-care problem.

The only available treatment for stroke is recombinant tissue plasminogen acti-
vator or tPA. This has to be administered within 4.5 h after the incidence of ischemic
stroke in order to be effective. Even in specialized stroke centers, it is difficult to
treat patients in this window, and the treatment rate for tPA is less than 10% [1].
In addition hemorrhagic stroke, which accounts for 13—15% of stroke cases [2],
will not benefit from tPA. Even in those patients who receive tPA, there are always
degrees of brain tissue damage. Statistics indicate only one third of stroke survivors
are independent of health-care services when they are discharged from hospitals,
and the rest are dependent on skilled nursing facilities, home health-care facilities,
or hired help due to their high level of disabilities [1]. This indicates that the current
medical care available leaves many patients in a chronically disabled state after
stroke.
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The brain mounts a series of limited regenerative processes in stroke, but these
are incomplete. Roughly, 50 % of stroke patients suffer from hemiparesis and cog-
nitive dysfunction 6 months after stroke, one third are not able to walk without
assistance, and one fifth still have aphasia [3]. Added to this list of disabilities is
blindness that is seen in 21 % of patients 3 months after stroke [4]. The cost of both
acute and chronic stroke translates to an annual US$36.5 billion, directly through
health-care delivery and indirectly through loss of productivity [1]. Therefore, dis-
covering a treatment to improve stroke outcome will have an unparalleled impact
on the lives of patients as well as the resultant economic burden.

Pathophysiology of Stroke and Self-Repair Mechanisms

Stroke is most commonly caused by a sudden and severe reduction in blood
perfusion of the brain. Following the failure of energy-dependent processes, a sub-
sequent cascade of events leads to cell death: membrane ionic and water imbalance,
membrane depolarization, excitatory neurotransmitter release, influx of calcium,
generation of oxygen free radicals, and ultimately disintegration of cellular mem-
brane [5]. Following cell death, the inflammatory reaction is initiated by activation
of local microglia and continues through an influx of blood-derived neutrophils
and macrophages that are mobilized by proinflammatory cytokines and migration
through a broken blood—brain barrier [6, 7]. By secreting reactive oxygen species,
proapoptotic molecules and digestive enzymes, inflammatory cells will contrib-
ute to secondary injury that aggravates tissue damage and extends the boundar-
ies of infarction [8]. In some cases, the upregulation of matrix metalloproteinase
(MMP)-9 causes loosening of the blood—brain barrier, which in turn leads to sec-
ondary hemorrhage into an ischemic infarct, and it will consequently further dam-
age the healing tissue [8].

The majority of stroke patients who survive the initial damage experience
some spontaneous recovery in their impaired functions. This recovery response is
caused by the potential of adult brain to undergo plasticity [9]. These compensa-
tory changes are particularly taking place in the regions of the brain adjacent to
and connected with infarcted core, an area known as peri-infarct tissue [10]. The
recovery processes recapitulate many events observed in the developing nervous
system, such as proliferation and migration of neural stem/progenitor cells (NSPCs)
towards the brain tissue surrounding stroke [10, 11]. NSPCs orchestrate events to
attenuate intrinsic inflammatory responses after injury and protect the brain tis-
sue against further damage [12, 13]. They also secrete cytokines, chemokines, and
growth factors to provide trophic support for the surviving neurons and glia [13,
14]. Through these functions, NSPCs may contribute to poststroke regenerative
events by supporting local sprouting, new connection formations, modification of
the existing synapses, and formation of new vessels. They can also differentiate
into neurons and integrate into neural circuitry [15, 16], but this role appears to not
significantly contribute to tissue repair after stroke.
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The extent of long-term disabilities after stroke indicates the endogenous mech-
anisms of repair cause only a limited functional recovery. The most straightfor-
ward therapeutic strategy is thus to augment these endogenous mechanisms of
repair [10], since those processes are already in place and contributing to some
degrees of recovery. This could be done by enhancing proliferation and migra-
tion of endogenous NSPCs so that a larger number of cells would be available in
the peri-infarct tissue [17-21]. But this approach has its own limitations, and it
depends on the penetration of stimulating molecules, responsiveness of adult cells
to external stimuli, and permissiveness of their migration path. Transplantation of
NPSCs is an appealing alternative since it can directly deliver large numbers of
well-characterized cells into the focus of stroke. This is particularly feasible since
stroke is mainly a focal disease that can be targeted with cell transplantation. Cell
therapy has therefore been well studied as a therapeutic option to promote neural
repair after stroke [13, 16, 22].

Stem Cell Therapy for Stroke

Stem/progenitor cells have a promising record of inducing behavioral improve-
ments and tissue repair in preclinical studies [16, 23, 24]. A true “stem cell” is one
that can give rise to any tissue in the body, and a daughter stem cell with this same
pluripotency. By this definition, “stem cell therapy” in stroke is not performed with
stem cells, but instead more differentiated cells that can produce a more limited
complement of downstream cells. There are many types of progenitor cells in use in
the field of stroke preclinical research, originally derived from adult tissue sources,
embryonic stem cells, or pluripotent stem cells. In a rough categorization, these can
be grouped into NSPCs and non-NSPCs. They are derived from a variety of sourc-
es, such as human embryonic/fetal tissue [25], cell lines [26, 27], or somatic cells
reprogrammed to induced pluripotent stem cells [28]. NSPCs are partially commit-
ted to a neural lineage and can therefore differentiate to neurons, astrocytes, and
oligodendrocytes. They have the potential to restore building blocks of the brain
tissue after they are lost in stroke [29, 30]. However, a rapid behavioral response
to transplanted cells and a low rate of neuronal differentiation [31, 32] suggest that
NSPCs lead to recovery by alternative mechanisms such as protecting survived
tissue against further damage [33], modulating inflammatory response [34], and
promoting endogenous neurogenesis and angiogenesis [12].

A second category of stem/progenitor cell that induces functional improvement
after stroke are non-NSPCs [12, 16, 24]. These include umbilical cord blood stem
cells, mesenchymal stem cells, multipotent adult progenitor cells, and mesenchymal
cells derived from embryonic, fetal, or amniotic sources. These cell types promote
recovery by secreting growth factors and augmenting endogenous mechanisms of
recovery (see above).

With all the preclinical evidence supporting improved functional recovery,
stem/progenitor cell therapies in stroke have been favorable candidates for clinical
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translation. Over the past 14 years, stem/progenitor cells have been applied in clini-
cal stroke studies (see Table 13.1). The results, however, show a limited success and
variability between implanted subjects, and therefore they are not as encouraging as
the outcome of preclinical experiments. Besides inevitable interspecies differences
of a biological response to transplanted cells, the failure may be partly rooted in
differences between small animal models of stroke and human cases. Experimental
stroke lesions are homogeneous and small, while patients in real clinical settings
suffer from lesions in a variety of locations and dimensions that generally exceed
experimental lesions in size. In fact, a larger stroke has been associated with a failed
recovery [35] as it leads to inadequate delivery of cells and poor cell survival.

A review of experimental stroke studies reveals cell survival is still an ongo-
ing challenge. Injection of transplanted stem/progenitor cells into the center of the
stroke infarct is a reasonable choice since stem/progenitor cells potentiate endog-
enous repair processes that are taking place in the peri-infarct tissue. In addition,
the stroke core is a potential space that can receive considerable volumes of injected
cell suspension. However, the infarct core presents as an unfavorable recipient with
lack of trophic support and continuous inflammation [36, 37]. As an alternative,
cells can be injected into the intact tissue surrounding the infarction. However, an
injection could be damaging to the very same tissue that undergoes repair. There-
fore, we are yet to find a balance between safety and efficiency in cell therapy for
stroke.

Researchers have explored two alternative approaches for a safe and efficacious
delivery of stem/progenitor cells. Endovascular delivery of stem/progenitor cells,
either intra-arterial or intravenous injection of stem/progenitor cells, has been sub-
ject of many experimental and some clinical studies. Experiments have shown the
injected cells are attracted to the stroke site and promote functional recovery [35,
38]. While endovascular injection of cells presents a feasible method for multiple
sessions of cell therapy, it seeds the entire body with transplanted cells. Although
short-term safety for such a body-wide cell delivery has been established for few
cell products [39-45], long-term safety is yet to be determined. Moreover, intrave-
nous injection of cells leads to entrapment of cells into internal organs [46] and, in
some cases, no migration to the brain lesions takes place [47]. Although a directed
delivery is possible with intra-arterial injections, cell engraftment is still not ideal
[38]. This low yield of cell delivery to the site of stroke can explain the limited
efficiency of intravascular method in promoting recovery that is observed in few
experiments directly comparing intravascular cell injection with a direct intraparen-
chymal cell delivery [47, 48]. These limitations in intravascular delivery of cells for
treating ischemic stroke highlight the importance of promoting stem/progenitor cell
survival and integration in a direct cell injection to the stroke core.

In this chapter, we focus on application of biomaterials as a feasible, flexible,
and effective approach to localize the cells into the infarct core, isolate cells from
inflammatory attack and harmful factors in the microenvironment of ischemic brain
lesions, and further promote their differentiation and integration by providing them
with a proper niche.
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Biopolymer Hydrogels: Chemistry and Physics

Chemical Composition

Biomaterials have been widely used as scaffolds for cells transplanted to the central
nervous system (CNS). They have been synthetized from either natural or synthetic
materials (Table 13.2). Natural sources include proteins such as Matrigel [18],
collagen [49, 50], fibronectin [51], and fibrin [52], polysaccharides such as chitosan
[53], agarose [54], alginate [55] and methylcellulose [56], hyaluronan (HA) [14,
57] and acellular tissue matrix [58]. Many of these molecules are physiologically
found in the extracellular matrix (ECM), and therefore their use has the advantage
of promoting cell signaling through their binding sites for mammalian cells. In addi-
tion, chitosan and agarose have available functional groups that facilitate chemical
alterations [59]. From a translational perspective, natural molecules are clinically
used as dermal fillers, lubricants, wound sealants, and surgical sponges [60] which
facilitate their approval for use from safety and regulatory standpoint.

On the other hand, by assembling a list of design criteria for certain scaffold ap-
plications, one can produce synthetic polymers with defined compositions, polym-
erization and degradation rates, and mechanochemical properties. Synthetic mol-
ecules are produced in consistent ways that reduce data variability. Moreover, by
being biologically inert, synthetic molecules decrease interaction with inflamma-
tory cells in the brain and improve implant biocompatibility. Poly-lactic-co-glycolic
acid or PLGA [61, 62], poly (acrylonitrile)/poly(vinyl chloride) or PAN/PVC [61,
62], oligo (ethylene glycol) fumarate or OPF [65], poly(N-isopropylacrylamide) or
PNiPAAM, and polyethylene glycols (PEGs) [66] are common examples of syn-
thetic molecules used as scaffolds in the CNS. It is noteworthy that polyesters such
as PLGA have been used as drug delivery vehicles, orthopedic fixation devices, and

Table 13.2 Biomaterials

. . Natural Synthetic
commonly used in therapies - —
for the brain and spinal cord Collagen Poly-lactic-co-glycolic acid (PLGA)
lesions Fibrin Poly (acrylonitrile)/poly(vinyl
chloride) or PAN/PVC
Fibronectin Oligo (ethylene glycol) fumarate
(OPF)
Matrigel Poly(N-isopropylacrylamide) or
PNiPAAM
Chitosan Polyethylene glycols (PEGs)
Agarose
Alginate
Methylcellulose
Hyaluronan
Acellular tissue matrix




220 P. Moshayedi and S. T. Carmichael

absorbable sutures [67, 68], and they have established a history of clinical safety
which accelerates their approval in clinical trials.

It is important to know that limited chemical and biophysical interactions of
the aforementioned molecules in the context of biological complexity of NSPCs
and poststroke brain tissue often necessitate a combination of natural molecules,
synthetic polymers, or a conglomerate of both to compose the optimized scaffold
product for the best cell survival and integration following transplantation in stroke.

Physical Structure

Microspheres

Biological scaffolds can be further categorized based on their micro- and nanostruc-
ture. The earliest attempt to use scaffolds in order to improve cell viability goes
back to the 1990s when scientists noticed adrenal chromaffin cells demonstrate a
poor cell survival and efficacy upon transplantation to the experimental lesions of
Parkinson’s disease (PD). To improve the outcome of cell therapy, they injected
cells attached to collagen-coated dextran or glass beads as microcarriers [69, 70].
This form of “particulated” matrix promoted cell survival and corrected for dopa-
mine deficits in the striatum. Another particulated matrix, gelatin beads, produced
under the name of Spheramine®, was shown to promote survival and function of
human retinal pigmented epithelium cells in an experimental model of PD [71].
Alginate beads were able to protect encapsulated cells against Huntington’s dis-
ease where survival of transplanted rat choroid plexus cells was improved follow-
ing quinolinic acid (QA) injection [72]. Most relevant to our review, a scaffold of
PLGA microspheres promoted integration of NSPCs following injection into the
stroke brain cavity [36]. These studies demonstrated the importance of a viable
three-dimensional (3D) matrix in transplanting cells to the brain lesions.

Besides scaffolding for cell transplantation, microspheres have been widely
used to bypass the blood—brain barrier and deliver drugs, proteins, peptides, viral
constructs, DNA, small interfering RNA (siRNA), and other therapeutics into the
CNS. Based on their chemical properties, microspheres have a degradation rate
that determines releasing pace of the compound encompassed within microparti-
cles. This property ensures a reliable sustained release of an encapsulated molecule.
Having multiple microspheres with different degradation rates gives a powerful
tool to sequentially release growth factors and optimize tissue repair. For instance,
to maximize proliferation of NSPCs as well as neuroprotection following stroke,
it may be important to deliver sequential factors, such as epidermal growth fac-
tor (EGF) followed by release of the cytokine erythropoietin (EPO). The Shoichet
group has achieved this goal by coating EPO-containing nanoparticles with a layer
of poly(sebacic acid) that retards the release of EPO for about 7 days [56] and there-
fore optimizes tissue repair following stroke.
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Fig. 13.1 Pheochromocytoma (PC)12 cells attach on pharmacologically active microcarriers
(PAM) that release nerve growth factor (NGF). Optical (a) and surface electron (b) microscopy
has documented adherence of PC12 cells on the PAM external surface. Two weeks after transplan-
tation into the brain NGF-releasing PAM are photographed and stained for tyrosine hydroxylase
(TH) positive cells (¢). Scale bars a, ¢: 50 um; b: 5 um. (Adapted with permission from Tatard et
al., Biomaterials 2005 and Delcroix et al., Biomaterials 2010)

The slow-release capability of microspheres can be combined with cell attach-
ment on their outer surface (Fig. 13.). In fact, microspheres could be sintered at low
temperature to form a stable 3D microenvironment for cell transplantation [15].
Survival of transplanted cells attached on a 3D matrix of microspheres could be
further augmented when microspheres gradually release survival and differentia-
tion factors and thereby exert synergistic effects of adhesion and growth factor sig-
nals on cells. This strategy has been employed in treating PD where glial-derived
neurotrophic factor (GDNF)-loaded PLGA microspheres promoted the efficacy of
embryonic ventral mesencephalon dopaminergic cells attached on their exterior sur-
face [73].

Hydrogel Biopolymers

Hydrogels with their unique properties are suitable candidates for tissue engineer-
ing and promoting cell therapy. They are hydrophilic polymer networks made of
long chains of monomers that are cross-linked and form a stable network. With
their strong propensity for water, they absorb over ninefold of their dry weight. This
makes hydrogels a highly porous and hydrated network (Fig. 13.2) that allows free
diffusion of oxygen and nutrients and therefore support survival of encapsulated
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Fig. 13.2 A hyaluronan
hydrogel shown at lower
(a) or higher (b) magnifica-
tion using scanning electron
microscope. Scale bars a:
50 um; b: 20 um. (Repro-
duced with permission from
Hou et al., Neuroscience
2006)

cells. It is noteworthy that the ECM of the brain consists of HA-based porous hydro-
gel network that lends support to neuronal, glial, and vascular elements of the brain
and allows migration of different cell types, including NSPCs, in health and disease
[74-76]. 1t is therefore compatible with the brain structure to use hydrogels as ve-
hicles for cell delivery. The mechanics of their polymer network renders hydrogels
as viscoelastic materials [77]. Their elastic property ensures they retain their shape
after polymerization, and hence hydrogels will stay conformed to the boundaries
of lesion following polymerization inside lesion cavity. The viscous component of
their mechanics resists their flow out of lesion cavity, and, as a result, hydrogels will
remain in place.

Polymerization Gelation, or polymerization, defines the process of changing from
a liquid to solid state and producing a gel from a pre-gel solution. It includes for-
mation of covalent cross-linking bonds between long polymer chains. This process
generally involves reactive functional groups on the backbone chain such as acry-
lates, thiols, or polyesters. In contrast to chemical cross-linking, some polymers
such as agarose, Matrigel, alginate, and collagen undergo physical cross-linking by
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formation of hydrogen bounds [61]. The degree of cross-linking will predict impor-
tant parameters of hydrogels, such as mechanical properties, porosity, degradation
rate, and functionality of hydrogels [61]. These parameters contribute to the func-
tion and efficacy of hydrogels in promoting survival and differentiation of encapsu-
lated cells, as well as integration into the host brain tissue.

Following addition of cross-linkers, hydrogels reach their maximum strength
after polymerization time has elapsed. The polymerization speed is controlled by
the affinity of cross-linker to backbone functional groups, density of cross-linking
points, and concentration of cross-linkers. Therefore, an optimum gelation time
provides a unique opportunity to access the stroke core with a minimally invasive
method—insertion of a fine needle—and injection of the hydrogel before gelation
occurs. Gelation can also be initiated by environmental changes in temperature
[78, 79] or pH [78-80], which provide further tools to provoke gelation follow-
ing changes in temperature or pH of the lesion microenvironment. In situ gelation
will allow hydrogels to conform to the boundaries of an irregularly bordered lesion
and establish a proper contact with peri-infarct tissue [14], which is necessary for
implant integration.

Stiffness and Stability Hydrogels can be synthetized in a variety of stiffnesses, but
those aimed for application in the CNS need to match the brain in elasticity (see
“Biopolymer Hydrogels: Promoting Integration™). Stiffer gels are generally asso-
ciated with higher levels of cross-linking. Therefore, a degree of cross-linking is
desired to produce gels with a compressive elastic modulus between 300-450 Pa
that match the brain in its mechanical properties [81]. The extent of polymer cross-
attachments also defines degree of polymer stability. Loosely attached polymers
will lead to swelling. Swelling of implanted hydrogel, however, is not significant
in vivo since the swelling gel is confined by counterforces of the surrounding brain
tissue that resists increases in overall size [82].

Porosity The density of cross-linking points and length of cross-linking arms deter-
mine gel porosity or pore size, a crucial contributing factor to hydrogel function. The
encapsulated cells need exchanging nutrients, oxygen, and waste with surrounding
tissue by diffusion across borders of hydrogel; this exchange is mainly determined
by hydrogel pore size. The ability of cells to migrate and axons to extend processes
inside the gel also depends on size and connectivity of hydrogel pores. It is possible
to guide formation of new connections by growing axons within a hydrogel with an
interconnected network of pores [83]. In the case of slow-releasing hydrogels, the
release rate is also predicted by mesh size, as well as size and polarity of molecules.
In addition, ingrowth of blood vessels is integral to formation of any tissue larger
than the diffusion limits of the extant vasculature. In stroke, the vasculature is dis-
torted by the infarct, tissue adsorption, and vascular network remodeling. It would
be desirable to induce neovascularization of a transplant so that it can achieve ade-
quate blood supply.

Degradation Degradation is another important parameter in application of bio-
polymer matrices, and it leads to dissolution and disappearance of hydrogels. It
is the result of breakage of cross-linking or labile bonds within polymers through
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hydrolytic or enzymatic cleavage [84—86]. Degradation has important functional
implications for cell scaffolds as hydrogels can be synthetized to degrade with dif-
ferent speeds: A slow rate of degradation leads to gel digestion only after encapsu-
lated NSPCs have developed their own matrix and are therefore ready to integrate
into the host brain tissue. In the case of a quick gel digestion, early removal of a
foreign object will attenuate inflammation and subsequent foreign body response.
Therefore, optimizing degradation rate according to the pace of matrix deposition
by encapsulated NSPCs will maximize tissue repair after stroke. In designing bio-
polymers, it is also important to know the degradation products to make sure they
will be cleared away and are nontoxic leading to damage and inflammation. PLGA
polymer, the most commonly used degradable synthetic polymers [66], is particu-
larly safe from this aspect since the final degradation products are nontoxic mole-
cules, CO, and H,O [87]. This fact has contributed to the biocompatibility of PLGA
constructs as carriers of NSPCs in the brain after stroke [36].

In the next two parts, we focus on interaction of hydrogel with encapsulated
stem/progenitor cells to promote their survival and differentiation, and that of hy-
drogel with peri-infarct tissue to facilitate integration of transplanted biopolymer
matrix to the surrounding normal brain tissue.

Biopolymer Hydrogels: Impact on Cell Survival and
Differentiation

As discussed in “Stem Cell Therapy for Stroke,” stem/progenitor cells are prom-
ising therapeutic options for stroke. However, poor survival of transplanted cells
limits their efficacy. Transplanting stem/progenitor cells within a hydrogel matrix
resembling their physiological niche improves cell survival through several mecha-
nisms (Fig. 13.3) discussed below. Although the repair capabilities of stem/progeni-
tor cells are not merely exercised through neural differentiation and integration to
the host neural circuitry, using transplanted matrix to promote neural differentiation
of stem/progenitor cells can further augment their repair potential. In addition, en-
capsulating multipotent stem/progenitor cells in a finely crafted biopolymer matrix
may ensure cells will not take aberrant differentiation paths to produce tumors such
as teratomas.

Promoting Transplanted Cell Survival

There is a multitude of factors contributing to low cell yield following transplan-
tation to the stroke infarct core. We will show that biomaterial scaffolds improve
cell survival by targeting mechanisms of cells death. An immediate example of
technical difficulties that lead to poor transplant survival is seen in the injection of
cells as a thin suspension of cells injected into the brain. The tissue retains some
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Cells in their in vivo niche Cells in a biomaterial recapitulating the in vivo niche

a In vivo niche b  Biomaterial modification to mimic the in vivo niche
Binding to ECM proteins ECM proteins or peptide motifs are immobilised
Soluble factors produced by neighbouring cells Cells that produce survival factors or the factors alone can be co-encapsulated
Mechanical strength of tissues Biomaterial strength is matched to that of the in vivo tissue
Interactions between different cell types Multiple cell types can be ipsulated into the bi i
Key: Oligodendrocyte Neuron Astrocyte Mesenchymal stem cell
r
/
Al

Extracellular matrix Growth or survival factors Biomaterial

y

Fig. 13.3 Biomaterials provide a permissive microenvironment for transplanted cells by resem-
bling the in vivo niche. a A combination of extracellular matrix (£CM) chemical and mechanical
characteristics, soluble factors, and cell—cell interactions compose the in vivo niche that contribute
to physiological functions of cells. b Biomaterial solutions for cell therapy in stroke mimic vari-
ous mechanical, biochemical, and cellular components of in vivo cellular niche. (Reproduced with
permission from [36])

but inevitably restricts part of the injected volume and part of cell suspension flows
back to the pial surface and may diffuse into subarachnoid space. Mixing cells with
biopolymer hydrogels that have viscosity equal or above the infarcted tissue im-
proves retainability and targets entire cell population to the focus of stroke [14, 88].
This not only improves number of transplanted cells, and therefore promotes recov-
ery, but also avoids distribution of stem/progenitor cells across the CNS, a safety
concern in stem/progenitor cell clinical trials.
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Adhesion

Besides hematologic cells, the majority of human cells are adherent to their underly-
ing matrix. This adhesion plays a crucial role in keeping cells alive and functioning.
In the early 1990s, scientists described cell apoptosis due to absence of cell anchor-
age, and they coined the term anoikis [89]. In cell therapies, detached cells are kept
and injected within an aqueous medium. Upon transplantation into the infarct core,
cells’ attachment to the ECM is complicated due to ischemia damage and digestion
by influx of inflammatory cells. In fact, anoikis has been shown to contribute to
cell death in other models of CNS injuries [90]. Cell encapsulated in a particulated
or hydrogel 3D matrix is provided with a cell-adhesive environment from the mo-
ment of injection. Many natural biopolymer gels, such as collagen and fibronectin
[91], and HA [88], are naturally found in the stem/progenitor cell niche matrix and
therefore engage directly with receptors on stem/progenitor cell. A different type of
3D matrix, fibronectin-coated PLGA microspheres, has also promoted survival of
NSPCs following transplantation to the ischemic lesion [36].

Although synthetic polymers are generally nonadhesive for cells, they can be
functionalized by covalently attached ECM proteins. In this approach, all the ac-
tive sites of ECM proteins, which signal for survival, proliferation, migration, and
differentiation, are included. Moreover, protein loss due to protein desorption is
minimal [92]. However, covalent binding of proteins requires protein modifications
that carries the risk of protein functional loss due to alterations in protein active
sites, denaturation, or inaccessibility of active sites in a random orientation of mol-
ecules [62]. As a solution, the polypeptide sequence within active sites of proteins,
which interacts with cell integrin receptors, has been identified and industrially
synthetized with inclusion of an active moiety for attachment to the polymer back-
bone. Oligopeptide sequences from ECM protein, such as fibronectin (Arg-Gly-
Asp or RGD) and laminin (Ile-Lys-Val-Ala-Val or IKVAV, and Tyr-Ile-Gly-Ser-Arg
or YIGSR), have been incorporated in biomimetic solutions to produce hydrogels
with the functional elements found in stem cell/progenitor niche and improve cell
survival in transplant therapies.

Trophic Support and Protection from Inflammation

Stem or progenitor cells both in culture and in their in vivo niche are exposed to
growth factors to promote their survival. Following transplantation into the in-
farct core, cells are placed in a microenvironment lacking supportive glial cells
that produce survival factors. This picture becomes more complicated by presence
of inflammatory cells secreting proapoptotic factors such as interleukin (IL)-1
and tumor necrosis factor (TNF)-a [93]. Biopolymer matrices promote cell sur-
vival by: (1) attenuating inflammatory response and (2) providing trophic support.
Synthetic polymers generally do not interact with inflammatory cells, and they can
therefore stealth encapsulated cells from inflammatory cells. Immunogenicity of
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transplanted stem/progenitor cells, due to interspecies genetic differences or genetic
manipulation of cells, plays a major role in elimination of transplanted cells by the
host immune system. Therefore, concealing cells from inflammatory cells will im-
pede the host-versus-graft attack [94]. Some biopolymers, such as high molecular
weight HA, are known to silence inflammation and protect encapsulated cells from
inflammatory insult [88].

Cellular scaffolds can be further rendered prosurvival by releasing factors that
suppress inflammation or induce cell survival. Simply mixing soluble molecules in
hydrogel exposes cells to a transient and high concentration of molecules that could
potentially exert toxic effects. A fast diffusion and degradation of soluble molecules
leads to quickly diminishing concentrations of molecules that limit any potential
benefits. To circumvent this problem, growth factors could be immobilized to the
scaffold backbone by covalent linkage. Alternatively, a variety of sustained-release
strategies could be employed. Cyclosporine A, a potent anti-inflammatory drug, has
been incorporated into PLGA microspheres or HA—methylcellulose composites as
drug reservoirs and slowly released over the brain cortex [95]. PLGA particles have
been further used to deliver dexamethasone, another potent immunosuppressor, to
the CNS [96]. The inflammatory response could be further suppressed by incorpo-
rating neutralizing molecules for reactive oxygen species (superoxide dismutase
mimetic metalloporphyrin macromer or MnTPPyP-Acryl; [97]) or TNF-a antago-
nizing peptides [98].

Epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF or
FGF-2) are two molecules providing prosurvival and pro-proliferative support for
transplanted NSPCs [99, 100]. The natural tendency of bFGF to attach to heparin
has been utilized in heparin-modified HA gels to gradually release bFGF [101].
Incorporating bFGF in a PEG hydrogel has promoted survival of NSPCs [102] and
human mesenchymal stem cells [103]. A combination of platelet-derived growth
factor (PDGF) and neurotrophin (NT)-3 gradually releasing from fibrin scaffolds
has induced survival of encapsulated neural progenitor cells [104]. In this example,
a cell scaffold has significantly improved cell survival through synergistic effects
of cell adhesives and trophic support. In another example of this synergistic effect,
mesencephalon neuronal cells attached to PLGA microspheres received trophic
support by sustained release of GDNF from microspheres [73].

Controlling Differentiation of Encapsulated Cells

The secretory profile of stem/progenitor cells and their differentiation, both mech-
anisms contributing to neural repair after stroke, are affected by their surround-
ing microenvironment. This includes the ECM composition of proteins, adjacent
cells, humoral growth factors (such as brain-derived neurotrophic factor or BDNF,
ciliary neurotrophic factor or CNTF, NT-3, PDGF, GDNF, and nerve growth factor
or NGF), and biophysical properties of their neighboring matrix. These elements
are present in the unique niche of neural stem or progenitor cells to cue them for
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Neurite Extension et
NSPC Migration
and Branching Ll

Brain Tissue
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Stiffness: Low to High (kPa)

Fig. 13.4 Biopolymer stiffness determines survival, fate, and function of neural stem/progenitor
cells (NSPCs). NSPCs do not survive well in a matrix with very low or very high stiffness. From
those cells that survive at the lower stiffness, they differentiate more prominently towards a neu-
ronal cell fate. In contrast, those growing at the higher stiffness tend to develop astrocytes. Neurite
extension and NSPC migration also depend on biomaterial stiffness and maximize at lower and
higher stiffnesses, respectively. (Original data published elsewhere [57, 81, 84, 102, 105-109].
Reproduced with permission from [61])

self-renewal and differentiation. Hence, any successful application of biologic scaf-
folds for cell delivery should consider mimicking a similar combination of factors.

A seminal study by Discher’s group [105] revealed that focusing on biochemical
factors as the sole regulators of stem cell differentiation is a simplistic view. They
showed that the stiffness of the substrate matrix influences the differentiation of
mesenchymal stem cells. More interestingly, the stiffness of tissues drives differen-
tiation in resident populations of stem/progenitor cells by a very characteristic and
specific manner, as when cultured on substrates mimicking bone, muscle, or brain
in their stiffness, mesenchymal cells were inclined to make mature osteoblasts, my-
ocytes, or neurons, respectively [105]. This indicates how tissue elasticity, besides
biochemical factors, provides signals for renewal of specialized cells. Other groups
have found the same concept in regulating NSPCs (Fig. 13.4). NSPCs’ proliferation
and self-renewal increase on hydrogels below 10 kPa (compressive modulus) and
maximize around 3.5 kPa [110]. Neural differentiation of NSPCs, however, requires
lower elasticities below 1 kPa that in fact resembles the mechanical properties of
the brain [81]. Hydrogel scaffolds with their flexibility in degree of cross-linking
offer a very powerful tool to optimize self-renewal and differentiation. For instance,
NSPCs transplanted in a 3.5-kPa matrix will mount a proliferative response and
following a slow degradation of hydrogel biopolymer and descent of stiffness to
<1 kPa, their self-renewal slows and NSPCs start differentiating to neuron. Be-
sides differentiation, other proregenerative functions of stem/progenitor cells such
as their secretory profile are also controlled by matrix stiffness [111].

The incorporation of ECM proteins, such as collagen[112, 113],laminin[114],and
fibronectin [112], has been used to mimic stem/progenitor cells niche and promote
their differentiation. Stem/progenitor cells start to modify their microenvironment
after transplantation and secrete their own ECM. Using cross-linkers amenable to



13 Biomaterials Application in Stem Cell Therapies for Stroke 229

cleavage by MMPs facilitates remodeling of hydrogel scaffolds by their encapsu-
lated stem/progenitor cells [115] and promotes their differentiation and axon ex-
tension. Differentiation could also be promoted by other biophysical factors that
affect cell-substrate interactions, such as micropatterned surfaces [116], addition of
electrically charged monomer methacrylate [117], and forcing into distinctive cell
morphologies [118].

Biopolymer matrices have been employed to present a range of growth factors
to the population of encapsulated stem/progenitor cells and drive their proliferation
and differentiation. This includes strategies to immobilize growth factors or incor-
porate them in a slow-releasing reservoir. Agarose-immobilized PDGF or chitosan-
immobilized interferon-y has led to differentiation of NSPCs to oligodendrocytes
[119] or neurons [120], respectively. Alternatively, a sustained provision of NT-3
[121] or differentiation factor dibutyryl cyclic-adenosine monophosphate [122]
from PLGA microspheres have induced neural differentiation in stem/progenitor
cells. Differentiation has also been augmented by hydrogel delivery of CNTF, NT-3,
PDGF, GDNF, or NGF [55, 104].

In the future, encapsulating cells within biopolymer scaffold with a selected set
of factors to drive differentiation may be an alternative to transplanting pre-differ-
entiated stem/progenitor cells. Instead, a scaffold with finely crafted elasticity, sur-
face charge, micropattern structure, and ECM proteins composition together with
timely release of appropriate proliferation and growth factors would be a viable
approach to direct differentiation of encapsulated stem/progenitor cells for a pro-
longed time after transplantation.

Biopolymer Hydrogels: Promoting Integration

The integration of transplanted stem/progenitor cells into the host tissue is criti-
cal for tissue repair and necessary for any functional improvement following cell
transplantation in stroke. Integration in the context of cell therapy is defined as “the
ability of the transplanted cells to interact with the host tissue in a beneficial way”
[66]. It depends on the ability of transplanted cells to reach and interact with the
host tissue and likewise access of host cells to the implanted matrix. In situ gelation
of a biopolymer matrix maximizes the contact between scaffold and the host tissue
and consequently improves cell movement from and to the scaffold. Optimized
porosity, chemistry, and elasticity, and inclusion of ECM proteins are important
factors in scaffold design that promote cell migration and lead to assimilation of
implanted matrix to the host tissue. In addition, mitigating poststroke inflammation
and subsequent scar formation is crucial in scaffold integration, since astrocytic scar
and associated chondroitin sulfate proteoglycans (CSPGs) may seal off the foreign
object (in this instance the implant) from normal brain tissue and limit any interac-
tion such as cell migration and axon extension. This fact highlights the importance
of hydrogel biocompatibility to avoid a sustained inflammatory response and ensu-
ing glial scar formation [123]. Angiogenesis is another landmark of integration that
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interconnects the host tissue to implanted matrix, supports growth of implant by
providing oxygen and nutrients, and establishes trails for cell migration. In the fol-
lowing sections, we elaborate on biomaterial-based strategies to address different
components of integration that improve cell therapies for stroke.

Inflammation, Glial Scar, and Foreign Body Reaction

Any nondegradable substrate in the brain leads to a constant activation of an inflam-
matory response that isolates the “foreign object” by forming an astrocytic scar
[124]. This scar is a counter-integration phenomenon since it serves as a barrier for
cell migration and axon growth through the scaffold-tissue interface [125]. Bio-
polymer hydrogels have several characteristics that improve their biocompatibility
and integration in the brain.

Mechanical trauma during scaffold implantation causes an immediate inflam-
matory response that ultimately leads to the foreign body response against implants
[126, 127]. This could be avoided in hydrogels by employing minimally invasive
methods of gel injection. In addition, the high water content of hydrogels further
improves their biocompatibility [61]. The size and shape of hydrogels are additional
biophysical parameters that determine surface area available to inflammatory cells
and therefore affects biocompatibility [ 127, 128]. The stiffness of the implanted ma-
trix is another physical factor contributing to prolonged inflammation and implant
isolation. Astrocytes and microglia, the main cells involved in inflammation in the
brain, are primed by stiff substrates to produce proinflammatory molecules such as
IL-1p and toll-like receptor (TLR)-4, respectively [123]. Implantation of hydrogels
with elasticities higher than the brain’s values incites inflammation in the early
phase following implantation that leads to astrocytic scar in chronic phase [123].
This indicates scaffolds similar in stiffness to the brain will optimize differentiation
in encapsulated stem/progenitor cells [110] as well as promoting integration to the
surrounding brain tissue. Another solution to render hydrogels biocompatible is to
make them degradable in the brain. Hydrogels provide support for encapsulated
cells early after implantation and following growth, differentiation, and deposi-
tion of their own matrix, hydrogel is degraded by encapsulated or host tissue cells.
Examples are HA [88] and collagen [66] gels that are degraded by cellular hyal-
uronidase and collagenase, respectively. It is important, however, to determine that
hydrogel degradation products are nontoxic and cleared away.

In the pursuit of more biological solutions to improve biocompatibility, hydro-
gels have been loaded with a variety of anti-inflammatory factors (for details see
“Trophic Support and Protection from Inflammation”). Chondroitinase ABC, a di-
gestive enzyme for CSPG molecules, has also been used in implantation of neu-
ral stem cell (NSC)-loaded poly-ge-caprolactone scaffold to promote migration of
NSCs into the injured CNS tissue [129]. In addition, high molecular weight HA gels
through their anti-inflammatory effect can attenuate scar formation and improve
integration of encapsulated cells [88]. This indicates biopolymer scaffolds, through
their physical, chemical, and biological properties, attenuate inflammation and scar
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formation, and therefore promote integration of transplanted cells to the host brain
tissue.

Angiogenesis

Oxygen and nutrients diffuse up to 150-250 um from capillaries [130]. Therefore,
any poststroke tissue reconstruction beyond these dimensions necessitates estab-
lishment of an environment with accessibility to blood perfusion. This requires
formation of blood vessels reaching into the transplanted matrix. In fact, there is
a correlation between transplanted cell survival and extent of new vessel forma-
tion [131]. Angiogenesis involves activation of endothelial cells by proangiogenic
factors, such as vascular endothelial growth factor (VEGF), PDGF, FGF, hepatic
growth factor (HGF), angiopoietin-1, and transforming growth factor-f§ or TGF-f.
Endothelial cells then branch off from existing capillaries, proliferate, and migrate
into the transplanted matrix [132, 133]. For successful angiogenesis, the transplant-
ed matrix should support survival and proliferation of endothelial cells. In addition,
the matrix has to allow remodeling by endothelial cells, forming cord-like structures
which will mature into capillaries, and subsequently veins and arteries.

Hydrogels as highly hydrated and porous substrates are supportive for endothe-
lial cell migration. A network of interconnecting and communicating pores facilitate
angiogenesis and obviates the need for matrix digestion by endothelial cells. An-
giogenesis could be further promoted by enriching the hydrogel environment and
introducing elements of ECM matrix to the hydrogels, such as fibronectin [134]
or fibronectin-derived synthetic polypeptide motifs [135]. Incorporation of slow-
releasing proangiogenic factors, such as VEGF or bFGF, is another means to poten-
tiate formation of new vessels inside a hydrogel matrix [136]. Migration of endo-
thelial cells and remodeling of matrix involves secretion of MMPs, such as MMP-2
and MMP-9. Therefore, hydrogels with motifs recognized and cleaved by MMPs
will have an additional proangiogenic effect. This could be achieved by includ-
ing MMP-sensitive cross-linkers. A study combined both strategies by including
VEGF tethered through a MMP-sensitive linkage and showed improved angiogen-
esis [118]. Some biopolymer hydrogels particularly support formation and stability
of new vessels. HA gels are an example: While high molecular weight HA leads to
endothelial cell quiescence, oligomeric HA, produced from degradation of HA gels,
promotes proliferation and migration of endothelial cells by interacting with HA
cells receptors, such as CD44, hyaluronan-mediated motility receptor (RHAMM),
and TLR-4 [137]. In fact, HA hydrogel has been shown to promote angiogenesis
upon implantation to the brain [138].

Inclusion of NSPCs adds to a proangiogenic benefit of hydrogels. NSPCs per-
ceive lack of oxygen and nutrients by expressing the transcription factor hypoxia-
induced factor-1 that leads to increased secretion of VEGF [139]. Secretory support
of angiogenesis by NSPCs could be enhanced when they are encapsulated within
a hydrogel with 40 kPa (compressive modulus) [111]; this is another example of
how mechanical properties contribute to regenerative potential of cell scaffolds.



232 P. Moshayedi and S. T. Carmichael

NSPC proangiogenic effects can be further enhanced by inclusion of endothelial
cells in a co-transplantation approach. In fact, this combination of cells encapsu-
lated in PLGA gels has improved angiogenesis at the center of traumatic CNS injury
and promoted reestablishment of the blood—brain barrier [140]. The application of
biopolymer matrices with optimized mechanical (i.e., porosity and elasticity), bio-
chemical (i.e., degradability, inclusion of ECM elements and growth factors), and
cellular composition will enhance formation of new vessels, which in turn contrib-
utes to survival and integration of transplanted cells.

Axonal Regeneration

Axon regeneration in stem/progenitor cell therapy after stroke marks a functional
integration of transplanted cells with the host neural circuitry and could lead to
subsequent behavioral recovery in the CNS. The regeneration of axons in the brain
is very limited due to lack of supportive growth factors and ECM cues, and an in-
hibitory extracellular environment. The halted CNS axons demonstrate regenerative
abilities once they are placed in the proregenerative environment of the peripheral
nervous system that offers them a right combination of growth factors and ECM
molecules [141, 142]. Therefore, engineering and implanting a permissive envi-
ronment has the possibility of promoting axon growth, if have kept their intrinsic
growth abilities, to regenerate.

The structure of biopolymer hydrogels, a porous and hydrated lattice, provides
an advantage for axon regeneration through scaffolds; this is in contrast to the com-
pact cellular arrangement of the astroglial scar, an impediment to axon growth.
Movement of the growth cone, the growing end of axons, could be further facili-
tated by incorporating an interconnected network of pores. The elasticity of hydro-
gels is another important parameter in designing hydrogel polymer for axon growth
since a softer hydrogel will promote axonal growth [143]. Implanting a hydrogel
that resembles brain in its stiffness will reduce glial scar [88] that in turn facilitates
axon growth through gel-tissue interface.

To further augment axon regeneration, it is important to know the molecules that
stimulate or suppress the growth cone. HA found in the peri-neuronal net (an ECM
structure around CNS neurons regulating synaptic activities [144, 145]) regulates
axon pathfinding and fine-tunes the specific architecture of axon terminals in the
brain [88]. Laminin is another example of a molecule whose presence is often co-
localized with regenerating axons in the CNS [146]. Researchers have combined
these two proregenerative elements by implanting an HA gel enriched with lam-
inin-derived oligopeptides (IKVAV), and they observed axon regeneration through
the gel placed into the injured rat brain [147]. High molecular weight HA gel can
further facilitate axon growth by reducing glial scar in the adjacent tissue [148]. Im-
planting fibronectin mats into injured spinal cord promoted regeneration of axons
along the direction of the mat fibers [149]. In this approach, axons benefited from
combination of ECM molecules and topographical cues for growth and extension.
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Delivery of growth factors provides surviving axons with trophic support to
prevent their dieback. Growth factors also may potentially induce regeneration of
different type of axonal pathways; examples are BDNF (rubrospinal, raphespinal,
cerulospinal, and reticulospinal pathways), NT-3 (corticospinal and dorsal column
sensory axons) [150], as well as NGF and GDNF (which support different types
of axon including nociceptive pathways) [151—153]. These facts describe why in-
corporation of growth factors within biopolymers may support axon extension and
regeneration into the scaffold [149].

Growth factors are often utilized as soluble and freely diffusing molecules. How-
ever, in neural development, there are gradients of growth factors, rather than ho-
mogeneous concentrations, which spatially guide axon growth [154]. Bioengineers
have utilized microfluidic techniques or multiphoton lasers with labile protecting
groups to create patterned gradients of growth factors and adhesion molecules
within 3D biopolymer scaffolds (Fig. 13.5) to actively guide axon growth and cell
migration [137, 155, 156]. The current technologies allow controlling molecular
gradients across a micrometer scale [157] that is important for reconstructing tis-
sues in a cellular resolution. Among the different types of hydrogels, agarose gels
[158, 159] and PEG gels [160] have been most studied for a patterned gradient of
molecules.

Axon growth is inhibited by a variety of anti-regenerative molecules that cause
collapse of growth cone. CSPGs and myelin-associated inhibitory molecules (Nogo,
oligodendrocyte myelin glycoprotein or OMgp, and myelin-associated glycoprotein
or MAG) are two groups of molecules associated with the astrocytic scar that are
upregulated after injury and prevent axon regeneration. Bioengineered approaches

Fig.13.5 3D patterning of agarose (a, b) or PEG (¢) hydrogels with chemically defined volumes in
micrometer scale. Hydrogels modified with multiphoton-labile groups are activated through focus-
ing multiphoton laser light to immobilize defined concentrations of peptides in a spatially defined
arrangement. Oblique (a) and side (b) views of agarose gel show green fluorescence molecules
patterned into 4 x4 x4 array of squares (ca. 60 um per side) overpatterned by red fluorescence
molecules in 4 x4 x4 array of circles (ca. 50 um per side). The same method has been utilized
to print green fluorescent molecules into PEG gel (¢). Duration and intensity of laser light are
two parameters determining the concentration of immobilized peptides. (Adapted with permission
from Shoichet, Macromolecules 2010 and Wosnik and Shoichet, Chem Mater 2008)
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to axon regeneration have envisaged several ways to oppose those inhibitory mole-
cules. Incorporation of neutralizing antibodies for Nogo-66 receptors (surface mol-
ecules mediating anti-growth effects of myelin-associated inhibitory proteins) into
HA gels has promoted axon regeneration in the injured spinal cord [161]. More-
over, hydrogel delivery system for the enzyme chondroitinase ABC promotes axon
growth and recovery after spinal cord injury through removing inhibitory CSPG
molecules [162]. In their report, Bellamkonda’s group has improved the durabil-
ity of the chondroitinase enzyme by thermostabilizing it using the sugar trehalose.
Furthermore, delivering BDNF, besides its direct trophic support of axons, has an
indirect effect on regeneration by attenuating astrocyte reactivity and reducing pro-
duction of CSPG [163].

The delivery of anti-inflammatory drugs has a neuroprotective effect early after
their administration through protecting axons against inflammatory insults and,
in the long term, reduces astrocytic scar and therefore indirectly promotes axon
regeneration in the CNS [164]. Methylprednisolone as an example of this group
of drugs have been delivered locally through PLGA-based nanoparticles, and it
reduced inflammation and glial scar after spinal cord injury [165]. The authors
showed this bioengineered preparation of methylprednisolone was superior to sys-
temic injection.

Combining biopolymer matrices with ECM molecules, growth factors, and anti-
inhibitory molecules will target the impediments of axon growth in the infarcted
brain and provide axons and transplanted cells with a permissive environment to
grow and migrate. Inclusion of stem/progenitor cells may further promote axonal
growth through cell-contact-mediated growth of axons.

Application of Bio-scaffolds for Stem Cell Therapy

Biopolymer scaffolds have been used as vehicles for the delivery of stem/progenitor
cells in experimental models of ischemic stroke, and to date there are seven pub-
lished reports available (Table 13.3). In those experiments, different combinations
of bio-scaffolds have been used: one has applied a PLGA-based particulate matrix
[36], and the other six have encapsulated their cells in hydrogel matrices [14, 49,
58, 166, 167]. In all the reports, NSPCs were used with one exception [167] that
used bone marrow stromal cells. There were only two studies that used cells with
human origin [58, 166]. Two studies used synthetic matrices [36, 167], and the
others applied natural scaffolds that were made from Matrigel [166], collagen [49,
50], HA [14], or acellular tissue ECM [58]. All the experiments were performed
in a middle cerebral artery occlusion model, except one that used cortical photo-
thrombotic stroke [14].

In terms of functional benefit, only three papers reported improved motor out-
come [49, 50, 166] and others did not test for that. The majority proved the benefit
of bio-scaffold for improving cells survival. One study also tracked the transplanted
cells by the means of magnetic resonance imaging [58].
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Conclusion and Prospects

The brain tissue after stroke presents as a multifaceted inhibitory environment that
opposes repair attempts due to levels of inflammation, lack of trophic support, de-
struction of viable matrix, and locally poor vasculature. Therefore, any bioengi-
neered approach will likely fail unless it addresses these pathologies in the brain
following stroke. Biopolymer scaffolds for stem/progenitor cells are a flexible tool
with diverse capabilities for a combinatorial approach that simultaneously addresses
multiple barriers for regeneration and benefits from synergistic effects of therapeu-
tics towards an improved outcome. There are a handful of studies in transplantation
of encapsulated cells that indicate a biopolymer matrix improves cell survival and,
in few cases, promotes functional recovery.

With the current state of clinical trials on stem/progenitor cell therapy for stroke,
with reports of mixed and often disappointing results, there might be a tendency to
transition biomaterial-based cell therapies early into the clinical stage. There are,
however, three important considerations to ensure that a sound and safe translation
will take place:

1. The majority of experiments on biopolymer-encapsulated cells in stroke have
not included functional recovery as their outcome measurement, or alternatively
they might have not reported their negative results. This is important to perform
extensive and blinded assessments on possible functional benefits of transplan-
tation by comparing cells encapsulated in biopolymers versus cells in aqueous
vehicle. Utilization of a comprehensive battery of tests is necessary to interro-
gate fine versus gross and proximal versus distal limb movements. It is important
to communicate any negative finding to avoid spending resources on therapeu-
tics with less promising outcomes.

2. The mere finding of functional benefit does not provide in-depth understand-
ing of the mechanisms involved. Performing studies to elucidate mechanisms,
through preferably gain of function and loss of function experimental paradigms,
further ensures that the observed beneficial effect is genuine. In addition, under-
standing mechanisms will help to potentiate functional benefits and, in case of
failed outcomes in clinical stage, will explain possible underlying reasons for
failure and propose solutions.

3. In translation of a biological therapy, ensuring safety is of course the foremost
important consideration. When biomaterials are involved, a consistently high
level of quality in production and surveillance is of paramount importance. This
becomes more difficult when a biopolymer scaffold has composed of several
elements, such as polymer backbone, ECM molecules, growth factors, enzymes,
drugs, cells, etc. It is crucial to ensure a high-quality standard for production and
safety measures for each component, and ultimately for the combinational end
product.
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Chapter 14

A Stem-Cell-Derived Cell-Free Therapy for
Stroke: Moving Conditioned Medium into
Clinical Trial

Brian H. Johnstone and Keith L. March

Introduction

Adult stem and progenitor cell-based therapies, including mesenchymal stem/stro-
mal cells (MSC), have been shown to improve functional outcomes in many disease
models and in early clinical trials of acute and chronic ischemic stroke [1-11]. It is
becoming increasingly evident, however, that the mechanism by which multipotent
MSC restore function of diseased and damaged tissues is minimally related to direct
regeneration of tissues as originally postulated. Rather, over the last decade, accu-
mulating evidence suggests that the primary mode of action of MSC is paracrine-
mediated stimulation of the body’s intrinsic repair processes and immune system
suppression through secretion of trophic factors [12—16]. A mechanism of paracrine
support to induce repair is consistent with observations that functional improve-
ments are frequently reported in the absence of demonstrable integration of deliv-
ered cells at numbers sufficient to account for lost tissue replacement [17-21]. This
is in contrast with a mass balance model of disease reversal, in which the magnitude
of therapeutic effect directly correlates with the number of administered cells that
reach the targeted tissues, stably engraft, possibly undergo division, and directly
replace a sufficient quantity of lost or damaged tissue. The paracrine mechanism
has the inherent advantage of signal amplification and, thus, requires lower cell
doses to achieve therapeutic effects. Amplification occurs because each adminis-
tered cell produces an abundance of trophic factors that elicit responses from the
many cell types required for correcting the disease. Thus, even brief exposure of the
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target tissues to stem cells in the absence of stable engraftment produces therapeutic
responses through paracrine induction of multiple beneficial effects, including (1)
providing support to at-risk tissues in the border zone, thereby limiting expansion
of the “dead zone,” (2) reducing injury by suppressing or modulating inflammation,
and (3) inducing repair through promoting recruitment and survival of endogenous
stem and progenitor cells (Fig. 14.1).

The cumulative evidence supporting a paracrine mechanism of action of MSC
does not preclude the involvement of direct cellular contact, which appears to be
required in some circumstances, such as immunomodulation (reviewed in [22]).
The local concentration of factors also may be enhanced by homing and retention
of delivered cells in response to gradients of chemoattractants produced by injured
tissues. Furthermore, it has been suggested that, following entrapment, therapeutic
cells may respond to local stimuli by modulating the levels of secreted factors in
beneficial ways [12, 20, 23, 24]. While certain signaling molecules (for example,
tumor necrosis factor-alpha) have been shown to influence stem cell physiology in
vitro, there is limited direct evidence for this phenomenon in situ, especially given
the transient nature of this effect due to clearance of the bulk of administered cells
[25].

It is possible that the potential of pluripotent and multipotent stem cells for re-
placing tissues will ultimately be realized; however, until that time, present cellular
therapies with autologous or allogeneic MSC are providing medical benefits to pre-
viously intractable diseases. Understanding the actual potential and limitations of
present cellular therapies will be key to gaining widespread adoption.

The Therapeutic Potential for Stroke of MSC-Derived
Conditioned Medium

There is increasing interest in developing neurorestorative treatments for acute
cerebrovascular injuries, of which acute ischemic stroke (AIS) is the most severe
manifestation. Since the cascade of injury in AIS is mostly complete within 24—
48 h, neuroprotection, to be most effective, must be started early following the in-
jury, which is challenging in clinical practice [26]. On the other hand, in restorative
treatments, the target of the therapy is to promote repair processes such as angio-
genesis, neurogenesis, and synaptogenesis. The window for effective promotion of
such restorative processes is not precisely known, but may extend to 1 week or 1
month or even longer [27, 28].

AIS involves destruction of multiple cell types including neurons, astrocytes,
oligodendrocytes, endothelial cells, and pericytes. Therefore, regenerative strate-
gies will address both neural elements and supportive structures such as blood ves-
sels and glia. Evidence has recently emerged of endogenous repair mechanisms
which are activated following cerebral ischemia. Nestin is upregulated in astrocytes
after cerebral ischemia [10, 29]. In rodents, subventricular progenitor cells prolif-
erate after middle cerebral artery occlusion (MCAO) and migrate to the striatum
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Fig. 14.1 The therapeutic potential of mesenchymal stem cells (MSC)-secreted factors for treating
stroke. Following administration, MSC migrate to the site of stroke in response to chemoattrac-
tants, where they release paracrine factors that act to protect and promote repair of the infarcted
region as well as surrounding penumbra. The aggregate action of individual paracrine factors that
modulate discrete molecular pathways more completely addresses the complex pathophysiology
of stroke compared to treatment with any one individual factor

where they contribute to the formation of striatal medium-sized spiny neurons and
glial cells [10]. However, most of these neuroblasts undergo apoptosis and death.
The subventricular progenitor cells continue to migrate to the striatum for at least 4
months after ischemia. This migration is directed by a gradient of stromal-derived
factor (SDF)-1 upregulated in the ischemic tissue and CXCR4 expressed on the
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migrating neuroblasts [4]. SDF-1 is upregulated in astrocytes and endothelial cells
for at least 1 month after cerebral ischemia, and also serves to direct the migration
of bone marrow (BM)-derived cells involved in tissue repair [1]. Importantly, these
endogenous repair mechanisms operating after cerebral ischemia are insufficient for
recovery of lost tissues and deteriorated neurological functions. Stimulating this en-
dogenous response with trophic factors is a practical approach directed to augment-
ing activity of these cellular targets, which are richest immediately (days) following
stroke during processes of neural remodeling.

Several cell therapies in early clinical trials build on a large body of preclini-
cal work with MSC isolated from a variety of mesodermal tissues. MSCs improve
functional outcome in a dose-dependent fashion in rodent MCAO models when
given intracerebrally, intra-arterially, or intravenously [2, 3, 30-35]. Intravenous
transplantation effectively improves functional outcome even when given as late
as 1 month after the insult [10]. In that instance, there was no reduction in infarct
size; instead, there was a neurorestorative effect with increases in angiogenesis,
neurogenesis and synaptogenesis in MSC-treated groups [1, 4]. The mechanism of
action is not direct cell replacement, but rather the action of MSC as paracrine sup-
port factories, elaborating a transient burst of synergistic trophic and growth factors
before being cleared [6]. Protective effects observed are anti-apoptosis of injured
neural cells, reduced sensitivity to glutamate, suppressed levels of inflammatory
molecules, and increased migration and survival of neuroprogenitors [8, 9, 33, 36].

Conditioned Medium: A Potential Cell-Free Stem Cell
Therapy

Given the potential therapeutic effects of MSC-secreted paracrine factors as well as
available experimental data, we and others have explored the therapeutic potential
of conditioned medium (CM) from cultured MSC. This cell-free cocktail of trophic
and growth factors has the potential to be safe and effective for treating many dis-
eases currently under investigation as targets for MSC therapies. The combination
of factors found in CM reproduces the beneficial effects of MSC. As opposed to
delayed secretion in the context of cell therapy, the factors in CM are immediately
available to modulate pathology, which is especially critical during the acute phases
of diseases such as stroke. Repeated administration is also possible without the risk
of rejection by the host. Finally, an approved drug based on this cocktail (especially
if lyophilized) may be even more practical and cost-effective than cellular therapies
for the reasons that maintenance of cell viability during storage and revival as well
as the requirement to remove cryoprotectants (i.e., dimethyl sulfoxide, DMSO) be-
fore administration will be obviated.

The functional categorization of therapies based on CM lies between cell thera-
pies and single-factor recombinant protein therapies. A variety of single-factor
approaches have been proposed to repair and restore the brain after stroke. One
initially promising approach tested hematopoietic growth factors, including eryth-
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ropoietin or granulocyte colony-stimulating factor (G-CSF), to stimulate neurogen-
esis. However, both erythropoietin and G-CSF failed in clinical trials in acute stroke
[36, 37]. These failures are consistent with the inability of individual agents, af-
fecting discrete signaling pathways, to overcome the extensive damage to multiple
cell types and pathways occurring in stroke, at least when administered in tolerable
doses. For example, basic fibroblast growth factor (bFGF) was promising in initial
studies but was not tolerable in clinical trials due to off-target effects of hypotension
and renal toxicity [26].

A potential advantage of CM over single proteins is that the cocktail of factors
function synergistically by modulating multiple pathways in concert at much lower
(i.e., safer) doses of each protein. Toxicities of selected factors have been related to
the relatively high levels required to achieve effects in the brain which leads to high
systemic exposure. Most trophic and growth factors bind to different receptors to
produce dissimilar and often opposing effects. For example, at relatively high con-
centrations, nerve growth factor (NGF) stimulates apoptosis through binding to its
alternative low-affinity receptor p75N™®, which is upregulated following ischemic
cerebral injury [38]. Additionally, there is a sharp drop-off in effectiveness above
optimal concentrations. The concentrations of individual therapeutic factors in an
efficacious dose of adipose-derived stem cell (ASC)-CM range between 100- and
1000-fold lower than typically administered for single protein factors [39—41]. For
example, a previous study in a rabbit model of peripheral vascular disease deter-
mined the optimal effect on revascularization of ischemic tissues was achieved with
recombinant human vascular endothelial growth factor (VEGF) doses between 0.14
and 0.33 mg/kg body weight [41]. This is compared to an effective dose of CM used
in a similar model that contained approximately 0.001 mg VEGF/kg body weight
[39]. The lower levels of factors in CM provide for an increased safety factor at ef-
fective doses by minimizing off-target effects that may be noted at higher doses of
single agents.

The exact form of factors comprising CM is not well understood; however, it is
likely that the bulk is complexed with proteins or other macromolecules such as lip-
ids and nucleic acids. One such complex could be microvesicles, such as exosomes,
released from the cells in response to environmental cues. It was recently shown
that exosomes isolated from MSC-CM potently induced functional recovery fol-
lowing experimental stroke in rats [42]. The exosomes acted to increase vascularity,
neurogenesis, and neurite remodeling. A significant portion of the neuroplasticity
observed could be attributed to a single microribonucleic acid (microRNA) species
rather than protein factors [43]. The discovery that regulatory RNA species may be
present in CM and that these activities could contribute significantly to the potency
of MSC-CM through complementation of protein factors further substantiates the
benefits of a cocktail of factors (as opposed to monotherapies) for treating stroke.
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Neuroprotective and Neurorestorative Properties of MSC Secreted
Factors

MSC-CM contains both neuroprotective and neurorestorative factors, and engages
key molecular pathways involved in each of these processes (Table 14.1). These
factors include NGF, insulin-like growth factor-1 (IGF-1), VEGF, glial cell-derived
neurotrophic factor (GDNF), hepatocyte growth factor (HGF), brain-derived neu-
rotrophic factor (BDNF), bFGF, and SDF-1 or CXCL12, which bind to cognate
receptors expressed on many cell types to promote survival and cellular responses
involved in protection and repair [1, 39, 40, 44-48]. Selective inactivation of either
BDNF or IGF-1 before administration of ASC-CM in a neonatal model of stroke
significantly reduced potency [40]. As expected, IGF-1 in this context acts to protect
neurons against inducers of apoptosis via a mechanism involving IGF-1-induced
activation of Akt [49]. Activation of Akt provides a pro-survival signal after stroke
which attenuates glutamate excitotoxicity and upregulates p-cAMP(adenosine
5'-monophosphate) response element-binding protein (CREB)/BDNF leading to in-
creased cell survival, neurogenesis, and synaptogenesis [50-53]. Further protection
is afforded by attenuation of excitotoxicity through stimulating Akt and mitogen-
activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) path-
ways by multiple factors in CM, including BDNF, HGF, and VEGF [39, 40, 49, 54].
Dendrite formation and synaptogenesis in cultured rata hippocampal neurons were
enhanced by soluble factors produced by umbilical- and BM-derived MSC. This
activity was partially mediated by BDNF in the CM [55].

Neuritogenesis in PC12 cells was also enhanced by treatment with ASC-CM,
which was due in part to NGF activation of AMP-activated kinase o (AMPK-a) in
vitro [56, 57]. AMPK is the central energy sensor switch, and a key anti-inflam-
matory regulator of lipid metabolizing enzymes [58]. AMPK activation promotes
neuritogenesis and axogenesis during metabolic stress and its loss in supporting
structures like oligodendrocytes and astrocytes exacerbates the disease [56, 59,
60]. In the vasculature, AMPK-al is upstream to Akt and their cross talk promotes
VEGF-induced angiogenesis [61].

Demonstrating the Therapeutic Potential of MSC-CM in
Experimental Models of Stroke

Perhaps the earliest demonstration of MSC-CM potency in an animal disease model
was by Kinnaird and Epstein [62]. The CM from BM-MSC promoted reperfusion
of ischemic tissue in a mouse model of peripheral vascular disease. Treated tissues
exhibited reduced muscular atrophy, enhanced vascularity, and reduced necrosis. A
number of hypoxia-inducible pro-angiogenic and pro-survival factors were present
in the CM and neutralization of two (VEGF and bFGF) only partially reduced the
ability of the mixture to promote endothelial and smooth muscle cell migration. A
related study by Rehman et al. demonstrated ASC expression of hypoxia-inducible
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Table 14.1 Neuroregenerative and neuroprotective factors secreted by MSC

Functional category

Factor

Mechanisms of action

Angiogenic/arteriogenic

VEGF Endothelial cell mitogen and chemoattractant
bFGF Endothelial cell mitogen and chemoattractant
promotes remodeling
HGF Mobilizes vascular and parenchyma forming cells
GDNF Cooperates with VEGF to enhance angiogenesis
Pro-survival
VEGF Blocks endothelial cell apoptosis induced by fac-
tors such as TGF-b
HGF Blocks apoptosis through activation of Akt
IGF-1 Blocks apoptosis through activation of Akt
BDNF Protects against glutamate excitotoxicity
Neurotrophic
NGF Stimulates neurogenesis
GDNF Protects many different cell types from apoptosis
bFGF Promotes synaptogenesis

Anti-inflammatory/Immunomodulators

PGE2 Blocks stimulation of many different inflamma-
tory cells

IDO Blocks B cell antibody production. Downregu-
lates IFN-y

HGF Blocks activation/proliferation of B and NK cells

TSG-6 Suppresses NF-kB stimulation

IL-1Ra IL-1 antagonist

sTNF-R Traps TNF-a to prevent stimulation of cells

Recruitment/Mobilization

SDF1 Chemoattractant through CXCR4 receptor
expressed on many cells

HGF Pro-migratory (also known as scatter factor)

G-CSF Promotes cell mobilization

IDO indoleamine 2,3-dioxygenase, PGE?2 prostaglandin E-2, HGF hepatocyte growth factor, SDF-
1 stromal-derived factor-1, 7SG-6 tumor necrosis alpha stimulating gene-6, /L-1/Ra interleukin-1
receptor antagonist, BDNF brain-derived neurotrophic factor, GDNF glial-derived neurotrophic
factor, NGF nerve growth factor, VEGF vascular endothelial growth factor, /GF-/ insulin-like
growth factor-1, bFGF basic fibroblast growth factor, G-CSF granulocyte-colony stimulating fac-
tor, TGF tumor growth factor, STNF soluble tumor necrosis factor, /FN interferon, NK natural
killer

trophic factors, including bFGF, VEGF, and HGF, and observed rapid positive ef-
fects after administration in a murine hind limb ischemia model [45]. Subsequently,
it was determined that knockdown of HGF expression by siRNA severely attenu-
ated ASC-mediated reperfusion in the same model [63]. In an attempt to increase
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BM-MSC survival and, thus increase the effective cell dose, the laboratory of Victor
Dzau generated cells expressing the transgene for Akt [64]. The transgenic cells
showed enhanced ability to promote repair of ischemic myocardium; it was deter-
mined that this effect was due to enhanced paracrine activity and that similar effects
could be demonstrated by provision of the CM alone [13].

The CM from BM-MSC and ASC have been shown to protect and repair brain
tissues in rodent models of focal and global ischemic stroke. A global ischemia neo-
natal rat hypoxia-ischemia encephalopathy (HIE) model was used to test ASC-CM
in a neonatal model of hypoxia-ischemia (HI) injury. A single intravenous injection
at up to 36 h post injury significantly reduced brain volume loss and promoted
functional recovery at 1 week and 3 months [40]. Neutralization of either IGF-
1 or BDNF before injection partially reduced this effect. The salutary effects of
ASC-CM were related to protection from glutamate excitotoxicity and protection
of neurons from ischemic insult. Similarly, a rat model of stroke induced by MCAO
was treated with ASC-CM infused directly into the lateral ventricle [5]. Continuous
infusion for 8 days beginning at 1 week after surgery reduced infarct volume and
enhanced motor control at up to 15 days following MCAO surgery. This activity
was attributed to enhanced microvascularity in the infarct zone as well as reduced
cell death and inflammation with treatment. Short-term protection (e.g., 24 h) of a
single intracerebroventricular injection of concentrated ASC-CM following tempo-
rary MCAO with reperfusion in a murine model was effective in reducing infarct
volume and edema [7]. In a study that has implications for treatment of stroke vic-
tims with an autologous product, Tsai et al. evaluated CM from BM-MSC isolated
from either normal healthy rats or animals that had experienced an induced stroke
[30]. Both CM exhibited similar effectiveness in enhancing functional recovery
when delivered intravenously. The effect was associated with increased neurogen-
esis and reduced inflammation within the infarct zone.

Toward Development and Testing of Clinical-Grade
MSC-CM

The cumulative data from preclinical studies strongly support the therapeutic poten-
tial of MSC-CM for treating stroke as well as other diseases. As with any unproven
investigational agent, regulatory approval by governing bodies will be required be-
fore commencing trials in humans. These agencies include the US Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) as well as local
Institutional Review Boards (IRB), and Competent Authorities (CA) in the Euro-
pean Union. This section focuses on the regulatory pathway for new drug approval
in the USA.
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Possible Regulatory Pathways for MSC-CM

In the USA, an investigational new drug application (IND) is required for nearly all
new drugs entering clinical trials. The IND comprises three sections: chemistry and
manufacturing controls (CMC), clinical study design, and nonclinical studies. The
nonclinical studies section mainly concerns safety and toxicity in animals using the
clinically intended route of administration and a product very similar, if not identi-
cal, to that which will be used in the clinic. This section typically includes a de-
scription of efficacy studies in relevant disease models. The CMC section pertains
to manufacturing processes and quality control systems for ensuring consistency
and the absence of potentially deleterious agents in the final product. Each of the
sections of the IND must provide reviewers with a sufficient amount of detail to
determine the potential safety of any product before allowing evaluation in humans.

The regulatory route for licensure of an eventual drug based on MSC-CM will
likely require a Biological License Application (BLA) as opposed to a New Drug
Application (NDA), the latter which generally pertains to drugs of well-defined
composition. Within the FDA there are two centers responsible for oversight and
approval of new drugs. The Center for Biologics Evaluation and Research (CBER)
and the Center for Drug Evaluation and Research (CDER). Jurisdictional oversight
of biologics generally falls to CBER; with important exceptions for less complex
entities, such as monoclonal antibodies and recombinant proteins. Therefore, the
complexity of MSC-CM, whether whole or partially fractionated, likely will place
it under the review of CBER.

Establishing Good Manufacturing Process for Producing
MSC-CM

The FDA, as well as other entities charged with overseeing aspects of biologic
and cell therapies, has issued guidance documents detailing the requirements that
must be fulfilled to create a product with appropriate characteristics (i.e., the CMC
component of an IND) [65—72]. This section presents an overview of the guidelines
for reagents and materials of acceptable quality for good manufacturing practices
(GMP) production of MSC-CM to be used in the clinic.

Sources of Donor Tissues and Cells

Of foremost importance to the manufacturing process is the nature and qualification
of cell sources. The FDA has constructed careful guidelines for screening donors
for human cell and tissue products (HCT/P) to minimize the chance of introduc-
ing adventitious agents into the final drug product [67]. Donors must be qualified
for minimal risk of transmitting diseases through the use of both a comprehensive
health history questionnaire and blood testing. Infectious agents of concern include
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human immunodeficiency viruses (HIV), hepatitis viruses, human T-lymphotrophic
virus (HTLV), cytomegalovirus (CMV), Treponema pallidum (causative agent of
syphilis), Trypanosoma cruzi (causative agent of Chagas disease), West Nile virus,
and prion proteins. Following qualification of the donor, additional screening is
performed periodically during the manufacturing process.

Ancillary Materials Used in Manufacturing MSC-CM

Ancillary materials (AM), also referred to as ancillary reagents, are substances used
in manufacturing of the product but not anticipated to be present in the final product.
The control and appropriate qualification standards for AM are intended to reduce
the chance of introducing substances into the final product which may transmit dis-
ease or induce toxicity in recipients. Generally, AM used for manufacturing should
be well characterized and have a certificate of analysis (CoA) containing detailed
information regarding source materials and quality testing. An important caveat for
MSC-CM is that current somatic cell therapy manufacturing guidance documents
were contemplated for a cellular product and not for the medium conditioned by
cells. Whereas it is possible to reduce the levels of AM in the final product through
washing of the cells, some level of reagents used in the manufacture of MSC-CM
will remain a part of the final product, regardless of the processes used. For ex-
ample, cells grown in a nutrient-rich medium containing proteins, such as animal
serum or recombinant growth factors, could be washed thoroughly before transfer-
ring to basal medium to remove the majority of these proteins. However, there is
invariable carry-through of medium components associated with the cells. Partial
purification through ultrafiltration or other means may further reduce the quantities
of these agents, but the extent will depend on the nature of the substance and the
pore size of the ultrafiltration medium. Thus, certain AM used for the manufacture
of MSC-CM will become part of the final product.

The US Pharmacopoeia (USP) monograph on AM (USP<1043>) as well as the
International Committee for Harmonization (ICH) guidance provide useful guide-
lines for selecting appropriate materials to be used in cell manufacturing, and these
guidelines would appear to pertain to MSC-CM [65, 69]. Examples of components
include enzymes used for cell liberation, media components, disposables employed
for cell isolation and separation, and culture flasks. The first tier of AM qualifica-
tion describes the optimal characteristics of reagent possessing the lowest potential
risk of having a negative impact on safety and efficacy of the final product (Ta-
ble 14.2). These reagents are highly qualified and generally are approved for human
use. The next level (tier 2) are generally regarded as low-risk reagents and materials
produced in full compliance with current good manufacturing practices (cGMPs),
as demonstrated by appropriate documentation in a CoA. Further down on the list
and possibly unacceptable for incorporation into cell product manufacturing due to
unknown risks of introducing undesirable substances are tier 3 (research or diagnos-
tic grade) AM or the highest-risk tier 4 AM that are not well characterized.
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In vitro culture of mammalian cells at commercial scales of production at pres-
ent requires the addition of blood components to the medium to supply necessary
nutrients to promote growth. Animal serum components are considered a tier 4,
high-risk AM. Classically, bovine serum has been used; however, the potential ex-
ists for transmission of the causative agents of bovine spongiform encephalitis and
other diseases. Similarly, zoonotic disease transmission is a potential problem for
blood products from ovine and equine species. Certified animal blood products that
fully meet cGMP requirements by virtue of thorough screening and sourcing from
closed herds are available from a number of different companies. An alternative to
animal products is human blood-derived components, such as serum, albumin, and
platelet lysate obtained from qualified donors. These products have the potential to
be safer and may be viewed as more desirable than animal products [73, 74]. How-
ever, concerns exist regarding the availability of supplies at quantities necessary
to prevent disruptions in manufacturing as well as consistency between batches of
human-derived components.

Required Testing at Stages During Manufacture and of the Final Product

To ensure safety and maintenance of conditions conducive to the desired final prod-
uct, FDA guidelines require extensive testing for sterility, purity, potency, identity,
and viability throughout the manufacturing process. Implementation of these assays
into the manufacturing process is critical for quality control and to determine con-
sistency of product between lots. Purity of the product and intermediates pertains
particularly to monitoring absence of pyrogens and endotoxins to maintain safety
for recipients or preventing deleterious effects on activity or stability of the final
product.

Identity in the case of MSC-CM pertains to both the phenotype of cells used to
produce the mixture and protein composition. In regard to the latter, it may not be
practical to determine the quantity and identity of every protein in the complex mix-
ture. Rather, the presence and abundance of factors known to produce bioactivity
will be key criteria. Evaluation of potency of the resulting final product will involve
establishment of appropriate in vitro and in vivo assays capable of quantitatively
assessing activity. Finally, microbial contamination (including fungi, bacteria, and
virus) must be monitored to ensure that these contaminants will not be inadvertently
administered to patients, especially with parenteral dosing.

Once a final product is produced for clinical evaluation, MSC-CM must be qual-
ified for stability during storage to ensure that each of the qualities listed above are
maintained in the product to be administered to humans. The length of period re-
quired for testing depends on the interval between manufacturing and use in clinical
trials. Forced degradation by storage at temperatures elevated beyond the intended
storage temperature is generally used to accelerate testing of stability. In addition,
the absence of negative interactions with storage containers must be evaluated to
ensure that adsorption or inactivation by the container or closure device does not
occur.
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Table 14.2 Risk stratification of ancillary materials
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Tier | Risk

Suitability for
manufacturing

Qualifica-
tion level

Examples

Notes

1 Low

Optimal

High

Drugs or nutrients
approved for use
in humans

Should be
provided
in sterile
packaging

Licensed biologic

Approved medi-
cal device

Intended for use
as implantable
material

2 Low

Very good providing
relevant documentation is
provided

High

The following
reagents which
have been pro-
duced in compli-
ance with cGMP
guidelines

Drug

Biologic

Medical device

Excludes
most animal
products

3 Moderate

Appropriate qualification
must be performed before
including in manufacturing

Good to
moderate

Products intended
for in vitro diag-
nostic use:

Antibodies

Growth factors
and cytokines

4 High

Extensive qualification
must be performed to
ensure absence, removal,
or inactivation of toxic and
infectious agents

Minimal
to none

Relatively
uncharacterized
substances and
most animal
products:

Animal tissues
and fluids

Research grade
reagents

Examples of MSC-CM Manufactured in Compliance with
FDA Standards

Development of therapeutic MSC-CM in compliance with the conditions listed
above will require careful attention to all steps and components used in manufactur-
ing. For instance, the medium used for conditioning must be devoid of components
not suitable for use in humans. Many common research-grade media comprise ami-
no acids, vitamins, and inorganic salts from incompletely characterized sources and,
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thus, the presence of potentially toxic contaminants are not rigorously tested. Fur-
thermore, media are often buffered with 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES) and contain phenol red as a pH indicator. These compounds are
not approved for use in humans. It is possible to formulate a medium possessing the
essentially the same components through the use of drugs and supplements that are
approved for human use. This strategy was adopted in a recent study that examined
ASC-CM produced with a medium comprising approved substances or those pro-
duced in compliance with regulations [39]. The resulting ASC-CM accelerated re-
perfusion of ischemic tissues in the murine peripheral vascular disease model. Even
this strategy for producing clinical-grade ASC-CM, controls and testing throughout
the production process are still required to ensure that the final product possesses
the required characteristics.

Development and Qualification of an FDA-Compliant ASC-CM

NeuroFx, Inc. (Indianapolis, IN, USA) is developing a drug product (NFx-101)
comprising substantially xenogen-depleted (through washing and use of protein-
free components in the final conditioning step) and partially fractionated CM de-
rived from culturing human ASC. Through interactions with regulatory and CMC
consultants as well as FDA, the company is building a commercial-scale manufac-
turing process that is fully compliant with cGMP and FDA standards.

A flow diagram describing the process for cGMP- and good tissue practices
(GTP)-compliant manufacturing of NFx-101 is presented in Fig. 14.2. Adipose
tissues are obtained under an IRB approved protocol from consenting, qualified
adult donors. The tissue is processed to isolate stromal vascular fraction (SVF) from
adipose tissues by enzymatic digestion using GMP-certified reagents. The SVF is
then characterized with regard to cell phenotype and viability and cryopreserved as
the master bank. Passaged, plastic adherent cells, which are predominantly ASC,
are cryopreserved as working stocks. Cells from working stocks are expanded in a
proprietary complete medium to high passage after which they are washed exten-
sively before adding a GMP-compliant basal medium for conditioning. The CM is
collected, filtered, and concentrated. Each lot of NFx-101 product is evaluated for
sterility, endotoxin, residual human DNA, composition, and potency.

Standards will be set for cell identity to determine whether a change in cell type
occurs during manufacturing and, thus, deviate significantly from cells used to as-
sess safety and efficacy. Most commonly, flow cytometric analysis of cell surface
phenotypic proteins are used to establish identity. The process developed by Neu-
roFx incorporates these analyses at critical points in manufacturing; however, this
only ensures that the cell type remains consistent during production of NFx-101,
but does not ensure consistency of the final product. The final partially purified CM
product must also be characterized. Since efficacy of cellular therapies is related to
paracrine effect, assays to measure selective factors or their function are commonly
employed in potency assays to determine release criteria. The FDA has indicated its
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Screen potential adipose tissue donors as per FDA HCT/P guidelines

Donor
passes

| Isolate stromal vascular fraction (SVF) |

v

| Expand to appropriate passage for preparation ofmaster cell bank (MCB) |

v

Cell
product
specs

fails

Reject donor cells

passes

Grow to desired passage for preparation of working stock bank (WSB) |

Expand cells from WSB to desired passage number in expansion medium
v
Seed bioreactor containing expansion medium
v
After the desired cell number is reached, wash cells and add basal medium
v
Harvest medium for processing after an appropriate conditioning period
v
Determine composition, potency, purity, stability and sterility
v
e Ry
cause of failure
¥ passes

Test efficacy and safety

Fig. 14.2 Schematic of the screening and manufacturing process used to produce NFx-101. The
flow diagram describes the process for preparing clinical-grade conditioned medium that is com-
pliant with pertinent regulatory guidelines. specs specifications, R&D research and development,
HCT/P human cell and tissue products, #DA4 Food and Drug Administration
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willingness to accept this limited assessment for cell therapies now in testing [75];
even though it is not known how closely the factors produced ex vivo are represen-
tative in quantity or composition of those produced in the uncontrolled environment
following administration to patients. This is in contrast with CM production in a
controlled environment using carefully characterized reagents and materials, where
control of lot-to-lot variability is feasible. In regards to establishment of release
criteria, we have demonstrated in cerebral ischemic disease models that potency of
the product is mainly dependent on only a few key factors. Thus, qualification based
on these factors will establish sufficiently robust release criteria.

Concluding Remarks and Perspectives

The use of MSC-CM has the potential to be a clinically relevant therapy that over-
comes potential issues with cell therapies of tumorigenesis, embolism, and rejec-
tion. Furthermore, it is amenable to an off-the-shelf preparation that is immediately
accessible for administration, does not require special attention to maintaining cell
viability during prolonged storage or preparation for administration, and is not as-
sociated with potentially toxic additives (e.g., DMSO) that must be removed at
the time of use. Providing that the appropriate care is taken to design a robust and
consistent production process, MSC-CM may be considered a safe and effective
alternative to MSC. Based on our new understanding of the mechanism of action of
cell therapies, it may be considered that CM has already undergone extensive clini-
cal testing, albeit with less control over the actual composition or relative levels of
factors secreted. We look forward to testing these assumptions using clinical-grade
material, first in animals and then in humans. Ultimately, the goal is to gain ap-
proval for this new therapy in order to address the unmet medical need for approved
therapies to treat the large population of stroke patients with limited therapeutic
options.
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Chapter 15
Pathophysiology of Traumatic Brain Injury:
Rationale and Role for Cellular Therapies

George Paul Liao and Charles S. Cox, Jr.

Traumatic brain injury (TBI) is a significant societal burden with limited treatment
options. More than 90,000 adults in the United States annually sustain severe TBI
resulting in long-term disability [1]. The prevalence of disabled survivors has been
estimated to be as high as 5.3 million, or 2% of the population in the United States
[2]. Internationally, in nations such as China and Brazil, the prevalence of disabled
survivors of TBI has been reported as being 5 times higher [3].

TBI has two phases, with the initial primary injury occurring from the transmission
of mechanical forces through the cranium to the brain tissue. Immediate tissue
damage occurs through various mechanisms including coup-contrecoup lesions
along impact vectors as well as shearing injuries from rotational forces that cause
diffuse axonal injury often identified on neuroimaging as hemorrhages at the gray-
white junction. The secondary injury of TBI is the pathophysiologic sequelae of the
initial impact, which occurs in the minutes to days and months beyond the primary
injury. This focal or diffuse secondary injury occurs at every level of the brain and can
be manifest from alterations in gene expression to increases in vascular permeability
and loss of cerebral vascular autoregulation. While the neuroinflammatory response
and vascular permeability associated with the secondary injury are often global,
the pattern of lesions is heterogeneous and cause location specific neuromuscular
deficits. While primary injury causes immediate tissue damage and neuronal death,
secondary injury can be self-propagating with continued chronic injury evidenced
by postmortem hippocampal DNA fragmentation detectable up to 12 months after
head injury [4]. Activated microglia have been detected using positron emission
tomography (PET) ligand [11C](R)PK11195 in brains of human patients up to 17
years after injury.

Cellular therapy offers the ability to sense and respond to a number of physi-
ological and inflammatory signals in the injured brain. This chapter will review
the complex pathophysiology of severe traumatic brain injury, discuss management
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and provide an overview of current therapeutics as well as the rationale and role of
cellular therapy:.

Pathophysiology of Traumatic Brian Injury

Primary TBI The primary injury refers to the kinetic energy transfer that disrupts
brain tissue and results in organ dysfunction. The direct impact of parenchymal
tissue against bone leads to neuronal and vascular injury. Intracranial bleeding is
a component of the primary injury and can be intra or extra-axial. Contusions or
hematomas are intra-axial lesions that are most commonly found in the orbitofron-
tal or anterior temporal brain parenchyma, but can vary in location, contributing to
the heterogeneity of presentation, prognosis and outcome in TBI. Bilateral lesions
may arise from coup-contrecoup brain motion following impact. Extra-axial bleed-
ing occurs in epidural, subdural and subarachnoid locations. Epidural hematomas
can expand rapidly, causing brain compression, but are often associated with good
recovery when promptly diagnosed and evacuated. Subdural hematomas and sub-
arachnoid hematomas are associated with worse prognosis and represent cortical
injury with the disruption of draining bridging veins and vessels coursing on the
pia matter respectively. While epidural hematomas account for 3 % of extra-axial
bleeding, subdural hematomas are most prevalent, occurring in almost 50 % of TBIs
[5]. Apoptosis, evidenced by Bcl-2 gene expression and DNA fragmentation were
most frequently seen in areas of subdural hematomas in rat models of TBI [6-8].
Diffuse axonal injury (DAI) describes the disruption of the fine axonal processes
from rotational forces during the primary injury and is associated with poor progno-
sis and level of consciousness. DAI may be delayed up to 12 h and can be modeled
in preclinical studies with rotational injury in the sagittal plane [9].

Clinical Presentation There are few reliable findings on physical examination that
can assess the global severity of insult to the central nervous system following TBI.
The Glasgow Coma Scale (GCS) remains one of the most used clinical tools to
evaluate the severity of injury initially and throughout the critical stages of recov-
ery. GCS scores range from mild (15-13), moderate (12-9), to severe (3—8). Patients
in the severe category require intensive care monitoring and therapy aimed at both
supporting and treating the brain and its intimately involved pulmonary, hepatic and
reticuloendotheial systems.

Systemic Implications of TBI Isolated traumatic brain injury is associated with
distant secondary organ dysfunction. In a weight drop in rodent models, TBI was
associated with axonal injury detectable in the spinal cord as low as the thoracic lum-
bar levels [10]. The hypothalamic-pituitary-adrenal axis is also affected by TBI and
is manifest as symptoms of dysautonomia such as sympathetic storms, autonomic
dysreflexia and paroxysmal autonomic dystonia, present in 8—33 % of TBI patients.
TBI patients will often have a complicated autonomic profile with contributions
from pressors to maintain cerebral perfusion pressure and the presence of systemic
alcohol, which decreases sympatho-adrenal activation [11, 12]. Cognitive as well
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as systemic autonomic dysfunction may be exacerbated by increased activity of the
COMT (Catechol-O-methyltransferase) enzyme which metabolizes catecholamies
at synaptic junctions [13, 14]. In rodents, studies show improved working memory
with alpha-1 adrenergic receptor blocking agents such as prazosin working through
the cAMP-responsive element binding protein mediated pathway [15].

The lungs are the most common non-neurological organ system that manifests
secondary injury (23 %) [16]. In rodent models, brain trauma leads to enhanced lung
inflammation and acute lung injury due to infiltrating macrophages and neutrophils
leading to the release of leukotriene B4 [17]. Outside the CNS, TBI impacts renal
and hepatic function, which alters drug clearance [18]. Lastly, the spleen has been
identified as a key non-neurologic organ following TBI. Studies using rats undergo-
ing immediate splenectomy following TBI had downregulation of MAPK-NF«kB
signaling, reduced proinflammatory cytokines, less brain edema and improved cog-
nition [19, 20].

Secondary TBI In the brain, the delayed secondary injury includes inflammation,
ischemia and hypoxia, which causes free radical, excitatory neurotoxin and calcium
release, which in turn leads to mitochondrial failure and apoptosis [5, 21-25]. The
secondary injury processes culminate in dendritic and synaptic degeneration and
impaired function in populations such as the mature granular neurons in the dentate
gyrus of the hippocampus [26]. Following TBI, the brain is no longer immunologi-
cally privileged as inflammatory cells including polymorphonuclear leukocytes and
mononuclear phagocytes from the systemic circulation cross the blood brain barrier
(BBB) and activate microglia and astrocytes [27]. In rats, early CD3 T-lymphocyte
and microglia activation can occur as early as 30 min post injury, reaching maxi-
mum levels at 45 min to 3 h after trauma [28]. Activated cells appear histologically
as microglial stars with fibrillary process activation with increased expression of
GFAP (glial fibrillary acidic protein) and participate in penumbral proliferation and
perivascular cuffing [29, 30].

Neuroinflammation post TBI is a balance of cellular infiltration and secretion
of inflammatory molecules and growth factors that together exacerbate cell injury,
but also are necessary for regeneration (Fig. 15.1) [3, 31, 32]. Using in vitro stud-
ies, murine embryonic stem cells mixed with cerebral tissue extracts from injured
mice amplified apoptosis but also increased morphologic axonal growth along with
increased expression of the intermediate filament nestin and neuronal structural
protein MAP2 [33]. In rats, the number of inflammatory M1 vs. anti-inflammatory
M2 microglia/macrophage fluctuate following TBI with the rise of the M1 pheno-
type from the first 2 weeks in the cortex, striatum, corpus callosum correlating with
white matter injury via SMI-32 neurofilament staining [34]. This phenotype can be
identified both morphologically as well as by surface markers such as FcyRII/III
(M1) and CD206 (M2) [35].

Extracellular matrix destabilization occurs along with cellular dysfunction. The
concentration of several matrix metalloproteinase (MMP) proteins are elevated post
TBI in the brain tissue, CSF and blood samples of patients with poor neurological
outcomes [36, 37]. As glial cells in the area of injury die, they form scars that may
inhibit the survival of the remaining neurons and function of the local neural network.
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Fig. 15.1 Pathophysiological time course following TBI. (Reproduced from Walker et al. [32])

The secondary injury also affects the cerebral vasculature and includes hypoper-
fusion, vasospasm and hypoxia. Injured brains are susceptible to hypoxic-ischemic
states due to dysfunctional cerebral autoregulation and commonly encountered post
traumatic vasospasm, both of which may contribute to further neurologic deteriora-
tion [38]. However, tissue perfusion and oxygenation does not always correlate with
the severity of injury suggested by computed tomography or ICP measurements
[39]. At the tissue level, angiogenesis occurs post injury, and is mediated by both
the resident mature endothelial cells via capillary outgrowth but also by bone mar-
row or peripheral endothelial progenitor cells (EPC) arriving within 24 h in either a
primary neovascular or supportive role [40].

Intracranial Dynamics Brain edema, which classically peaks approximately
48-72 h after the initial trauma, is the primary target for neurointensive care.
Edema results from both primary cellular death and tissue osmotic dysregulation.
The severity of edema is currently monitored clinically by neurologic clinical exam,
neuroimaging and intracranial pressure monitoring, the latter of which is used to
guide therapy for adequate perfusion and oxygen delivery to the brain. Direct brain
tissue oxygen tension monitoring and microdialysis may also be used along with
intracranial pressure monitoring as multimodal therapy to optimize cerebral blood
flow, oxygen and energy substrate delivery [41].

Three volumes comprise the brain and include the 1300 mL of brain parenchyma,
110 mL of blood and 65 mL of cerebral spinal fluid (CSF) [42]. The Monro-Kellie
doctrine describes the intracranial dynamics following injury. Change in one of the
three volumes must be compensated by the reduction in another component. With-
out volume changes, the ICP, which is normally at or below 10 mmHg, rises [43].

The brain parenchyma is mostly water, which is not compressible [44]. Intra-
cranial blood is two-thirds venous and one-third arterial and is controlled via auto-
regulation and is influenced by arterial pressure, PO, and PCO,. Cerebral perfusion
pressure (CPP) defined as mean arterial pressure minus ICP is used as a surrogate
for cerebral blood flow, and 50-70 mmHg is the clinical range recommended for
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optimal blood and oxygen delivery to the brain. CSF is produced at 10-20 cc/hr, and
is taken up through arachnoid villi and plays an important role in the transportation
of and clearance of metabolites.

Following traumatic brain injury, volume derangements occur to each of the
three brain volumes. The brain parenchyma volume increases due to vasogenic and
cellular edema [45]. In vitro studies suggest that mechanical stretch can activate
cation channels in astrocytes that exacerbate cytotoxic edema [46]. Up to one-third
of TBI patients have abnormal cerebral autoregulation. As the result of the loss of
cerebral autoregulation, cerebral blood flow and capillary hydrostatic pressure in-
creases, exacerbating edema and ICP. CSF circulation and clearance of metabolites
is also impaired following TBI.

Clinical Neurointensive Care The current management of the injured brain fol-
lowing TBI still remains largely supportive with much of the focus on optimizing
cerebral perfusion by managing cerebral edema and intracranial pressures [5, 47].
Clinical care guidelines have been developed and are associated with improved
outcomes when used by critical care teams [48—50]. However, these practices lack
robust randomized control trials. Currently, the management strategy escalates in
intensity in a tiered fashion with first tier treatments typically including sedation,
establishing an ICP threshold, cerebral perfusion monitoring, neuromuscular block-
ade, CSF drainage and hyperosmolar therapy [51]. Second tier treatments include
hyperventilation, barbiturates for pharmacological coma with electroencephalo-
gram monitoring for burst suppression, hypothermia and surgical decompression.

First tiered therapy begins with sedation, which is a combination of anesthetics
and analgesics. Propofol is a commonly used anesthetic used for quick clearance re-
quired for frequent neurological tests but can cause myocardial depression as part of
an infusion syndrome and may not reduce the cerebral ischemic burden [52]. Nor-
epinephrine and phenylephrine are commonly used pressors to maintain adequate
cerebral perfusion pressure because they have the least effect on cerebral vasomotor
tone, but overaggressive hypertension may increase the risk of acute respiratory dis-
tress syndrome [5]. Fever increases the cerebral metabolic burden and increases the
ICP and is treated aggressively with a low index of suspicion for infection and atel-
ectasis. Hyperosmolar therapy includes Mannitol, which is administered at 0.5—1 g/
kg and produces effect within 15-30 min. This can be administered every 6 h to a
target serum osmolaritiy of 310-320 Osm/L. In addition to lowering the intracranial
pressure, Mannitol also has been shown to improve cerebral blood flow (CBF) [53].
23 % hypertonic saline can be used for hyperacute ICP elevations and for hernia-
tion syndromes and can reduce the ICP by up to 50 % within minutes and produce a
durable response over hours. Sodium chloride and sodium acetate can be used as a
mixture to minimize hyperchloremic metabolic acidosis.

Second tier options include barbiturates and surgical decompression. Barbiturate
coma reduces the cerebral metabolic rate as well as the ICP but also has numerous
systemic risks, including hypotension, hypocalcemia, hepatic renal dysfunction,
sepsis, and ileus. Furthermore, the long term outcome for barbiturate coma is un-
known [54, 55]. The use of mild induced hypothermia (body temperature between
32-35°C) has produced mixed results with some studies suggesting no benefit while
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others suggesting modest benefit [56]. Hypothermia does exacerbate electrolyte
disorders, arrhythmia and infections. The DECRA (Decompressive Craniectomy
in patients with severe traumatic brain injury) trial examined outcomes for patients
undergoing decompressive craniectomies for elevated intracranial pressures. Al-
though decompression lowers intracranial pressure and decreases length of stay, the
investigators cited worse long term outcomes. However, the trial did not include a
significant population undergoing craniectomies, namely those with space occupy-
ing hematomas or those undergoing unilateral craniectomies [57]. The international
multicenter RESCUEicp (Randomised Evaluation of Surgery with Craniectomy for
Uncontrollable Elevation of Intra-Cranial Pressure) has been designed to compare
surgical decompression versus medical management alone.

Experimental therapies aim to improve the monitoring and therapeutic response
to the post injured brain. A controversial issue in neurocritical care is in regard to
the practice of directed therapy to maintain ICP levels below 20 mmHg. The multi-
centered randomized Benchmark Evidence from South American Trials: Treatment
of Intracranial Pressures (BEST TRIP) study reported no difference in functional/
cognitive outcome, mortality, median ICU stay, and serious adverse events between
maintaining ICP at or below 20 mmHg to imaging and clinical examination alone
[58, 59]. Proponents of continued ICP and CPP monitoring suggest that the study
used practices that varied from established guidelines and did not specifically look
into ICP monitor use for the management of intracranial hypertension, thereby lim-
iting external validity and generalizability. ICP is an indicator of injury severity but
the operational process of measuring, interpreting and making treatment decisions
is complex and outcome measures such as mortality fail to address the specific
contribution of ICP directed care [60]. Recent evidence looking specifically at large
databases and studies following the Brain Trauma Foundation (BTF) guidelines
suggest that ICP monitoring contributed to improved outcomes [61-63].

The debate regarding ICP monitoring and outcome has led investigators to seek
additional, multimodal approaches to assess the physiological status of the injured
brain. Multimodal monitoring includes brain oxygen monitoring (currently consid-
ered a level III clinical practice guideline recommendation) and microdialysis (not
yet endorsed as a guideline). Poor short term outcome is associated with hypoxia
measured by pBrO, (partial pressure of oxygen in brain tissue) independent of el-
evated ICP, low CPP and injury severity [64]. The multicentered Phase I BOOST
2 (Brain Tissue Oxygen Monitoring in Traumatic Brian Injury) trial (ClinicalTrials.
gov NCT00974259), estimated to complete in 2014 will evaluate whether pBrO,
levels below the critical threshold of 20 mmHg can be reduced with monitoring, in
addition to the evaluation of safety, feasibility and GOSE (Glasgow Outcome Scale-
Extended) scores 6 months post injury.

Microdialysis has the ability to provide information regarding the metabolic
status of penumbral brain tissue, and includes real-time glucose, lactate, glycerol
and glutamate measurements although robust randomized clinical trials have not
yet been pursued. Studies have suggested that metabolic derangements can be de-
tected by microdialysis prior to increases in ICP [65]. Investigators have also dem-
onstrated that metabolic crisis, defined by brain glucose <0.8 mmol/L and lactate/
pyruvate ratio >25 can occur at an incidence of 74 % despite adequate resuscitation
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and controlled ICP [66]. In rodent models, lactate levels are elevated at the site of
injury after TBI [67]. Furthermore, microdialysis has been used to detect inadequate
glucose levels in the brain with the use of strict systemic glycemic control [68].
While the use of pBrO, monitoring and microdialysis has not been widely ad-
opted in clinical use, these two devices provide investigators valuable tools be-
yond simple ICP measurements when evaluating emerging therapeutics. Combined
microdialysis and positron emission tomography in patients following severe TBI
demonstrated that metabolic crisis can even be present without cerebral ischemia as
measured by oxygen extraction fraction and cerebral venous oxygen content [69].

Long Term Outcome The long term sequelae of TBI are difficult to measure in
terms of outcomes. Outcome measures of mortality and function are often used
in clinical trials, but are often nonspecific in regard to the therapeutic strategy
under investigation. In recent years, imaging has become an important outcome
measure for TBI. Several regions of the brain are sensitive to TBI and include the
hippocampus [4, 70, 71]. Long term changes in hippocampal areas such as the den-
tate gyrus and CAl can stem from newborn neuron death after TBI which affects
memory and causes learning deficits [72, 73]. Corpus callosum volume loss has
also been demonstrated in humans and has been topographically correlated with
neuropsychological outcomes (Fig. 15.2) [74]. Many studies seek to determine if
early clinical intervention can translate to long term improvements. The average
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Fig. 15.2 Changes in the macro- and microstructural metrics across the callosum volume seen
on diffusion tensor MRI can be topographically correlated to neuropsychological outcomes. The
architecture and integrity of the high density fiber tracts of the corpus callosum are frequently
altered by TBI. Fractional anisotropy (red arrows) was more frequently correlated with motor and
cognitive outcomes. The mid-sagittal area (yellow arrow) of the isthmus correlated only with fine
motor scores. (Reproduced from [74])
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ICP during the acute neurointensive has been used as an early target for therapy
in hopes that this indicator can correlate with long term outcome. Studies have
reported that average ICP during the first 48 h do not correlate with 6 month func-
tional nor neuropsychological outcomes [75]. However, these studies generally do
not reflect continuous monitoring trends, number of spikes and waveforms, and are
thus likely limited by design.

Endogenous Neurogenesis

As early as the 1990’s, investigators observed regeneration in areas of the adult
mammalian brain, notably by the subependymal cells located in the subventricular
zone (SVZ) following hypophysectomy [76—79]. In 2000, investigators reported the
isolation of neuronal progenitor cells from human samples from the dentate gyrus
[80]. In 2005, neural stem cells were isolated from the cerebral cortex of rats post
TBI [81].

Proliferating and differentiating cells have been identified in the ventricular sub-
ependymal and subgranular zones of the hippocampal dentate gyrus in rat brains
following TBI [82-86]. Following injury, the cells in the dentate gyrus prolifer-
ate to 3—4 fold in number, peaking at 2 days and returning to baseline at 35 days
[85-87]. In rat models, TBI has been shown to promote the maturation of imma-
ture neurons. In rat models using BrDU and fluorogold tracking, cells generated in
the dentate gyrus have been shown to functionally integrate via retrograde axonal
tracking [88].

In mice, brain remodeling after controlled cortical injury (CCI) occurs secondary
to neuronal and astrocyte proliferation and signaling activity [89]. Studies suggest
that Wallerian degeneration from DAI may be sign of reorganization and healing
rather than cell death [90]. NPC cells from the SVZ have been tagged and tracked as
they migrate and develop into mature neurons in mice brains [91]. Stromal derived
factor-1 (SDF-1), a migratory factor involved in extra-CNS homing of regenerative
cells has been found to be endogenously present and required for the migration of
progenitor cells from the SVZ in post TBI mice [92, 83]. In transgenic mice models,
the ability to perform spatial memory tasks was eliminated by ganciclovir-mediated
ablation of nestin expressing progenitor cells at time of injury [94].

Neurogenesis has also been seen outside the SVZ and hippocampus. Perile-
sional local neurogenesis has also been demonstrated in rats, as evidenced by the
transitioning of staining from the neuroblast microtubule associated doublecortin
(DCX) to the more mature NeuN neural marker [95-98]. Recently neurogenesis
has been demonstrated by positive neural stem cell marker staining from samples
of perilesional cortices of adult humans undergoing surgical procedures for trau-
matic brain injury [99, 100]. Unlike rodent models, the migration of progenitor
cells from the SVZ or hippocampus to injured sites has not yet been demonstrated
in humans and is likely due to the separation of the SVZ from the ependyma by



15 Pathophysiology of Traumatic Brain Injury 275

a hypocellular gap [3, 101, 102]. Thus the ultimate translational relevance of the
rodent data is not certain.

Therapies

The delayed nature of secondary injury allows for the possibility of potential in-
tervention, and has been a major focus in TBI research [103]. Since the 1990’s,
preclinical and clinical trials have struggled to bring novel molecular therapeutics to
the bedside [ 104, 105]. The complexity of the post traumatic brain for targeted treat-
ment can be demonstrated by preclinical studies of time sequence gene expression
in post TBI mice, which included more than 80 genes and 24 expression sequence
tags for transcription factors, signal transduction genes and inflammatory proteins
[106]. Unfortunately, no specific treatment has been shown to halt or reverse neuro-
nal death following TBI. Since the early 2000’s, investigators have explored using
stem cells as potential therapy in various forms and routes of delivery.

Targets

Excitotoxicity Glutamate has been identified as major neuroexcitatory amino acid
that exacerbates cell injury, such as astrocyte swelling following traumatic brain
injury [107-109]. Elevated levels can be identified in the CSF post TBI [110].
Research regarding glutamate antagonism began in the 1990°s [111-113]. Recently,
the adenosine A2A receptor, found in cells such as bone marrow derived cells has
been associated with increased glutamate levels following TBI. Post TBI, gluta-
mate levels were reduced by adenosine A2A receptor inactivation or in knockout
mouse models, along with reduced proinflammatory cytokines such as IL-1 and
TNFa [114]. Valproate is an antiepileptic drug that has multiple targets including
the GABA, sodium channel, glycogen and histone pathways, and has been dem-
onstrated in rats to protect the BBB, reduce neural damage and improve cogni-
tion [115]. Topiramate is another antiepileptic drug that has been clinically used to
reduce glutamate release after TBI in humans and a Phase II clinical trial designed
to determine whether this drug can prevent epilepsy post injury is currently ongo-
ing [116]. Investigators have even explored the benefit of caffeine and alcohol with
their potential neuroexcitatory modulating mechanisms [117, 118].

Oxidative Stress Neuroprotection with improvements in behavior has been
demonstrated in rodent models for antioxidants such as deferoxamine, selenium,
alpha-Phenyl-tert-N-butyl nitrone (PBN), and NXY-059 [119-122]. More recently,
(-)-Epigallocatechin-3-gallate (EGCG) in green tea has been shown in post TBI
rats to preserve neuronal stem cells [123]. In mice, CAPE (Caffeic phenol acid
ester) improved the BBB via an antioxidant oxidant pathway [124]. Edaravone, an
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antioxidant and neuroprotectant scavenges NO, protects the BBB and reduced CA3
neuronal loss, apoptosis and astrocyte/glial activation in rats [125—131]. When given
to a small number of TBI patients (n=17), jugular bulb measurements demonstrated
decreased reactive oxidative species [125]. Edaravone has been investigated in
controlled trials for stroke but the optimal dose and therapeutic window has not yet
been established [132]. Determining the optimal dosage and therapeutic window
will undoubtedly be crucial in the design of a human TBI trial.

Blood Brain Barrier The BBB has been a target of interest in TBI due to its partic-
ipation in the neuroinflammatory process and the development of cerebral edema.
Post injury supplementation of the endogenously expressed cyclophilin A (a protein
involved in endotheial cell activation and inflammation) reduced BBB permeabil-
ity 24 hr post injury in rats [133]. TIMP metallopeptidase inhibitor 3 (TIMP-3)
is a MMP inhibitor that stabilizes and improves BBB integrity in animal models
[134, 135]. Progesterone has been demonstrated in preclinical studies to promote
endothelial progenitor cell (EPC) mediated vascular remodeling, downregulate the
inflammatory cascade and decrease cerebral edema [136]. Sulforaphane (isothio-
cyanate) in cruciferous vegetables attenuate aquaporin-4 (AQP4) loss and improves
the BBB [137]. Cannabinoid type 2 receptor agonists have been shown in mice
models of TBI to improve BBB permeability and reduce macrophage/microglial
activation and neuronal degeneration [138]. Citicoline, a naturally endogenous
compound found to be effective in preclinical trials of BBB protection was not
found to significantly improve function nor cognitive outcomes in human Phase III
trials [139, 140].

Signaling Pathways Many signaling pathways have been implicated in TBI. Erk
pathway has been described as an important extracellular signal pathway in preclin-
ical models of TBI [141]. Animal models have associated increased transcription
factors such as CREB (cAMP) following TBI with changes in behavior [142]. Strat-
egies involving histones can preserve Akt signaling, decreasing apoptosis and has
been shown to increase nestin expression [143, 144]. Phosphodiesterase targeting
strategies have also been explored in TBI research. PDE-4 treatment targeting the
cAMP pathway improves histopathological outcomes and decreases inflammation
[145, 146]. The transforming growth factor-beta (TGF-f) pathway has been impli-
cated in mice TBI models to be linked with the Runt-related transcription factor-1
(Runx1) to promote activation and proliferation in the dentate gyrus [147]. Pro-
gesterone has been shown to regulate apoptotic protein expression in the dentage
gyrus in rats but also has been to increase vasculogenesis [136, 148, 149]. Despite
preclinical success, the Phase III ProTECT trial using intravenous progesterone
in the acute post-TBI period was halted for futility in late 2013 (NCT00822900).
The international SyYNAPSe study is another Phase III progesterone clinical trial
for acute TBI trial that finished enrollment in late 2013 with results now pending
(NCT01143064).

Growth Factors Growth factors are an attractive target to be either endogenously
augmented or delivered exogenously to aid in the regenerative process. Intraven-
tricular infusion of fibroblast growth factor (FGF) intro rats post TBI has been
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shown to increase neurogenesis in the SVZ [150]. Nerve growth factor (NGF) has
been used to promote astrocyte migration and is associated with reduced apoptosis
following TBI in rats. Intraventricular delivery of epidermal growth factor (EGF)
has been shown to be neuroprotective in rats [151]. Vascular endothelial growth
factor (VEGF) was shown to increase de novo hippocampal neurogenesis more than
proliferation of resident neuroblasts in rats [152]. In mice intraventricular deliv-
ery augmented neurogenesis and angiogenesis and reduced post TBI lesion volume
[153]. Gold salts have been used via local perilesion injections to reduce inflam-
mation and apoptosis via VEGF and FGF [154, 155]. The neutrophic/mitogenic
protein S100B made by astrocytes has been demonstrated to increase hippocampal
neurogenesis as well as improve cognition in post TBI rats but has classically been
correlated with poor outcomes when found in human CSF [156, 157]. Recently,
P75, a small molecule ligand has been shown to bind neurotrophin receptors on
neuronal precursors and enhance their regenerative properties in rats [158]. A ran-
domized double blinded pilot study by Liu and colleagues is currently underway
investigating repeated intranasal delivery of NGF for acute TBI (NCT01212679).

Neuronal Architecture Cyclosporin A was shown in the 1990’s to protect axons
following TBI in rats by inhibiting calcium induced mitochondrial damage [159,
160]. Preinjury inhibition of calpain, a calcium influx mediated cysteine protease
preserves axonal integrity following TBI in rats [161]. Inhibitory myelin molecules
such as Nogo-A has been implicated in axonal sprouting post injury, but monoclo-
nal antibodies against this protein did not appear to act through sprouting nor cell
loss protection, but still improved cognition in animal models [162]. Myelin-asso-
ciated glycoprotein is another inhibitor of axonal growth, and investigators found
improved sensorimotor function following intraventricular administration in rats
[163]. Cyclosporin is currently being investigated in a Phase II trial.

Post-TBI Neuroinflammation The neuroinflammatory state following traumatic
brain injury is complex and likely an evolving process of dynamic cytokine expres-
sion. For example, TNF has been shown to be toxic to the neuronal stem cell prolif-
eration phase, but not during differentiation. In fact, IFNy enhances neuronal stem
cell differentiation and neurite outgrowth [164]. This may explain why Anti-TNF
or anti-IL-6 strategies have not been found to improve acute edema or motor or
cognitive function in rats [165]. In preclinical studies, strategies to neutralize IL-1
have been shown to improve edema, tissue loss and cognition in mice [166, 167].
Studies have shown the local mileu in the rat brain in the first 48 h following TBI is
highly proinflammatory, with elevated levels of IL-1b, IL-6, and TNFa, along with
the presence of microglia and macrophages (Figs. 15.3 and 15.4) [168].

The proinflammatory environment can serve as a target of cell therapy but may
limit drug efficacy or even exacerbate injury. Purely pharmacologic anti-inflamma-
tory strategies may also interfere with complex reparative inflammatory pathways.
Bortezomib a selective proteasome inhibitor used in multiple sclerosis was found to
have neuroprotective properties in animal models and was associated with decreased
NFkB expression [169]. TSG-6, a multifunctional immunomodulator reduces neu-
trophil extravasation and BBB leakage in animal models [170]. Ibuprofen has been
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Fig. 15.3 Locoregional cytokine response following TBI in a rat model. Proinflammatory cyto-
kines can be seen to be elevated in the brain as early as 6 h and lasting up to 24 h. IL-6 can be
detected at high levels in the frontal lobes away from the impact site at 24 h. Similarly, TNF-a is
elevated in a global fashion 6 h after injury compared to the local increase in the other cytokines.
Note—brain section taken from Paxinos and Watson 2005. (Reproduced from Harting et al. [168])
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Fig. 15.4 TBI exposes the otherwise immune privileged cortex to infiltrating macrophages and
microglia that participate in the neuroinflammatory response. Brain tissue sections were isolated
after TBI, and incubated anti-CD68 antibodies (green) to identify macrophages/microglia. Numer-
ous CD68 positive cells (not seen in the contralateral hemisphere) were identified in the area of
injury. (Reproduced from Harting et al. [216])
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demonstrated to improve outcome of transplanted stem cells in animal models [171,
172]. COX-2, a protein involved in the generation of inflammation mediating pros-
taglandins was found to be exclusively expressed in rat neurons but not astroglia
and may have protective roles in only certain neurons [173, 174]. The administra-
tion of COX-2 inhibitors in a rat TBI model was found to improve cognition but
worsen motor function. Thus the use of selective anti-inflammatory drugs may not
be specific enough to truly target neuroprotection. Anti-inflammatory drugs such as
rolipram may unfortunately increase bleeding in animal models [175]. Inhibition
of single proinflammatory cascades of overlapping/redundant signal transduction
pathways has not proven successful.

Neurovasculature Investigators have also explored strategies of optimizing the
neurovascular niche for resident stem cell activation and function in response to
hypoxia following TBI. The hypoxia induced factor (HIF-1a) pathway has down-
stream components that include VEGF, SDF-1, brain derived neurotrophic factor
(BDNF), tyrosine kinase receptor TrkB and associated co-receptor Nrp-1 as well as
chemokine receptor CXCR4 and nitric oxide (NO) [176]. NO donor DETA/NONO-
ate delivered via intraperitoneal injection in rats, improved proliferation, survival,
and differentiation of resident neuronal stem cells [177]. Statins have also been
shown to induce angiogenesis, reduce neurologic deficits, increase neuronal sur-
vival and hippocampal synaptogenesis induced angiogenesis in rats [178, 179]. In
human studies, statin therapy for 10 days following moderate to severe TBI was
found to reduce TNFa levels at 72 h post injury as well as disability scores at time
points up to 6 months [180]. Erythropoietin is being investigated in a Phase III trial
as a subcutaneous injection in patients with severe TBI under the hypothesis that
secondary injury can be improved through optimizing oxygen delivery.

Biomarkers

TBI researchers have used biomarkers ranging from genes to clinical bedside mea-
surements to evaluate injury pathophysiology as well as treatment outcomes [181,
182]. Gene expression via RNA production associated with astrocytes, phagocytes,
microglia and immune-reactive cells have been described as potential biomarkers
in animal models [183—188].

Biomarkers can help diagnose specific mechanisms of injury, such as BBB com-
promise following blast injury [189]. Elevated serum N-acetyl-asparate has been
associated with DAI as well as continued secondary injury in post TBI rats [190,
191]. Microdialysis has also been used to identify axonal injury using levels of total
tau and amyloid beta proteins [192, 193].

Metabolic intermediates and breakdown products have been investigated as po-
tential biomarkers. Glycerol has been used as a marker of cell degradation and lysis
[194]. Elevated plasma bilirubin, a byproduct of heme oxygenase mediated break-
down of heme and acts at free radical scavenger in mice and humans [195, 196]. Some
investigators have advocated a systems biology approach for biomarker discovery,
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using protein network interactions as a way to screen for potential markers [197].
Common data elements have been advocated for biomarkers to improve the preclini-
cal and clinical investigation of promising therapeutics [198, 199]. Glial to neuron
ratio GFAP/ubiquitin ratio correlates to the degree of TBI on imaging such as fo-
cal versus diffuse injury patterns [200]. Biomarkers may also help identify certain
cellular injury patterns that may not be identified on neuroimaging when evaluating
outcomes of potential therapeutics [201].

Biomarkers have also been used to prognosticate outcomes. In human studies,
increased serum IL-6, ceruloplasmin and copper levels were associated with even-
tual elevations in ICP following TBI [115, 202, 203]. High constant levels of CSF
alpha synuculein in patients with ventriculostomies at 8 days has been associated
with poor outcome [204]. Spectrin breakdown products in the CSF of patients with
TBI peak at 2—-3 days and indicate cytoskeletal injury and may predict injury se-
verity and mortality [205, 206]. Studies suggest that biomarkers including serum
and CSF GFAP, and CSF SBDP145 can improve the prognostic ability of scoring
systems such as IMPACT [207].

Cell Therapy

In the 1990’s, Povlishock and colleagues suggested that the multiple deleterious
mechanisms activated by TBI may require multiple therapies [208]. Thus single
agents may be a limited and naive strategy, even when combined. Investigators in
the 2000’s began to explore the potential for stem cell therapy in neurotrauma and
for CNS regeneration [209-212]. Cell therapy is an appealing therapeutic option
as cells are capable of sensing and responding to environmental signals to poten-
tially target multiple mechanisms in a sustained manner in a system where regen-
eration has classically thought to be limited [213]. Strategies have included both
endogenous and exogenous stem cells [214]. In addition to NSC, numerous stem
cell populations such as embryonic (ESC), hematopoietic (HSC) and mesenchymal
(MSC) have been explored as potential cell therapy options [215-217]. In the fol-
lowing three decades, these cells have been applied in protocols to replace, repair,
or enhance function of the post traumatic brain [218-222].

Systemic Delivery Systemic delivery of stem cells has been explored using both
intraarterial and intravenous routes. A number of stem cell types, including neuro-
nal, mesenchymal and fetal associated cells have been utilized for systemic deliv-
ery. MSCs and NSCs have been delivered using an intraarterial strategy via the
internal carotid artery for TBI in animal models but has not found popularity in
human trials due to concern of ischemic embolic events (Fig. 15.5) [221, 223-225].
Intravenous delivery of cells encounter the pulmonary first pass effect described
by Fischer et al (Fig. 15.6) [221, 226, 227]. The majority of mesenchymal cells
are sequestered in the lung and eventually cleared by the spleen and rarely reach
the brain. In fact, less than 1% of green fluorescent protein labeled mesenchymal
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Fig. 15.5 Intraarterial introduction of stem cells. Intraarterial delivery of cells increases potential
engraftment percentage due to the avoidance of the sequestration and clearance issues associated
with intravenous delivery. However, the risk of distal emboli and thrombosis from intraarterial
delivery can be devastating and thus this route has not been widely adopted. (Reproduced from
Walker et al. [221])
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Fig. 15.6 The first pass pulmonary effect plays a significant role in intravenous strategies of cell
therapy. Cells labeled with quantum dots (stained red) delivered intravenously are sequestered in
the pulmonary capillaries. Less than 1% of green fluorescent protein labeled mesenchymal stem
cells reached the arterial circulation. (Reproduced from Walker et al. [227])



282 G. P. Liao and C. S. Cox, Jr.

stem cells reached the arterial circulation. However, certain cell types have been
reported to localize in the brain after intravenous delivery. Investigators using
superparamagnetic iron oxide (SPIO) labeling of endothelial progenitor cells (EPC)
delivered intravenously into rats have been able to detect EPCs in areas of injury
on MRI and observed associated improvements in cerebral perfusion on computed
tomography [228]. Nevertheless, both preclinical and clinical studies have demon-
strated improvements in the brain following intravenous cell therapy suggesting a
therapeutic effect that does not require direct local delivery [229, —231]. Rodent
studies demonstrating BBB preservation suggests that the effect of intravenous cell
therapy to the injured brain requires the participation of the spleen (Fig. 15.7) [232].
Cortical injury and increased BBB permeability is associated with a decrease in

With MAPC

Preservation of
splenic mass

1 1L4,1L-10, and
splenocyte

} apoptosis

Compromised blood brain
f barrier and cerebral adema

Fig. 15.7 Proposed mechanism of Multipotent Adult Progenitor Cell mediated neurovascular
protection post-TBI and the splenic interaction. TBI results in decreased splenic mass as well as
increased blood brain barrier permeability. The administration of Multipotent Adult Progenitor
Cells increases CD4+ splenocyte proliferation and the production of anti-inflammatory cytokines
resulting in the preservation of the cerebral microvasculature and the blood brain barrier. (Repro-
duced from Walker et al. [232])
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splenic mass. Following the intravenous delivery of Multipotent Adult Progenitor
Cells (MAPC), CD4+ splenocyte proliferation increased, along with the production
of anti-inflammatory cytokines.

Fetal associated progenitor cells are also candidates for cell therapy and include
umbilical cord blood and Wharton’s Jelly as well as components of the placenta.
Cultured human umbilical cord blood (HUCB) cells have been demonstrated to pro-
duce cytokines and chemokines that include IL-8, MCP-1 and IL-1a. Intravenous
HUCB cells reduced neurologic deficits in rats after TBI [223, 234]. Prelabeled
human fetal neural progenitors have been delivered both intravenously and locally
into TBI rats with the therapeutic effects likely due to angiogenesis and reduced
astrogliosis rather than cell replacement [235].

The systemic delivery of stem cells has been safely used in various disease mod-
els. In preclinical and clinical trials, MSC systemic toxicity has been well studied.
Adenosine A2A receptors found on bone marrow-derived cells has been implicated
in mouse TBI models to involve in glutamate and inflammatory cytokine release,
which was shown to lead to acute lung injury [236]. Thrombosis in stem cell trans-
plantation has been described to cause sinusoidal obstructive syndrome of the liver
(SOS) in 50-60% of patients, with the severe form causing up to 84.3 % in mortal-
ity [237]. However, infusional toxicities associated with autologous therapy have
not been demonstrated in human trials, particularly in a Phase I pediatric TBI safety
trial using intravenously delivered BMMNC'’s [230].

Replacement Strategies/Direct Delivery Stereotactic transplantation of vari-
ous stem cell types, including neuronal, mesenchymal, embryonic as well as
induced pluripotent (IPS) stem cells into rodent brains have been shown to
rescue CA3 neurons, improve cognition and neuromotor function (Fig. 15.8)
[238-245]. Studies in mice where NSC injections were delivered into different
ipsilateral and contralateral locations suggested that local delivery or migration

Fig. 15.8 Immunohisto-
chemistry demonstrates the
persistence of NSCs 48 h
after local delivery to the
penumbra of the cortical
injury in a rat model of TBI.
(Reproduced from [240])
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of cells may not be necessary to produce functional improvements [238, 246].
In practice, the transplantation of cells directly into the injured brain has been
challenging. The neuroinflammatory environment following TBI has been
shown to be hostile, leading to protracted effectiveness and early loss of exog-
enous cells [247-250].

Neural stem cells have even been described as biologic minipumps used for their
trophic, migratory and secretory ability [251, 252]. Transplanted human NSCs have
shown to produce glial derived neurotrophic factor (GDNF) resulting in axonal
growth following fluid percussion TBI in rats [253]. Gene therapy such as the use
of NGF transfection has also been explored to further augment the production of
growth factors by modified stem cells being introduced into animal TBI models
[241, 254-257].

Paracrine and Systemic Effects MSCs have been proposed as an ideal candidate
for TBI directed cell therapy due to the ability of these cells to have paracrine and
systemic regenerative and anti-inflammatory effects. In vitro co-culture studies dem-
onstrated improved NSC proliferation and expression of GFAP towards astrocyte
differentiation. Human adipose tissue derived MSCs have also been demonstrated
to support native NSCs in vitro [258]. Direct injection of MSCs into the injured
cortex in mice promoted anti-inflammatory cytokine expression [259]. Intracranial
delivery of MSCs has been applied to rodent TBI models with improved celluar as
well as functional outcomes [260-263]. Contralateral cerebroventricular introduc-
tion of human umbilical cord MSCs in cyclosporine A immunosuppressed mice
have been shown to increase lesional BDNF levels, decreased glial scar, improved
non-phagocytic to phagocytic macrophage ratio and improved neurologic function
[263]. Intrathecal MSCs have been shown in rat models to enhance the neuroprotec-
tion of NSCs via direct cell contact [264].

Embryonic stem cells (ESC) have also been used in direct transplantation. Mouse
ESCs have been shown to differentiate into GABAnergic neurons as well as astro-
cytes [265]. However, the use of ESCs in preclinical trials has not been widely ad-
opted due to reports that murine ESCs transplanted into rats produced tumors [266].

Direct transplantation appears to be an attractive delivery method in preclinical
animal models. However, translating delivery to human applications can be chal-
lenging. The difference between the human brain post injury and animal models
has been well documented. Animal heterogeneity also exists in preclinical trials
[267]. Most preclinical animal models involve a unifocal injury. Human TBI in-
jury patterns are often multifocal, and present a challenge for the local delivery of
therapeutics. Green fluorescent protein labeled neural progenitor cells injected into
the contralateral ventricle of mice 1 week post injury have been shown to migrate
to the injured site and were detectable up to 3 months [268]. This migratory chain
however, has not been demonstrated in human studies [101, 102]. The fact that TBI
has multiple foci of injury if the cells don’t migrate makes direct transplantation an
unattractive approach. NSCs injected locally in other human trials demonstrate little
migratory capacity.
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Probable Pleiotropic Mechanisms of Action of Cell Therapy

Mesenchymal Stem Cells (MSC) have been studied as a delivery mechanism for
therapeutic molecules in both systemic and paracrine strategies rather than just cell
replacement or transdifferentiaton [269]. MSCs have been isolated from peripheral
blood, bone marrow and even adipose tissue. As an example of stem cells respond-
ing to their inflammatory environment, human bone derived MSCs cultured with
extracts of TBI were induced to produce growth factors [270]. Intravenous delivery
of human MSCs in rats has been shown to increase cerebral levels of NGF, BDNF,
NT-3 (neurotropin-3) early after TBI and reduced apoptotic activity [271, 272].
Bone marrow derived MSCs transfected with BDNF, then given intravenously to
rats showed increased BDNF in the CSF and had improved immune tolerance [273].
MAPCs used in rodent models of TBI have been shown to interact with splenocytes
and T regulatory cells in the promotion of M2 regenerative microglia and the down-
regulation of pro-inflammatory macrophages and cytokines (Fig. 15.9) [274, 275].
The secondary injury associated with TBI leads to invariable brain volume loss
over time. However, conventional MRI studies on children receiving intravenous
autologous BMMNCs have demonstrated brain volume preservation up to 6 months
following injury (Fig. 15.10) [230].

Transdifferentiation Non-neuronal progenitor cells had been proposed to act by
means of transdifferentiating into neuronal cells after in vitro and in vivo stud-
ies demonstrated expression of neuronal markers. Recent studies have suggested
that in vitro transdifferentiation may not actually be occurring in vivo and that
the expression of neuronal markers are likely due to induced cellular stress [276].
Cells delivered intravenously rarely localize to the brain. Investigators introduc-
ing untransdifferentiated versus transdifferentiated umbilical mesenchymal cells
directly into the area of injury in a rat TBI model found that the former was able to
improve cognitive function and tissue morphology as well as increase neurotrophin
expression [248]. Thus, the current pre-clinical strategy is to use progenitor cells,
such as bone marrow derived MSCs introduced via direct or intravenous transplan-
tation to protect native cells by creating a more favorable regenerative environment
rather than inducing neuronal differentiation [277].

Other Strategies to Augment Engraftment and Function

Bioengineered constructs have been applied to help cell delivery, targeting and
survival. NSCs can migrate along non-stereotypical routes for great anatomic
(but short absolute distances) in immature animal models, a process that may be
augmented with laminin or fibronectin based scaffolds or biodegradable nano-fibers
[278, 279]. Investigators have described the concept of a biobridge that is initially
comprised of transplanted stem cells that evolve to a tract with an abundance of
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Fig. 15.9 The neuroinflam-
matory response following
TBI involves the infiltration
of neurodestructive activated
M1 microglia and effector T
cells across a compromised
blood brain barrier. Multi-
potent adult progenitor cells
(MAPCs), a type of MSC
interacts with splenocytes,
and increases anti-inflam-
matory cytokine production,
promoting regulatory T cell
activity and proliferation,
which restores the blood
brain barrier and shifts the
neuroinflammatory state

in the brain towards a M2
regenerative state. (Repro-
duced from [275])
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matrix metalloproteinases, which facilitates the migration of other cells [280]. NSC
induced production of connexion 43 may alter the surrounding tissue architecture
[281]. NSCs interact with brain microvascular endothelial cells (BMECs) and have
been used to form a model of the BBB in vitro [282]. Scaffolds can be used in vitro
to model the in vivo interaction between potential cell therapies with the extracel-
lular matrix as well as co-cultured astrocytes [283]. Scaffolds have been used to
enhance the therapeutic potential of progenitor cells [227, 284-287]. FDG labeled
human MSCs were placed into collagen scaffolds that are then implanted into in-
jured rat brains. This strategy was shown to improve cell survival and energy uptake
[288].

The priming and genetic enhancement of cells being used as therapeutic agents
has also been investigated. GDNF enhanced neuroprogenitor cells delivered into
the brain exhibit improved neuronal differentiation in rats with enhanced cognitive
recovery [289]. Primed human fetal neural stem cells with agents such as proges-
terone improved cognition in rats when delivered post TBI [290]. Hypoxia has been
shown to prime MSCs to produce growth factors such as VEGF when the cells are
delivered intravenously [291, 292]. Pre-clinical animal studies have also looked at
dual therapy of using intravenous G-CSF in combination with intravenously deliv-
ered human umbilical cord or bone marrow derived MSCs to maximize treatment
efficacy [229, 293].

Although the intravenous route does not appear to result in the delivery of cells
into the post TBI brain, strategies have been developed to increase the intracranial
localization. MRI guided ultrasonic disruption of the BBB has been used as a po-
tential strategy for the targeted local delivery of stem cells [294]. An encapsulated
approach has also been used to improve biodelivery [295].
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Conclusion

TBI remains challenging in both the understanding of the pathophysiology and the
development of therapeutics. As the injured brain progresses from neuroinflamma-
tory degradation to regeneration, numerous molecular and cellular processes occur
that can influence outcome. While many pharmaceutical agents have been devel-
oped and tested in preclinical trials, their contribution to the complex and evolving
inflammasome following TBI has not materialized in any successful clinical trials.
The advancement of preclinical studies for TBI using cell therapy has been slow
due to the heterogeneity of injury models, outcome measures and assays. Thus, the
International Society for Cellular Therapy (ISCT) recently has recently advocated
validating and strengthening standardized assays to improve the reproducibility and
consistency of such data [296].

Cellular therapy offers a pharmaceutical bioreactor that can sense and interact
with the inflammasome. Studies have demonstrated that inflammatory M1 to regen-
erative M2 phenotypic shifts can be initiated by progenitor cells. Once delivered,
the fate of various stem cells needs to be verified in preclinical models. Tracking of
transplanted stem cells is challenging due to issues such as auto-fluorescence and
phagocytosis [250]. MicroPET and SPIO MRI can be used to monitor transplanted
cells [297-300] and may be translated to humans trials [301].

Translating cell therapy from preclinical to clinical trials requires many ques-
tions to be answered. Off the shelf heterologous cells have been proposed for TBI
therapy. Exogenous cells introduced either locally or systemically have not shown
to engraft or survive, and thus the optimal dosing time and regimen remains unan-
swered. In rats, investigators have suggested that functional and behavior improve-
ments are maximized when bone marrow derived MSCs are delivered at 7 days
after injury into the corpus callosum [240, 302, 303]. Human cytokine assays dem-
onstrate that the systemic window of therapy against pro-inflammatory cytokines
can be beyond 48-72 h.

Finally, any therapy for TBI can only be deemed successful if clinical trials can
demonstrate improvements in outcome. Neuroimaging has demonstrated promising
volume preservation with cell therapy, but the impact of these findings to cognitive
and functional outcomes are unknown and require further understanding about the
role of cell therapy in the regenerative process following TBI. In the short term, a
multimodal approach that includes drugs such as neurostimulants, neurorehabilita-
tion and immunomodulatory cell therapy likely offers the best strategy to maximize
recovery potential.
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Chapter 16
Stem Cell Therapy for Neonatal
Hypoxic—Ischemic Brain Injury

James Carroll

Various varieties of stem cells and methods of their administration are proposed
as therapeutic modalities for neonatal hypoxic—ischemic (HI) brain injury. The
widespread use of stem cells for this purpose and others, despite the lack of strong
clinical evidence for their efficacy in most clinical situations, makes it incumbent
to review the pathophysiology of the clinical condition of neonatal HI brain injury,
the preclinical data dealing with animal HI injury, and the available clinical studies.

The central problem for the evaluation of treatment for neonatal HI injury is that
two vastly different circumstances exist with respect to the condition: (1) the acute
and (2) the chronic or long-standing result of the acute injury. The pathophysiology
of the two variations, particularly with respect to the possible benefit of stem cell
treatment, is quite different.

The situation is further complicated by the widespread interest in treating
cerebral palsy (CP) with stem cells, an effort of great interest to parents and society
at large. This effort has been given impetus by anecdotal stories carried on the
Internet. However, only a small component of children with CP has neonatal HI
brain injury as the cause for their disability. While the treatment of CP is a popular
target for stem cell therapy, CP is a group of disorders of complex and varied cause.
This chapter deals only with CP caused by HI injury in the neonatal period of the
term infant.

Pathophysiology of Neonatal Hypoxic—Ischemic Injury

The pathophysiology of acute HI injury in term infants is well known. These pro-
cesses are important for our discussion in that they relate to way stem cells inter-
act with the tissue. The mechanism of injury has been summarized in detail by
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Volpe [1]. Briefly, the key innate factors are the vulnerable vascular border zones,
regional anaerobic mechanisms, and excitatory glutamate synapses. Hypercapnia,
hypoxemia, and acidosis lead to loss of regional regulation of blood flow. The latter
phenomenon, in combination with systemic hypotension, leads to a compounding
of the preceding events with exacerbation of the abnormal blood flow, more anaero-
bic metabolism with increasing lactate, and a rise in the damaging glutamate. As a
consequence, cellular adenosine triphosphate (ATP) is depleted, calcium intrudes
into the cell, and excitatory amino acids bring about more cellular damage. Later
reperfusion injury eventuates leading to more neuronal damage with cell necrosis
followed later by apoptosis. Models of acute HI injury, discussed below, attempt to
mimic these events.

Most of the studies of HI relate most closely to events in the term infant. The
brain injuries in premature infants, however, comprise a significant portion of the
pathology in patients with CP. While term infants tend to demonstrate more neu-
ronal and cortical injuries, premature infants are more vulnerable to injury of the
white matter. The influence of stem cell therapy in white matter injury is even less
well understood and is not the subject here.

The additional molecular events occurring in the time period proximate to the
injury are critical to the receptiveness of the tissue to stem cell repair. One of the
factors important in this process is the chemokine SDF-1/CXCL12 system which
contributes to the homing of stem cells to the site of injury [2]. These cells express-
ing the CXCR4 receptor migrate to the area of injury demonstrating upregulation of
SDF-1. A number of other chemokine systems are activated and undoubtedly play a
role in acute stem cell therapy [3].

On the other hand, the above molecular events have long been completed in
chronic HI brain injury that has resulted in CP. The molecular elements in the tissue
which “attract” stem cells are no longer upregulated, and there is little evidence to
indicate that intrinsic cells are altered by the addition of stem cells. The chief idea
for benefit in chronic HI injury, therefore, is replacement of neurons and supportive
cell elements by the stem cells.

Types of Cells Which Could Be Used

There are a number of candidate stem cell types for transplantation. Only three
have been employed clinically thus far in children: (1) umbilical cord blood, usu-
ally autologous, (2) mesenchymal cells derived from bone marrow, again usually
autologous, and (3) in countries where the procedure is allowed, neural progenitor
cells obtained from aborted fetal brain.

The most widely used cell source is human umbilical cord blood. The fraction
of cells bearing the putative positive action is the CD34 negative or mesenchymal
stem cell [4]. Mesenchymal stem cells are characterized by their plastic adherent
properties under normal culture conditions. The cells possess a fibroblast-like
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morphology. These cells may exert a neurotrophic effect on endogenous brain cells.
CD133 positive cells, another component of umbilical cord mesenchymal cells,
may have the potential for axonal regrowth, reduction in apoptosis, and neuronal
protection [5].

There are other mesenchymal cell candidates which could be used for treatment.
Multipotent adult progenitor cells (MAPCs), discovered by Verfaille and coworkers
[6, 7], and developed for possible commercial use by the biotech company, Athersys,
Inc., could be used for treatment after appropriate safety testing. A clinical trial
(NCT01436487) with MAPCs is in progress in adults who suffer stroke acutely. The
advantage of this cell type is that it could be supplied as a shelf-ready product that
does not require matching for the individual patient.

The other types of cells that could be employed in patients, after preclinical
testing, include induced pluripotent stem (IPS) cells and embryonic stem cells. IPS
cells may provide an excellent alternative for embryonic cells as they could be
derived from the patient’s own skin fibroblasts [8]. These cells are said to possess
many of the biological characteristics of embryonic stem cells. IPS cells would
require safety testing to ensure their lack of tumorigenic potential [9]. Embryonic
stem cells are the most controversial of the group. They are derived from human
embryonic tissue. Embryonic cells have been employed in several acute preclinical
injury studies with positive results. However, it does not appear these cells will be
candidates for use in children any time soon.

Summary of Acute Preclinical Studies

There are numerous preclinical studies which demonstrate the efficacy of various
types of stem cells in acute neonatal HI injury. The following table shows some of
the studies in neonatal rodents following the production of acute HI (Table 16.1).

The remarkable observation among the above studies (described in more detail
below) is that the route of treatment does not seem to affect the generally favorable
outcome. Most of the reports do not show significant incorporation of the trans-
planted cells into the brain substance. Therefore, the beneficial action of the cells
seems to occur by neurotrophic or paracrine influences.

In the report of intra-arterial transplantation [10], the transplant did not restore
stereological volume in the damaged tissue even though long-term adverse cogni-
tive effects were reduced. This would suggest that there were positive influences of
the transplant on remaining intrinsic cells, but not cell replacement.

Huang et al. [11] reported that even the route of intra-peritoneal administration
was effective. Once again, the message from this study is the importance of trophic
influences.

Wang et al. [12] showed that the cell loss in the CA1 sector of the hippocampus
was reduced. The mechanism of cell preservation would also be invoked by these
results.
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Table 16.1 Stem cell treatment for acute neonatal rodent brain injury

Time after injury | Cell type Route of Reference
administration
24 h Umbilical cord blood Intra-arterial [10]
24 h Umbilical cord blood Intraperitoneal [11]
24 h Umbilical cord blood [12]
24 h Dental pulp stem cells Intracerebral [13]
24 h Umbilical cord blood Jugular vein [14]
Mesenchymal stem cells Striatum [15]
3h Umbilical cord blood Intraperitoneal [16]
Umbilical cord blood Intracerebral [17]
7 days Multipotent adult progenitor cells | Hippocampus [18]
7 days Multipotent adult progenitor cells | Intravenous [19]
3 days Fetal neural stem cells Cerebral ventricle [20]
24 h Mesenchymal stem cells Intraperitoneal [21]

Dental pulp cells only rarely differentiated into neural cells, but neurological
function was improved with the inhibition of proinflammatory cytokines, increased
expression of anti-inflammatory substances, and reduced apoptosis [13].

De Paula et al. [14] reported the dose dependency of intravenous transplantation.
This result suggests that dosing experiments would be an important component of
clinical studies.

The cells reported by Part et al. [15] were derived from human placenta. With the
striatal transplantation, they theorized that the improved motor behavior was related
to dopaminergic differentiation. Similarly, Pimental-Coelho et al. [16] observed a
neuroprotective effect was observed in the striatum.

In the work of Xia et al. [17] above, the damage had been inflicted prenatally
demonstrating a similar effect to that in the more standard postnatal model.

The two reports by Yasuhara et al. [18, 19] demonstrated positive results using
the potentially commercial preparation of MAPCs. The critical outcome from these
two papers is that the result was favorable with both direct brain injection and
intravenous administration.

Qu et al. [20] used human fetal neural stem cells by direct cerebral ventricle
brain injection. They found extensive cell survival and migration, which generally
was not noted by other investigators.

Meier et al. [21] reported the intraperitoneal injection of human umbilical cord
blood-derived mononuclear cells postnatal day 8 following carotid ligation and
hypoxia on day 7. A few of the cells were incorporated into injured brain.

We should point out, however, that at least one report has been negative. DePaula
et al. [22] have reported that severe neonatal rodent HI was not altered by intrave-
nous human umbilical cord blood.
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Mechanism of Action of Stem Cells in Acute Studies

The mechanism of benefit with stem cell treatment in acute neonatal HI is uncer-
tain, but there are several lines of thinking which are prominent, and all of the pro-
posed mechanisms may play a role in an additive fashion.

The first possible beneficial action is the actual replacement of intrinsic cells
by the transplanted stem cells. While a small percentage of stem cells engraft, and
some may even take the form of neurons, their numbers do not appear to be ad-
equate to support much enhancement of outcome [19, 23, 24].

The other prominent ideas include blood vessel regeneration, an effect on the
spleen to reduce its release of inflammatory cells which might have a deleterious
effect in brain, and finally, and most likely, improved survival of intrinsic brain cells
promoted by various noncellular factors.

Blood vessel regeneration potentially occurs via adhesion of CXCR4-positive
cells onto vascular endothelium [25], recruitment of endothelial progenitor cells
[26], and formation of periendothelial vascular cells [27]. Also, crude bone marrow
cells have been shown to form endothelial cells [28].

Vendrame et al. [29, 30] proposed that umbilical cord blood may reduce the
brain’s inflammatory response by acting on the spleen to reduce its output of inflam-
matory cells. These splenic inflammatory cells apparently increase the blood—brain
barrier permeability, which produces an adverse effect. Walker et al. [31] showed
that intravenous injection of MAPCs impeded the splenic response to injury by
lessening the spleen’s release of inflammatory cells in association with improved
outcome. The work of Leonardo et al. [32] confirmed these findings.

There are numerous mechanisms by which increased intrinsic cell survival might
occur. Wang et al. [12] reported that neural stem cell proliferation in the affected tis-
sue may be promoted by the Sonic hedgehog signaling pathway. Rosenkranz et al.
[33] noted that umbilical cord cell transplantation decreased the expected rise in
pro-inflammatory cytokines (interleukin-1 alpha, interleukin-1beta, and tumor ne-
crosis factor alpha) occurring after HI injury. A marker for activated microglia and
macrophages was reduced. Inflammation would thereby be reduced in brain [33].
Bae et al. [34] agreed that paracrine influences were the primary influence on intrin-
sic cell survival. Human umbilical cord blood cells reduced upregulation of CX43
and thereby brought about attenuation of reactive gliosis [35]. Overall, inflamma-
tion was reduced. Rosenkranz et al. [36] found various increased proteins which
promoted angiogenesis. Apoptosis was lessened. Vascular endothelial growth fac-
tor (VEGF) increased perhaps increasing the proliferation of blood vessels. The
same group also reported that human umbilical cord blood cells increased SDF-1
expression acting in concert with the SDF-1/CXCR4 axis [2], which appears to
be a major factor for cell homing. In a primate model, Li et al. [37] reported that
cell transplantation caused upregulation of IL-10 expression. Neuronal apoptosis
was decreased and neuronal proliferation increased. Dayer et al. [38] found that
neural progenitor cells increase expression of fibroblast growth factor-2, thereby
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Fig. 16.1 The possible mechanisms of stem cell benefit are shown above. The drawing in the
upper right hand corner depicts replacement of damaged cells. In the lefi lower drawing, the
reduction in splenic release of inflammatory cells is shown. In the right lower corner, blood vessel
regeneration is shown. In the lower center, the salvage of intrinsic neurons is depicted. (Courtesy
of Pediatric Research)

improving HI outcome. These cells are thought to generate a pool of immature
neurons available for repair (Fig. 16.1).

Summary of Acute Clinical Studies

There are no reports available as yet of controlled, double-blinded trials with stem
cells in acute neonatal HI injury.

Luan et al. [39] reported a 75-day-old male who suffered severe HI injury at
birth. The infant received transplantation of fetal neural stem cells into the cerebral
ventricle. The infant showed improvement. There were no controls noted. In view
of the relatively late transplant, it is unclear whether this child should be considered
an example of acute or chronic HI injury.

Three trials in progress are listed in ClinicalTrials.gov. These are (1) Cord Blood
for Neonatal Hypoxic-Ischemic Encephalopathy at Duke University, (2) Autologous
Umbilical Cord Blood Transfusion for Preterm Neonates at Ain Shams University
in Cairo, and (3) Autologous Stem Cells in Newborns with Oxygen Deprivation at
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Hospital Universitario in Monterrey, Mexico. These trials appear to be confined to
single institutions.

In any single medical center, there are only relatively small numbers of term
infants with acute HI encephalopathy (HIE). Consequently, considerable time will
be required to acquire the necessary numbers of subjects from one hospital system.
In view of the fact there is ample preclinical laboratory evidence for benefit and a
robust, multileveled rationale for the use of adult stem cells in the treatment of acute
HIE, it is striking that multicentered, controlled trials have not been initiated. The
cost of such a trial will be significant.

Cotton et al. [40] reported the treatment of 23 infants suffering from acute HI
injury with intravenous autologous umbilical cord blood. This study demonstrated
that, with considerable institutional preparation and coordination, it is feasible to
conduct a trial with fresh, autologous umbilical cord blood in acute HI injury in
newborns. The effort used to bring about this preliminary trial was considerable.

One of the problems inhibiting such a trial is the lack of a uniform, widely avail-
able cell preparation. Although autologous umbilical cord blood could be used
for this purpose, there is some variability in the quality of preparation among the
samples obtained, which would undoubtedly influence the outcome of the study. A
widely available commercial preparation would be advantageous.

Characteristics of Chronic Clinical Cerebral Palsy

As we have noted, CP is a heterogeneous group of motor disorders of childhood.
The condition is nonprogressive and may occur as a result of many specific disor-
ders of brain. HI injury in the neonate comprises only a minority of the disorders
among children with CP. While CP may manifest as hypotonia, ataxia, hemiparesis,
dystonia or spasticity, the form resulting from neonatal HI brain injury is either
spastic CP or spastic—dystonic CP. Therefore, in any clinical trial of chronic HI
injury CP, the clinical inclusion criteria would need to be confined to spastic or
spastic—dystonic CP.

In order to choose the subjects for such a trial the inclusion and exclusion criteria
will need to be carefully constructed. The study should be confined to term or near
term infants. The criteria composed by the American Congress of Obstetricians and
Gynecologists [41] may prove useful. The four critical criteria are: (1) evidence of
metabolic acidosis in arterial umbilical cord blood, (2) neonatal encephalopathy
in infants born at 34 or more weeks of gestation, (3) CP of the spastic or dyski-
netic type, and (4) exclusion of other causes. Other criteria that could be used as
confirmatory would include a specific HI event, significant fetal bradycardia with
abnormal decelerations, persistently low Apgar, evidence of adverse effect in other
organs, and a confirmatory imaging study. Magnetic resonance imaging (MRI) is
the best tool for this determination [42]. In the first 24 h, diffusion-weighted im-
ages may demonstrate increased signal intensity in central brain regions such as
basal ganglia. This finding is seen in so-called severe asphyxia. T1 and T2 weighted
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images are more conveniently done at around 7 days of age when they diagnos-
tically useful. Less severe or “partial” asphyxia results in a watershed pattern of
injury with relative sparing of the basal ganglia.

Animal Models of Chronic HIE

Among the various animal models for CP perhaps the greatest difficulty is produc-
ing an injury which is sustained over a significant period of time. Rodents tend to
die or recover quickly from brain injuries and consequently their motor manifesta-
tions of the injury fade rapidly. A sustained motor disability is essential to the use
of the model in the experimental treatment of an injury designed to mimic long-
standing brain injury.

Most of the models are variations of the Rice—Vanucci method [43] which im-
pede delivery of oxygen to the animal brain either before or around the time of
delivery. In the Rice—Vannucci method, the investigator ligates a unilateral carotid
artery and then delivers a period of hypoxia. Variations on this theme have been
conducted in rodents, piglets, and fetal sheep [44]. None of these variations are
totally satisfactory.

Prenatal HI injury has been produced in the rabbit [45], but the injury is not suf-
ficiently long-lasting to mimic CP in children. The induction of HI injury in prenatal
rabbits by uterine ischemia results in motor disability in the animals, but once again
the disability is not long lasting, perhaps less than 2 weeks. The motor disability
may be assessed with a swim test [46]. The model is also amenable to study with
MRI [47].

Maternal administration of lipopolysaccharide to pregnant rats late in gestation
results in significant motor impairment of the offspring, but these findings tend to
fade by 5 weeks [48]. A similar model has been produced in rabbits [49, 50]. This
type of injury, however, does not necessarily mimic term infant HI injury and there-
fore would not be appropriate for a preclinical study of stem cell therapy for chronic
HI injury. The model is more reminiscent of the periventricular leukomalacia of
premature infants rather than term infant HI injury.

All these models suffer from the lack of similarity in structure to the human
brain. The rodent models are particularly dissimilar in that the white matter is con-
siderably less than in the mammal and differing in structure. The models overall are
comparatively short-lived in terms of the motor abnormalities.

Clinical Trials in Chronic HIE

Stem cell therapy is widely proposed as a treatment for CP. Most of these therapies
are offered for a fee in countries outside the USA and on a compassionate basis in
at least one site in the USA. The treatment, in general, appears to be safe but the
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efficacy of the treatment is not clear. The problem is compounded considerably by
the fact that CP is comprised by many different disorders only one of which (neona-
tal HI injury) is the subject of this chapter.

We are aware of several reports showing benefit. None of the reports address
specifically the issue of the treatment of chronic neonatal HI injury.

Min et al. [51] reported benefit in a controlled study with allogeneic umbilical
cord blood. To date, this is best study of the possible benefit of stem cell therapy
in CP. In this study, erythropoietin was added to the cells. The three groups of pa-
tients were (1) the cells plus erythropoietin, (2) erythropoietin alone, and (3) the
placebo group. They measured the gross motor performance measure, Bayley scales
of infant development, F-fluorodeoxyglucose positron emission tomography, and
diffusion tensor imaging. The first group had had significantly improved scores on
the motor function measure and the Bayley scales. The diffusion tensor imaging
and positron emission studies seemed to relate to the benefit seen with the cells
plus erythropoietin. The subjects had a variety of diseases as a cause of their CP:
periventricular leukomalacia, “diffuse encephalopathy”, focal ischemia or hemor-
rhage, multicystic encephalomalacia, or cerebral malformations. It was not clear
how many of the children sustained HI injury as a cause of their chronic disability.
Because the children were not segregated as to the cause of their CP, we cannot
draw conclusions about the possible benefit of the cells in chronic HI injury.

Chen et al. [52] reported an observer-blinded controlled study of 60 children
with CP using autologous, bone-marrow derived neural stem cell like cells. The
cells were implanted into the subarachnoid cavity. Thirty children received the
treatment and 30 were controls. Motor function scores and language measurements
were made on the children, and the motor function scores improved significantly in
the treated group. No adverse effects were reported. Once again, the causes of CP
among the subjects were not noted, so it is not possible to draw conclusions about
the benefit of cell therapy in chronic HI injury.

Wang et al. [53] reported an uncontrolled study of 52 patients with CP who re-
ceived transplantation of autologous bone marrow derived mesenchymal stem cells.
The patients were reported to show improvement. The cells were delivered into the
spinal fluid by lumbar puncture or into the brain by stereotactic surgery. Since the
patients were not segregated as to cause, no conclusions can be drawn about benefit
in chronic HI injury.

Li et al. [54] reported an 11-year-old male patient with CP who had sustained a
brain injury from birth asphyxia. The child had severe visual impairment and was
treated with four infusions of autologous bone marrow mesenchymal stem cells.
His vision and motor abilities improved with the treatment. This type of study un-
derlines the problem in the study of possible benefit in CP patients in that clinical
findings may change as the child develops. In addition, new skills may be learned,
albeit at a slower than normal rate.

Luan et al. [55] reported neural progenitor cell transplantation in children with
CP. Forty-five children with CP received fetal tissue derived neural progenitor cells
by injection into the lateral ventricle. Developmental improvement was noted to be
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significantly greater in the treated group as compared to the control subjects. The
cause of the CP in the patients was not well defined.

These trials suffer from the deficiencies of either absent or inadequate controls or
incomplete definition of the subjects’ disease processes. Consequently, no conclu-
sion can be drawn about the efficacy of stem cell therapy for the chronic form of
neonatal HI injury. An undetermined number of the subjects likely had neonatal HI
brain injury as the cause of their disability.

Our Trial

We are currently conducting a trial of autologous umbilical cord blood in chil-
dren with CP (Project Title: [611187-2] “A Placebo-Controlled, Observer-Blinded,
Crossover Study to Evaluate the Safety and Effectiveness of a Single Autologous
Cord Blood Stem Cell Infusion for the Treatment of Cerebral Palsy in Children”).
As yet, the trial is incomplete. The study protocol consists of administration of the
cells on the first or second visit with the visits. The first and second visits are sepa-
rated by 3 months. Half the children receive the cells on the first visit and half on
the second visit in a double-blinded fashion. Saline placebo is given on the first or
second visit. Follow-up has been designed to occur over the course of the year, but
follow-up among the children recruited and treated has been difficult. Because of
the anecdotal reports in the media of benefit of the treatment, parents are, of course,
mainly interested in their child receiving the cells. Consequently, the parents are
often not desirous of returning for follow-up after they are certain the cells have
been administered. The second difficulty is that the construction of rigid but reason-
able inclusion and exclusion criteria results in relatively small numbers of eligible
patients. Finally, the study is not restricted to patients whose CP has resulted from
neonatal HI injury. Consequently, most are not clearly in the neonatal HI category.
Thus, the trial would not qualify as one for the assessment of chronic HI injury.

Methods of Assessment for Clinical HIE Injury

The prototype method of assessment is the general physical and neurological exam-
ination. Standardized examination protocols include the gross motor performance
measure, gross motor functional measure, and the Bayley scales of infant develop-
ment. MRI assessment may include routine scanning, diffusion tensor imaging, and
fractional anisotropy. Fluorodeoxyglucose positron emission tomography may also
be employed. MRI spectroscopy for lactate may provide a useful adjunct as lactate
is increased with asphyxia.
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What Should Be Done in Trials for Acute HIE

Acute neonatal HI injury is an ideal candidate for a clinical trial. The preclinical
data supporting the treatment are robust. As noted above there are several plausible
scientific explanations for the benefit of the cells noted in animal models.

The first matter to be decided is the choice of cell type for the trial. There are
several candidates. One obvious choice is autologous umbilical cord cells. Another
possibility would be MAPCs which could be supplied as a shelf-ready product that
does not require cell matching. Other cell preparations, such IPS cells, could also
be used. The choice among these cell types should be decided by head-to-head
preclinical experiments comparing the cell types directly in animal experiments.

Second, the patient population should be characterized in a very specific fashion.
Mild HIE and very severe HIE should be excluded. The trial would need to be an
“add-on” to the now standardized cooling procedure.

Third, in order to insure adequate numbers of subjects, the trial would require a
large number of centers with central coordination of the trial. No single center has
enough patients with HIE to satisfy the numbers needed.

In the trial, much of the outcome evaluations would need to be done in the acute
or subacute period, but in addition, long-term follow-up would be necessary un-
til cognitive assessments could properly be done. These would include the testing
mentioned above and perhaps more detailed intelligence quotient testing.

What Should Be Done in Trials for Chronic HIE

Possible trials for chronic HIE will be decidedly more difficult. First, the preclini-
cal data supporting the scientific rationale for such a trial is quite minimal. Second,
while there are anecdotal reports of clinical efficacy and several positive reports in
the peer-reviewed literature, the controlled trials reporting efficacy deal with sub-
jects with potentially different types of CP. As noted, CP has many causes and only
a minority, perhaps 10-20 %, have resulted from HI injury.

First, a decision needs to be made about the best choice for a cell type. Given the
problems noted above with the models for chronic HI injury, the choice may have
to be made based on limited information.

Second, the clinical inclusion and exclusion criteria should be carefully con-
structed. These criteria should be based on the occurrence at birth of a well-docu-
mented HI injury, using criteria that would lead clinically in ideal circumstances to
the use of the cooling protocol. The type of CP resulting should be identical among
the subjects, that is, spastic quadriplegia with or without dystonic features. The
clinical severity of the CP should be in the moderate to the severe range.

Finally, the trial should be multicentered in order to have sufficient numbers of
subjects.
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Chapter 17
Cell-Based Therapies in Neonatal Stroke

Masahiro Tsuji and Michael V. Johnston

Neonatal Stroke
Definition

Neonatal stroke encompasses a range of focal and multifocal ischemic and hemor-
rhagic cerebral tissue injuries, and the terms neonatal stroke and perinatal stroke
are often used interchangeably [1]. There is no consensus on terminology, defini-
tion, or classification of neonatal/perinatal stroke [2]. A workshop sponsored by
the National Institute of Child Health and Human Development and the National
Institute of Neurological Disorders and Stroke (Maryland, USA) defined ischemic
perinatal stroke as “a group of heterogeneous conditions in which there is focal
disruption of cerebral blood flow secondary to arterial or cerebral venous thrombosis
or embolization, between 20 weeks of fetal life through the 28th postnatal day,
confirmed by neuroimaging or neuropathologic studies” [2]. This definition distin-
guishes perinatal stroke from neonatal hypoxic—ischemic encephalopathy (HIE).
However, those two disease entities share common risk factors and mechanisms,
and can coexist in the same newborn [3, 4]. Neonatal encephalopathy is a neo-
natal neurological syndrome with clinical features with acute brain dysfunction,
which covers all of HIE cases and some portion of neonatal stroke cases [3, 5, 6]
(Fig. 17.1). The two disorders present somewhat differently in the newborn period
and have different appearances on magnetic resonance imaging (MRI) [7, 8].
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Fig. 17.1 Neonatal stroke account for up to 5-10% of neonatal encephalopathy cases. Some
neonatal stroke cases present with seizures without encephalopathy during the neonatal period.
Approximately, 40 % of neonatal stroke cases do not present symptoms in the neonatal period
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Incidence

Neonatal stroke is not a rare condition. The estimated incidence of ischemic
perinatal arterial ischemic stroke ranges between 1 in 2300 and 1 in 5000 births,
places the perinatal period second only to elderly age groups with respect to the
incidence of stroke [2]. The estimated incidence of neonatal cerebral sinus venous
thrombosis ranges between | and 2.7 in 100,000 births [1]. The incidence of neo-
natal encephalopathy in developed countries is 1-6 per 1000 live births [6]. From
50 to 80 % of neonatal encephalopathy cases are considered to have HIE, and up to
5-10% of such cases are considered to have stroke [6] (Fig. 17.1).

Pediatric strokes occurring beyond the neonatal period are a serious health prob-
lem as well. The incidence of pediatric stroke is approximately 10—13 per 100,000
children per year, and cerebrovascular disorders are among the top ten causes of
death in children in the USA [9]. This chapter, however, mostly focuses on neonatal
stroke because of almost lack of publications in cell therapies in pediatric stroke.

Clinical Presentation

The cardinal clinical feature of neonatal encephalopathy is depressed level of con-
sciousness, often associated with seizures [6]. Approximately, 60% of the infants
with perinatal/neonatal stroke present early symptoms, of which clonic and/or tonic
seizures are most frequent (approximately 90 %) [4]. Other early symptoms include
recurrent apnea/desaturation, persistently altered tone, and decreased level of con-
sciousness. The remaining 40 % of the children with perinatal stroke do not present
specific symptoms in the neonatal period, and are only recognized later with the
emergence of the symptoms such as hemiplegia and seizures [4].

Treatment

The current treatment for infants with stroke is predominantly supportive, as there
is no evidence-based specific treatment available [4, 10]. The onset of neonatal
stroke is antenatal in some cases and is unknown in others. Hence, treatments that
have a narrow therapeutic window, such as tissue plasminogen activator (tPA), are
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not feasible for perinatal/neonatal stroke. Cell-based-therapy has attracted atten-
tion as a novel treatment for a number of neurological diseases, including neonatal
encephalopathy [11]. This is not only because of its possible regenerative properties
but also because of the long therapeutic time window for the effect of stem cells.
More than 1000 of therapeutic treatments for ischemic brain injury have reported
neuroprotective in studies in neonatal and adult animals [12]. Although more than
100 treatments among more than 1000 candidates have been tested in clinical tri-
als, as few as two treatments have proven clinical efficacy: tPA for adult stroke and
therapeutic hypothermia for neonatal encephalopathy. Even in well-controlled ani-
mal studies, therapeutic time windows of those treatments are disappointingly short
from a clinical standpoint. Most treatments are neuroprotective only when started
before the insult. Although some therapies are neuroprotective with posttreatment,
the therapeutic time windows are confined to first several hours after the insult. In
contrast, cell therapies have been shown to have a neuroprotective effect in animal
studies even when administered days after the insult [13, 14].

Preclinical Studies on Cell Therapies

Overview

More than 50 research articles on cell-based therapies for perinatal/neonatal brain
injury have been published in English literature to date since the first report in this
field by Elsayed et al. in 1996 [15] (Table 17.1, 17.2, 17.3). The vast majority of
those studies have used rodent models of neonatal HIE. Only four studies in rodent
models of neonatal stroke have been published [16—-19] (Table 17.2). No study on
the effects of cell-based therapy for perinatal/neonatal brain injury in large animal
models has been reported, although some groups are doing research on it (abstracts
of conferences and personal communications). No study in animal models of child-
hood stroke has been reported.

During the first decade since 1996 in this research arena, intracerebral transplan-
tation of either the neocortical block of fetal brain or neural stem cells (NSCs) was
investigated [20, 21] (Table 17.1). Systemic administration by intraperitoneal injec-
tion of cells was first reported by Guan et al. in non-English literature in 2004 [22],
and by Meier et al. in English literature in 2006 [23]. Also, Guan et al. was the first
to report the effects of mesenchymal stem cells (MSCs), and Meier et al. was the
first to report the effects of mononuclear cells (MNCs) in neonatal models. A clini-
cally feasible route of systemic administration by intravenous injection, was first
reported by Yasuhara et al. [24]. During the second decade of this research arena,
a similar number of studies using intracranial transplantation or systemic adminis-
tration of stem cells have been reported. With regard to the donor cells, the MNC
fraction of human umbilical cord blood (hUCB) and MSCs derived from rodent
bone marrow (BM) have been most extensively explored. In many of those studies,
MNC:s are transfused systematically and MSCs are transplanted intracranially.
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hUCB-MNCs The MNC fraction of hUCB contains many stem cell types, includ-
ing hematopoietic stem cells, endothelial progenitor cells, and MSCs [68-70].
A subpopulation of cells within human UCB-MNC fraction has the potential to
become neural cells [71]. hUCB-MNCs secrete a higher level of trophic factors,
such as brain-derived neurotrophic factor (BDNF) and neurotrophin-4/5, than adult
peripheral blood MNCs [72].

MSCs MSCs are present in BM, adipose tissue, amniotic tissue, and UCB. MSCs
are easy to harvest, and are capable of differentiating into mesodermal cell lin-
eages such as adipocytes, skeletal myoblasts, chondroblasts and osteoblasts, and
neuroglial cells [69, 73]. MSCs have several favorable characteristics such as low
immunogenicity in allogeneic (nonself) transplantation and no tumorigenicity [74].

Animal Models There is no widely used model of neonatal stroke. Some rodent
models of stroke subject animals to transient or permanent occlusion of unilateral
middle cerebral artery (MCAO) [75-78]. Other stroke models use occlusion of the
common carotid artery (CCA) only [79, 80] or a combination of CCA and MCA
ligation [81]. Rodent models of neonatal brain injury use postnatal day 7-12 (P7—
12) rat or mouse pups, as those pups are considered comparable to human term PO
newborns with regard to brain maturation [82].

This chapter focuses on neonatal stroke, but introduces a brief summary of study
data obtained in rodent models of neonatal HIE. That is because rodent models of
neonatal stroke and neonatal HIE form a continuum of hypoxia—ischemia ranging
from a more hypoxic to an ischemic insult with respect to pathophysiology, which
also occurs in clinical settings. An extensively used rodent model of neonatal HIE,
the Rice—Vannucci model, has mixed histopathology and exhibits a focal stroke in
approximately half of the pups with the HI insult [83]. The rodent model of HIE
subjects animals to permanent unilateral CCA occlusion (CCAO) followed by tran-
sient exposure to systemic hypoxia (30 min to 4 h, 8-10% O,) [83, 84].

Studies in Neonatal Stoke Models: Four Reports

The four studies that examined cell therapies in rodent models of neonatal stroke are
summarized in Table 17.2.

Comi et al. reported the effects of stem-cell-based therapy in a neonatal stroke
model for the first time [16]. They used P12 CD1 mice with permanent unilateral
CCAO. They prepared murine embryonic stem (ES) cell-derived NSCs, and in-
jected a suspension of 1x10° cells into ipsilateral striatum 2 or 7 days after the
occlusion. Pups with the NSC treatment administered at 2 days, but not at 7 days,
had less severe hemispheric brain atrophy compared with either nontreated or vehi-
cle-treated pups 28 days after the occlusion. Three out of ten pups injected with the
NSCs developed local tumors.

Kim et al. reported effects of MSC transplantation in P10 Sprague-Dawley rats
with permanent MCAO [17]. hUCB-derived MSCs (1 x 10° cells) were administered
into the ipsilateral lateral ventricle at 6 h after the occlusion. MSC transplantation
improved the survival rate as well as the body weight gain after MCAO. MSC
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transplantation attenuated infarct volume measured by MRI at three time points
examined; 3, 7, and 28 days after MCAO. MRI demonstrated the presence of
transplanted super-paramagnetic iron oxide-tagged MSCs until 28 days after the
transplantation. Functional deficits measured by the rotarod and cylinder tests after
MCAO were partially ameliorated by the transplantation. An increased number of
cells with markers for apoptotic cell death, reactive microglia, and astrogliosis in
the penumbra of MCAO were also reduced by the MSC transplantation. Only a
few transplanted MSCs were labeled with markers for neurons or astrocytes. The
authors consider that anti-inflammatory effects mediated by increased expression
of trophic factors may be the primary mechanism underlying the effects of trans-
planted MSCs on injured brain.

Van Velthoven and colleagues published several studies on the effects of mouse
BM-derived MSCs in a mouse model of HIE, and recently examined the effects
of MSCs in a rat model of neonatal stroke [18]. They used P10 Sprague-Dawley
rats with transient MCAO. At 3 days post-MCAO, 1x 10° rat BM-derived MSCs
were delivered intranasally. They demonstrated that intranasally applied MSCs can
migrate into the brain in the HIE model [45]. Both treatments of MSCs alone or
MSCs overexpressing BDNF equally reduced infarct size and motor deficits (cylin-
der test and adhesive removal test) at 28 days after MCAO. Although the ischemic
brain injury did not induce cell proliferation in the ipsilateral striatum and subven-
tricular zone (SVZ), MSC treatment induced long-lasting cell proliferation up to 3
weeks after MCAO. Together with their observations in the HIE model, the authors
consider that transplanted MSCs induce repair by secreting, as well as stimulating
secretion of, several growth and differentiation factors, thereby stimulating endog-
enous neurogenesis and angiogenesis [47].

One of the authors of this chapter studied the effects of hUCB CD34" cells (he-
matopoietic stem cells/endothelial progenitor cells) in P12 immunocompromised
mice (severe combined immunodeficiency (SCID) mice) with permanent MCAO
[19]. We injected 1% 10° hUCB CD34" cells intravenously 48 h after MCAO. The
cell treatment ameliorated cerebral blood flow (CBF) in the peri-infarct area at 24 h,
but not at 7 days or 7 weeks, after MCAO. Hemispheric volume loss was reduced,
and the average diameter of blood vessels in the peri-infarct area was increased by
the cell treatment assessed at 7 weeks after MCAO. The protective effect of cell
therapy on cerebral tissue loss is significant but relatively small, and none of the
cell-treated mice exhibited outstanding improvement suggesting that there may be
a limit to the improvement. This implies that the cell treatment can rescue and/or
restore ischemic penumbra but not the ischemic core. Behavioral deficits examined
by rotarod and open-field tests were not significantly improved by hUCB CD34"
cells. Few hUCB cells were identified in the brain 24 h after the intravenous injec-
tion. We believe that transient augmentation of CBF in the peri-infarct area is one
of the mechanisms of action of hUCB CD34" cells.

It seems difficult to draw conclusions from the four studies discussed above, and
an optimal protocol for clinical use of cell therapies against neonatal stroke has not
been developed. Nevertheless, those four studies suggest that cell therapies have
potential to exert neuroprotective effects even though cells are administered hours
or days after brain injury.
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Studies in Neonatal Models with Excitotoxicity: Five Reports

Five studies have reported the effects of cell-based therapies in rodent models with
excitotoxicity, in which brain lesions are induced by intracerebral injection of exci-
totoxic compounds such as a glutamate analogue [63—67]. Those studies are sum-
marized in Table 17.3. Excitotoxic neuronal injury is involved in the cascade of
injury activated in the pathophysiology of both neonatal stroke and HIE [85].

Mueller et al. transplanted human embryonic germ cell-derived NSCs intrace-
rebrally 3 days after injection of N-methyl-D-aspartate (NMDA) receptor agonist
quinolinic acid injection [63]. Subsets of transplanted cells expressed neuronal and
glial cell markers, and partially restored the complement of striatal neurons. Inter-
estingly, the survival of hNSCs was five times greater in the lesioned brains com-
pared with sham-control brains.

Vadivelu et al. transplanted murine ES-derived progenitor cells into injured stria-
tum 8 days after the NMDA injection [64]. Transplanted cells differentiated into
neural cells, and generated endothelial cells, which integrated with host cells to
form chimeric vasculature. Unlike in adult animals, endothelial cell proliferation
and vascular density in the peri-ischemic regions were limited in immature rats
with transient MCAO [86]. Therefore, enhancement of angiogenesis after neonatal
stroke may be a promising strategy for recovery.

Chen et al. transplanted MSCs intracerebrally 1 day after the glutamate analogue
ibotenate injection [65]. MSC treatment increased anti-myelin immunoreactivity in
the corpus callosum and improved reaching and retrieval skills. The study showed
little evidence of differentiation into neural phenotype.

Titomanlio et al. transplanted neurosphere-derived precursors intracerebrally ei-
ther 4 h or 72 h after an ibotenate injection [66]. Both early (4 h) and late (72 h)
cell transplantation reduced the extent of brain lesion and memory impairments.
The transplanted cells differentiated into oligodendrocyte and neurons although the
transplanted cells finally died.

Dalous et al., in the same group as Titomanlio, examined the effects of hUCB-
MNCs [67]. When MNCs were administered intraperitoneally either immediately
or 24 h after the insult, a low-cell dose (1x10° cells) ameliorated the lesion size
in the cortex, but a high-cell dose (1 x 107 cells) exacerbated the lesion size in the
white matter at 5 days after the insult. When MNCs were administered intrave-
nously, neither cell dose caused significant effects on the lesion size.

Mechanisms of Action

Cell-based therapies for brain injury can be divided into two categories from the
standpoint of the postulated mechanisms of action: those aiming at cell replacement
and those aiming at other beneficial effects. Cell therapies in the first category are
designed so that administered cells survive in the brain, differentiate into neural cell
lineage, and reconstruct adequate neural network with synapse formation. Those
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studies include all studies with brain tissue block [15, 20] and NSCs derived from
ES cells or induced pluripotent stem (iPS) cells [21, 55], and some with non-NSCs,
such as MSCs. Tissues and cells are directly injected into the brain in most of these
studies, into brain parenchyma, cerebral ventricle, or cerebrospinal fluid space. Cell
therapies in the second category are designed so that administered cells can stimu-
late endogenous neurogenesis and/or angiogenesis, secrete several trophic factors,
modulate inflammation/immune response, and/or increase CBF. The studies in the
second category include many experiments with MNCs, MSCs, multipotent adult
progenitor cells (MAPCs) [24], and CD34" cells. Cells are injected either intrace-
rebrally or systemically. Accumulating evidence from studies in animal models of
neonatal HIE and of adult stroke shows that cell therapies have all of the abovemen-
tioned capacities as mechanisms of action. A cell therapy of any kind seems to have
multiple effects for injured brain, and this multipotency may be the basis of its long
therapeutic time window, thereby enabling it to translate into clinical use.

In order to develop cell-based therapies, whatever the postulated mechanism of
action is, understanding the mechanisms of neurogenesis and angiogenesis after
ischemic injury in the immature brain is important. Several studies in immature
rodents reveal that HI injury promotes cell proliferation in the sub-ventricular zone
(SVZ) [87, 88]. Studies show contradicting results with regard to the differentia-
tion rate of proliferating cells into neurons after neonatal HI [89]. Only one study
explored neurogenesis after neonatal stroke [90]. Kadam et al. labeled newly gener-
ated cells with bromodexyuridine (BrdU) injected 68 days after permanent uni-
lateral CCAO in P12 CD1 mice. Neonatal ischemia significantly reduced the cell
counts of new cells in the dentate gyrus of the hippocampus which are derived from
sub-granular zone (SGZ), and increased the counts in the striatum and neocortex
which are presumably derived from SVZ compared with sham controls. Cell-lin-
eage commitment patterns, which are predominantly neuronal in the hippocampus
and nonneuronal in the striatum and neocortex in sham controls, are maintained
after neonatal ischemia. Those observations are mostly in accordance with the data
presented by Zhu and colleagues in P9 C57B1/6 mice with HI [91, 92].

Treatment Protocol

The optimal protocol for a cell therapy is not known in neonatal HIE models or
adult stroke models, in which far more studies have been done compared with neo-
natal stroke models. Cell type, dose, timing after insult, and administration route
are the crucial issues when designing the most effective and feasible protocol for
clinical application.

Cell Type No study has compared effects of different cell types in models of neo-
natal brain injury. A study in an adult mouse model of permanent MCAO compared
the effects of BM-MSCs and BM-MNCs [93]. Cells were transplanted into ipsilat-
eral striatum. MSCs, but not MNCs, extensively migrated into the peri-infarct area.
Approximately, 20 % of transplanted MSCs expressed a neuronal marker, NeuN,
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while 1.4 % of transplanted MNCs expressed NeuN. Those results may indicate that
MSCs are more advantageous than MNCs. However, MNCs have other potential
benefits for clinical use because MNCs can easily be isolated by a density gradient
separation after correcting from UCB or BM, while MSCs need to be cultured in
vitro in most of the cases with bovine serum.

Cell Dose A few studies in models of neonatal brain injury have compared different
cell doses. Some studies demonstrate that a higher dose is more beneficial [14, 38,
39], while a study does not confirm it [67].

Timing After Insult Limited number of studies in models of neonatal brain injury
have examined therapeutic time window. Van Velthoven and colleagues demon-
strated that MSC treatment at either 3 days or 10 days, but not 17 days, after HI
insult is similarly beneficial [14, 44, 46, 47]. Comi et al. reported NSC transplan-
tation at 2 days, but not 7 days, after CCAO is beneficial [16]. Two studies in an
excitotoxicity model showed no time-dependent effects comparing 4 h versus 72 h
after insult [66] and immediate versus 24 h after insult [67]. Another study showed
no difference in characteristics of grafted mutlipotent astrocytic stem cells between
24 h and 5 days after HI injury [28].

Administration Route Few studies in models of neonatal brain injury have exam-
ined the influence of different administration routes. Effects of intravenously admin-
istered UCB-MNCs and intraperitoneally administered UBC-MNCs are different
[67]. In contrast, two studies showed that cells administered by different routes are
equally beneficial: intravenous versus intracerebral [24], and intraperitoneal versus
intrathecal [60]. Quite a few studies demonstrated beneficial effects of cell-based
therapies despite the limited number and duration of donor cell survival in the brain
[19, 24, 43, 47]. Two studies, one in neonatal excitotoxic and the other in neonatal
HI brain injury model, compared systemic cell distributions after intravenous and
intraperitoneal injections [62, 67]. Intravenously administered cells are detected in
the brain more than intraperitoneally administered cells. However, the number of
cell detected in the brain is relatively low even if infused intravenously. Instead, a
large number of cells accumulate in the lungs, liver, and spleen. The same pattern of
systemic cell distribution is noted in a juvenile primate with MCAO [62].

In addition to the limited amount of evidence, study results are often contradic-
tory to each other as mentioned above. That may be because the studies used differ-
ent models, strains, degrees and extents of injury, donor cells, evaluation methods,
and time points. More studies are warranted to find optimal protocols for clinical
application.

Age-Dependent Differences in Cell Therapies

It is well known that neonatal brains and adult brains are different with respect to
neurodegeneration and neural repair, and this notion is also true in cell therapies.
There are dynamic age-dependent changes in characteristics of both donor cells
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(administered cells) and recipient brains. For instance, transplanted hUCB-NSCs
survived longer time in uninjured neonatal rat brain than in uninjured adult rat brain
[94]. Therefore, caution should be exercised when translating evidence in adult
stroke studies into neonatal stroke.

Clinical Studies on Cell Therapies

Overview

Only one clinical trial is listed in the website of the US National Institute of Health
(ClinicalTrials.gov) as a cell-based therapy for neonatal or childhood stroke; Clini-
calTrials.gov Identifier: NCT01700166 (Table 17.5). It is a phase 1 trial in children
aged 6 weeks to 6 years who have prenatal or perinatal stroke. Children with evi-
dence of HIE were excluded from the trial. Their own (autologous) UCB was intra-
venously injected to the children. This trial, however, has been withdrawn prior to
enrollment due to relocation of the principal investigator.

Caution should be exercised when translating results obtained from preclinical
and clinical studies in adult stroke into neonatal and childhood stroke practice. Neo-
natal stroke and adult stroke are different in many aspects, such as background risk
factors, pathophysiology, and repair processes [10]. Neonates are generally con-
sidered to be more resistant to cerebral ischemic insults and have higher potential
to repair the insult. Such assumptions, however, are not always true. For instance,
children with early stroke perform more poorly compared with children with late
stroke [95].

Clinical Trials During Acute Phase of Brain Injury

Clinical trials of an acute-phase treatment for childhood stroke are extremely difficult
to conduct. A phase 1 clinical study with tPA for pediatric stroke (NCT01591096)
was terminated due to lack of patient accrual. The study design was to administer
tPA intravenously for children aged 2—17 years within 4.5 h from the onset of acute
arterial ischemic stroke. Several inherent factors in childhood stroke, such as its
low incidence and ambiguous time of onset, make those clinical trials difficult to
conduct.

Clinical trials of an acute-phase treatment for neonatal stoke may be less dif-
ficult to conduct than those for childhood stroke. That is because its incidence is
higher and concentrated in the perinatal period, and patients are already in medical
institutes. However, the trials for neonatal stroke are more difficult to conduct than
those for neonatal HIE. The onset of neonatal stroke is often ambiguous compared
with that of neonatal HIE. Symptoms of neonatal stroke are generally milder than



336 M. Tsuji and M. V. Johnston

those of neonatal HIE. As many as 40 % of newborns with stroke are unrecognized
during the neonatal period [4].

No clinical trial of cell therapy during the acute phase of neonatal stroke is listed
in ClinicalTrials.gov. As mentioned above (see the section “Definition”), it is often
difficult to clearly distinguish between neonatal stroke and neonatal HIE [96]. Some
percentage of participants of a clinical trial for “neonatal HIE” may have neonatal
stroke. Interestingly, when the landmark clinical trial of whole-body hypothermia
was first published, the participating infants were referred as neonates with HIE
[97]. Several years later, the follow-up study of the same cohort was published
under the title of “Childhood outcomes after hypothermia for neonatal encepha-
lopathy” [98]. A portion of infants presenting as neonatal encephalopathy has a
focal stroke [3]. Hence, clinical studies for neonatal HIE are briefly reviewed here.

Three clinical trials are listed in ClinicalTrials.gov as trials for newborns with
neonatal HIE; NCT00593242, NCT01506258, NCT01649648 (Table 17.4). All of
three trials use intravenous injection of autologous UCB within a few days after
birth. The trial NCT00593242 (principal investigator, Dr. Cotten at Duke Universi-
ty, USA) uses noncryopreserved volume- and red blood cell-reduced UCBCs, while
NCT01506258 (Dr. Mancias-Guerra at Hospital Universitario Dr. Jose E. Gonzalez,
Mexico) uses noncryopreserved CD34* UCBCs. Details of treatment protocol of
NCT01649648 (Dr. Lee at National University Hospital, Singapore) are not doc-
umented in ClinicalTrials.gov. Those three trials are small nonrandomized trials,
therefore efficacy of the cell therapies has not yet been known. Only NCT00593242
has been completed, and the results have been published [99]. Cotten and colleagues
enrolled 23 infants who were cooled for HIE and intravenously infused UCBCs (up
to 4 doses, 1-5x 107 cells/dose, ~ 72 postnatal hours). No significant infusion re-
actions were noted. Of the 23 infants, 1-year neurodevelopmental outcomes were
assessed utilizing the Bayley Scales of Infant and Toddler Development, third edi-
tion (Bayley III) in 18 infants, and 13 infants (72 %) had Bayley scores>85. During
the study period, 82 infants did not have available UCB and were cooled for HIE.
Of the 82 infants, 46 were assessed and 19 (41 %) had Bayley scores>85. Of note,
26 % of UCBC-treated infants were outborn (transported from an outside hospital
after delivery), while 88 % of cooled infants without UCBC treatment were outborn.
Outborn infants tend to have poor outcome than inborn infants, hence the benefit
of UCBCs may be exaggerated. Nevertheless, the trial suggests that autologous
UCBC infusion therapy for neonatal HIE is safe and feasible, and may improve the
outcome. A randomized double-blind study is needed. A phase 1 trial almost same
as the one at Duke University is about to start in Japan (principal investigator: Dr.
Shintaku at Osaka City University).

A clinical trial (NCT01121328) is focusing neonates born premature, less than
34 weeks (Table 17.4). Autologous UCB mononuclear cells are infused in the first
14 days after birth.

The properties of hUCBCs may be altered by several factors, such as the ges-
tational age and perinatal asphyxia [100, 101]; For example, Aly et al. reported
that although UCB-MNC count does not differ between healthy-term newborns and
term newborns with perinatal asphyxia, neuronal differentiation of hUCB-MSCs is



337

17 Cell-Based Therapies in Neonatal Stroke

UOJSNOH “I9IUQD) 90USIOS Y)[BIH SBX3, JO “AlU[]

AU 2d -

5005 1> 1S1oM [UIq YMpe>

BLIDILIO SUI[00D JoW “YMYE < ,

HIH JO suSts 0L >Hd gD ‘urwg 1e ¢ > 108dy YMTy—LE 4

BLIAILIO SUIJO0D JOW PUE ‘UONBISIT YMGE <Z

1BLIOILIO UOISN[OU]

SNOUDABIUI : 47 [[90 JRI[ONUOUOW JNJY “MOLIBUW dUOq /G

‘poo[q p109 [e3I[IqUIN g ) ‘snoFojoine oy ‘urogmau gN ‘Ainfur ureiq onewnern ;g ‘Ayyedoreydasus oroydsi—orxodAy g7 Q[qe[ieae jou pp ‘payyroads jou o

vsn| AT Y9e~ /01 x9 | ONIN-NE | ome + Tl AL1-¢ 0S 191 | Sunmiody 11| €801S8TIOLON | 9
paystqnd
‘parord
VSN AL Y9e~ /01 x9 | ONIN-INE omne - I &p1-¢ 0r 1aL -wopH 1| TCLYSTOOLON | §
ONIA
1d43g AL PRI~ VN —doNn omne - 1 aN 09 | puIRId | Suniniosy 1| 8CTEICIIOLON | ¥
a1od
-esurg VN pe~ VN aon omne - I aN 01 ATH | Sunmiooy 1| 8¥96¥9T0LON | €
Fedd
OJIXOIN AT Uy~ VN gon ome - 4 aN 0T | qerxAydsy VN SN | 8ST90STOLON | T
paystqnd
‘parord
2VSN AL YTL~ | Px 01 xS0 gon ome - 1 aN €T <HIH -woy 1| TPTE6S00LON | 1
aso( ad£y, | somog - o8y | 1oquny | sisoudelq Joynuep|
uon uonezl A0S
-8007] | ooy | Surwiry, 19D | -wopuey | swIy sjuedroned smye)s | oseyq | S[eLIL[eorur)

Amfur ureiq 9noe Yim UdIP[IYd 10 SUIOGMIU U Judujear} aseyd 2Jnde Jo S[eLI) [BdIUI[D JO MIIADY $°L] el



338 M. Tsuji and M. V. Johnston

more pronounced in the cells derived from newborns with asphyxia [102]. Apopto-
sis of neutrophils is impaired in cord blood compared with adult peripheral blood,
and the apoptosis is reduced by hypoxia [103]. Lymphocyte counts are elevated in
term infants with HIE, although the counts rapidly normalized [104]. Those altera-
tions may become beneficial or detrimental to infants receiving UCB therapy.

Two clinical trials with the same protocol and the same principal investigator,
one phase 1 and the other phase 2, are listed in ClinicalTrials.gov as an acute-phase
cell-based treatment for traumatic brain injury (TBI) in childhood; NCT00254722,
NCTO01851083 (Table 17.4). The phase 1 trial has completed, and the results have
been published [105]. Ten children with severe TBI aged 514 years were treated
with autologous BM-MNCs, 6 x 10° cells/kg body weight delivered intravenously
within 48 h after TBI. There were no episodes of BM harvest- and infusion-related
adverse reactions. Efficacy of the treatment was not assessed as it was a phase 1 trial
with no control group.

Luan et al. reported allogeneic transplantations of human neural precursor cells
in six newborns with severe brain injury [106]. One of them had severe carbon mon-
oxide poisoning at fifth day of birth; another had severe hypoglycemia; the others
had severe neonatal HIE. Neural precursor cells were obtained from the forebrain of
a spontaneously aborted fetus. The transplantations were performed at day 4 to day
20 after birth. They were followed up for 12 months. Four patients were normal in
psychomotor development, and two patients developed cerebral palsy (CP).

Clinical Trials During Chronic Phase of Brain Injury

The most frequent sequela of neonatal stroke is CP, and approximately half of
survivors develop CP [107, 108]. CP is a group of permanent disorders affecting
motor development and posture resulting from various brain injuries that occurred
during prenatal or neonatal period. Ischemic perinatal stroke accounts for 30 % of
hemiplegic CP [109], which accounts for 18—419% of all CP cases [110, 111]. There-
fore, clinical studies for CP inevitably include children with neonatal stroke, unless
type and/or etiology of CP are specified.

Thirteen trials from nine research groups are listed in ClinicalTrials.gov as cell-
based therapies for children with CP (Table 17.5). Two clinical trials by the same
investigators (NCT01404663, NCT01763255) set its inclusion criteria for the par-
ticipant as spastic quadriplegic CP. This criterion excludes most of CP children re-
sulting from neonatal stroke as they are generally hemiplegic. Hence, 11 trials from
eight research groups are related with children with neonatal stroke.

Two of the 11 trials have been published (NCT01193660, NCT01019733).
NCTO01193660 is a randomized trial with 105 participants conducted in CHA
University in South Korea [112]. HLA-matched allogeneic UCB consisting of
>3 x107/kg total nucleated cells (TNCs) was intravenously injected into CP chil-
dren along with erythropoietin and immunosuppressive treatment. Compared with
the control group and the group treated with erythropoietin only, the UCB-treated
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group had significantly higher scores on the Gross Motor Performance Measure
and Bayley II Mental and Motor scales at 6 months. The incidence of serious ad-
verse events did not differ between groups. The same group compared allogeneic
(three patients) and autologous (four patients) UCB transplantation in children with
CP [113]. The allogeneic transplantation showed better outcome than autologous
transplant. NCT01019733 is a phase 1 trial in 18 pediatric patients with CP associ-
ated with perinatal HI brain injury [114]. The principal investigator is the same as
NCTO01506258 (an acute-phase treatment for neonatal HIE; see the section “Clini-
cal Trials During Acute Phase of Brain Injury”). After stimulation with granulocyte
colony-stimulating factor, autologous BM-TNCs (a median of 13 x 108 cells) in-
cluding CD34" cells (10 % 10° cells) were injected intrathecally, and the remaining
cells from the BM aspiration were administered intravenously. Early adverse effects
including headache, vomiting, and fever occurred in three patients. No serious ad-
verse effects occurred. No MRI changes were found at 6 months of follow-up.

Among remaining nine trials, one trial (NCT01988584) used either autolo-
gous UCB or BM-MNCs, two trials (NCT01832454, NCT01978821) use autolo-
gous BM-MNCs, and six trials (NCT01072370, NCT01147653, NCT01193660,
NCT01528436, NCT01639404, NCT01991145, NCT01929434) used either au-
tologous or allogeneic UCB. Cells are administered intravenously in many of the
trials, but intra-arterially or intrathecally in some trials. NCT01929434 is the only
one phase 3 trial among them, and the only trial using MSCs, while others using
MNCs or TNCs.

Safety and feasibility of intravenous infusion of cryopreserved autologous UCB
have been reported in a study in children with neurological disorders, most of whom
had CP [115]. Among 184 study participants (median age 27 months, range 6 days—
9 years), three patients experienced infusion reaction, which resolved after discon-
tinuation of the infusion and medical therapy. No other adverse events have been
reported during the 12-month follow-up.

Apart from the clinical studies listed in ClinicalTrials.gov, there are a few case
reports of cell therapies in infants with brain injury. Jensen and Hamelmann re-
ported a boy with HI brain injury due to cardiac arrest at 2 years of age [116]. He re-
ceived autologous intravenous UCB transfusion 9 weeks after the cardiac arrest. At
2-months follow-up, he demonstrated remarkable neurofunctional recovery from a
vegetative state. Jansen et al. attribute the recovery to the cell therapy. Chen et al.
conducted a randomized controlled trial of allogeneic transplantations of olfacto-
ry ensheathing cells (OECs) in children with CP [117]. OECs were isolated from
aborted human fetal olfactory bulb, and 2 x 10° cells were injected into the corona
radiata of the frontal lobe of the HLA-matched patients with no immunosuppres-
sant therapy. Motor function scores in cell-treated group (n=6) were significantly
better than those in the control group (n=8) 6 months after the intervention. They
reported that no patients experienced side effects. Lee et al. conducted a pilot study
of the intravenous infusion of autologous UCB in 20 children with CP [118]. There
was no control group. Five children showed more improvements in neurodevelop-
mental evaluations than would normally be expected during a 6-month period after
the infusion. The improvements occurred significantly in children with hemiplegia
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or diplegia rather than quadriplegia. Although those results seem promising, they
are limited by the fact that they are reported in a case report and a clinical trial with
very small sample size or with no control group. Therefore, it is difficult to interpret
the results.

Conclusion

There is a paucity of preclinical studies and a lack of clinical data on cell-based
therapies for neonatal stroke. The preclinical studies suggest that cell therapies have
a potential for ameliorating infant brain injury even when the treatment is started
days after the insult. Rigorous preclinical studies are needed before these therapies
are applied clinically, especially when the therapy uses cells that may have a tu-
morigenic risk and invasive administration route. However, many patients and their
parents are desperately seeking opportunities to receive cell therapies, as the current
therapies for neonatal stroke as well as other neonatal brain injuries do not appear
to be effective. It will be important to stratify cell therapies according to the risks
involved in clinical application, and to proceed to the clinical trial without delay
under the approval and monitoring of regulatory authorities when the therapy has
low risk.
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Chapter 18
Issues in Clinical Trial Design in Stem Cell
Trials After Stroke

Steven C. Cramer

Introduction

Stroke remains a major cause of human disability. Currently approved therapies for
a new stroke reach a limited fraction of patients, largely because of the narrow time
window. For example, in the USA, IV tissue plasminogen activator (tPA) is given
to approximately 5% of patients [1], and note that half or more of those so treated
nonetheless have significant long-term disability [2, 3]. Some studies suggest that
stem-cell-based therapies have the potential to improve outcomes after stroke via
acute neuroprotective mechanisms. A larger body of research has focused on stem
cells as restorative therapies, which have the potential to improve outcomes in a
large fraction of patients in part because the therapeutic time window is measured
in days— weeks; the latter stem cell application is the focus of the current chapter.

Restorative stroke trials have received increased attention in recent years. In-
creasing experience has identified a number of issues that are important to consider
when testing the efficacy of restorative therapies such as stem cells. Some issues
are shared with acute stroke trials while some are not. Some issues are common to
many different restorative therapies, while others are most relevant to cell-based
therapies.

Several key principles emerge across restorative stroke trials. First, unlike the
other organs in the body, the brain is really a collection of dozens or hundreds of
different functional units. Appreciation of this point is important to topics such as
endpoints to measure treatment effect. Second, many restorative therapies achieve
maximum effect when coupled with behavioral training. A brain galvanized for re-
pair requires behavioral shaping, i.e., restorative therapies improve outcomes on the
basis of experience-dependent plasticity. This is a major distinction as compared
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to acute reperfusion or neuroprotective therapies, where treatment effects do not
make any behavioral demands upon subjects. Third, many sources of heterogeneity
reduce study power but can be minimized. The price of variance is no cheaper in the
context of restorative stroke therapies. This issue pertains to many aspects of clini-
cal trial design, particularly training of study staff and stratification of enrollees.

Issues in Restorative Stroke Trials That Are Similar to
Issues in Acute Stroke Trials

Some issues in clinical trial design are shared between restorative and acute stroke
trials. A critical example in this regard relates to effective translation of preclinical
findings to a clinical investigation [4—6]. Review of the methodological quality of
preclinical studies has received increased attention [6—8]. Lower-quality preclini-
cal studies, such as those that lack blinding or that do not randomize treatment
assignments, are less likely to directly translate to successful human clinical trials.
Although major differences exist between the species used in preclinical studies
(such as rats) and humans [9], the nature of the endpoints found significant in pre-
clinical studies may nonetheless be of guiding value for selection of endpoints in
human investigations. While allometric scaling from rodent to human is difficult
[10—12], preclinical studies can nonetheless provide some information regarding
choice of dose(s) to study in humans. Stroke recovery is a four-dimensional target,
with efficacy changing according to time post stroke when the therapy is introduced
[13—17]. As such, translation of preclinical stem cell findings to human studies must
consider when treatment was initiated in animals in relation to time post stroke.

Variance in endpoint assessment represents a large source of variance that can be
strategically reduced. Acute stroke trialists are familiar with certification methods
for endpoints such as the NIH stroke scale and the modified Rankin scale. Recent
restorative studies have pursued similar approaches [18], and a number of publica-
tions are providing key tools for recovery-related endpoints [19, 20]. One study
[20] provided detailed methods and training materials for the Fugl-Meyer scale and
found that training with this method improved accuracy and reduced variance of
Fugl-Meyer scoring. Training with this method reduced variance in the Fugl-Meyer
scale scoring by 20 %, which would decrease sample size requirements from 137 to
88 in a theoretical trial aiming to detect a 7-point difference in this scale.

The entry criteria used in preclinical stem cell stroke studies are valuable for de-
fining the target population in a human translational trial. For example, anatomical
and physiological features of patient enrollees should be aligned with those present
in preclinical models. This issue was raised regarding translation of epidural motor
cortex stimulation studies, where rodent and primate studies showing efficacy of
this intervention required preserved motor evoked responses [21-24] but a phase
I human trial [25] did not. In a post hoc analysis, Nouri and Cramer found that
human patients in the phase III trial who were randomized to epidural motor cor-
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tex stimulation and who (like the animals selected for preclinical studies) had a
preserved motor evoked response were 2.5 times more likely to achieve the primary
efficacy endpoint as compared to human patients randomized to epidural motor
cortex stimulation who did not have a preserved motor-evoked response (67 % vs.
27%, p<0.05) [26].

Issues Related to Outcome Measures

Choice of outcome measures is a central issue in the design of stem cell trials after
stroke. Unlike many acute stroke studies in which patient enrollment by design
must be very rapid, many studies of repair-based therapies have the potential to
perform more detailed measurements of patients at baseline, prior to treatment; this
enables within-subject analyses, which have potential statistical advantages over
cross-sectional outcome assessments [27].

Earlier-phase studies might emphasize safety-based measures or biomarkers,
while later-phase studies often rely on specific scales to demonstrate efficacy [28].
Many different scales are available [29-33]. An important consideration is which
dimension an endpoint falls within on the World Health Organization (WHO) inter-
national classification of functioning, disability, and health (ICF) [34, 35]. Loss of
body functions and structures, formerly referred to as impairments, includes deficits
that are a consequence of stroke. Activity limitations, formerly referred to as dis-
abilities, reflect difficulties patients with stroke experience in the performance of
functional tasks. Participation restrictions, formerly referred to as handicaps, refer
to difficulties patients with stroke encounter in societal roles.

Each stroke scale has its limitations as an outcome measure [36—38]. Some are
insensitive to small deficits [39] or require special skills to administer. The utility
of some scales depends on the population under study. Some scales have been criti-
cized for having a ceiling effect in patients with mild stroke; for example, a normal
score on the functional independence measure or the Barthel index can be reached
despite persistence of deficits [40—42]. Patient-reported outcomes may be useful in
stem cell trials after stroke. These measures are sensitive to change, reveal disability
with high accuracy, are considered the gold standard for many social and emotional
consequences of brain injury, and have been the subject of several recent initiatives
[43—-46].

Many, if not most, scales are neither continuous nor linear. For some clinical
scales, values are treated as a continuous variable but are actually the sum of several
ordinal variables, the latter being a comparatively weaker form of measurement
[47]. Scales that are not continuous have reduced granularity. While many global
scales reduce patient outcomes to a single number, or sometimes a single digit,
humans are very complex creatures, and improved resolution of measurement can
increase the likelihood of identifying meaningful treatment gains [39, 48, 49]. This
issue might be overcome by devices such as digital sensors. The higher resolution
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of such sensors might increase sensitivity and reliability; however, such measures
may have limited relevance to a patient’s function and independence [35, 50]. Few
stroke outcome measures are truly linear. For example, a gain of 5 points in NIH
stroke scale score from 8 to 3 does not have the same meaning as a gain from 19
to 14. More assumptions must be made when interpreting data from scales that are
not linear.

Dichotomous outcome measures are commonly used in stroke trials, but con-
cerns such as those listed above make this approach particularly problematic in the
setting of restorative stroke trials. A dichotomous outcome measure classifies treat-
ment response as successful or not; this reduces the human condition from a single
digit to a single binary digit. One potential solution in the design of such clinical
trials is to define a successful outcome in a manner that varies according to a pa-
tient’s baseline status. This approach is known as a sliding dichotomous outcome, or
responder analysis. A recent analysis of acute stroke trial outcome measures empha-
sized the utility of this approach [51], and noted its ability to increase study power.
With this approach, patient subgroups are specified before the trial on the basis of
established prognostic measures such as age, baseline behavioral status, or extent
of injury. Successful response to therapy is defined differently for each subgroup.
A sliding outcomes approach has been used in several acute stroke trials [51], e.g.,
the ADESTT-II trial of Abciximab for acute stroke defined good outcome as modi-
fied Rankin scale (mRS) score of 0 for patients with baseline NIHSS score of 4-7,
mRS score of 0—1 for baseline NIHSS of 814, and mRS score of 0-2 for baseline
NIHSS 15-22 [52]. A sliding outcomes approach has also been used in trials enroll-
ing patients with chronic stroke. For example, the locomotor experience applied
poststroke (LEAPS) trial of locomotor training [53] defined success in the primary
outcome measure (proportion of participants with improved functional walking
level) as gait velocity >0.4 m/s for enrollees with baseline gait velocity <0.4 m/s
and as gait velocity >0.8 m/s for enrollees with baseline gait velocity 0.4—0.8 m/s.

Sliding dichotomous outcomes are attractive candidates for assessing therapeu-
tic efficacy in restorative stroke trials enrolling patients in either the acute or the
chronic phase. For example, in a study examining motor recovery, in a patient with
severe baseline motor deficits, return of dexterous hand movements might be very
unlikely, while an increase in grip force from 10 to 40 N might be readily achiev-
able; such a boost in force of squeezing would likely be highly relevant to function
in such a patient. On the other hand, in a patient with mild baseline motor deficits,
return of dexterous hand movements might be attainable and relevant to functional
gains, while the same 30-N boost in grip force would be of trivial significance.

An alternative approach for dealing with the heterogeneity of the stroke popu-
lation when selecting outcome measures is to use a composite endpoint. This ap-
proach was employed in a phase III trial of epidural motor cortex stimulation [25,
26], where the primary outcome measure required specific gains on both the Fugl-
Meyer arm motor scale (which measures loss of body functions and structures)
and the Arm Motor Ability Test (which measures activities limitations). One recent
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study examining the effect of robot-based therapy on arm motor status after stroke
generated a composite endpoint by using a principal components analysis of two
endpoints, the Fugl-Meyer scale and the Action Research Arm Test (which mea-
sures activities limitations) [54].

One way to classify endpoints in clinical stroke trials is global versus mo-
dality-specific. A global endpoint takes an ombnibus approach, summing many
neurological considerations into a single measurement. The NIH stroke scale and
the modified Rankin stroke scale are generally classified as global outcome mea-
sures. On the other hand, a modality-specific endpoint examines individual neural
systems separately. Examples include the Fugl-Meyer motor scale and the Western
Aphasia Battery.

The choice between a global outcome measure and a modality-specific outcome
measure may be guided by key features of a clinical trial. The fact that the brain is
functionally and anatomically an agglomeration of many different neural systems
suggests that trials of restorative agents might benefit from use of modality-specific
outcome measures. This is because restorative therapies achieve their effect by im-
proving the function of specific neural systems. Improvement in a neural system
can occur when sufficient substrate survives and is available to be repaired. A be-
havior for which the underlying brain regions are utterly destroyed by stroke is
less likely to improve with therapy than a behavior for which the underlying brain
regions remain accessible to a restorative therapy. For example, a patient whose
stroke partially spares the language system but destroys the left hemisphere mo-
tor system may show treatment-related gains in language function but negligible
change in motor function in response to a restorative therapy. These treatment ef-
fects would be captured by many different aphasia scales but may or may not be
in evidence when assessed with a global outcome measure. On the other hand, a
global outcome measure is a powerful tool for establishing substantial treatment-
related gains. The beneficial effect of therapies such as I'V tPA that salvage massive
volumes of brain tissue across many different neural systems might be apparent
with a global outcome measure. The choice between a modality-specific outcome
measure and a global outcome measure depends on factors such as the mechanisms
underlying treatment-related gains.

The importance of modality-specific measures to restorative therapies takes
on added dimension when one considers that many of the therapies provided to
patients as standard of care after stroke have features that are modality-specific.
Examples include occupational therapy, physical therapy, and speech therapy. Evi-
dence suggests that many features of stroke recovery are experience-dependent (see
below), and so the nature of such concomitant therapy is often modality-specific, a
feature that is better captured by endpoints than ignored. Furthermore, the rate and
degree of behavioral gains often vary widely across different behavioral modalities
[55-57]. Global endpoints in essence compress behavioral outcomes by averaging
across these various recovery curves, while modality-specific outcomes retain the
granularity that is characteristic of a neurologist’s assessment of stroke outcomes.
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Regulatory perspectives might also influence choice of outcome measures. Ap-
proval of IV tPA was based on clinical trials that relied on global endpoints, and
uncertainty exists as to regulatory perspectives on modality-specific outcome mea-
sures in clinical stroke trials [58]. Recently, the FDA-approved 4-aminopyridine for
patients with multiple sclerosis to improve walking ability [59], a modality-specific
endpoint.

Improvement in global clinical status is of course a goal of paramount impor-
tance, but a treatment that provides gains by promoting neuroplasticity might dem-
onstrate maximum effect in only those brain networks that have sustained subto-
tal injury, underscoring the complementary value of endpoints that measure these
modality-specific treatment effects.

Concomitant Experience as an Adjuvant Therapy

As noted above, neural repair occurs on the basis of experience-dependent plastic-
ity, and this issue is generally not a factor in acute reperfusion or neuroprotection
stroke therapies. Evidence suggests that benefits from a restorative therapy require
specific training—an adjuvant therapy of sorts. By contrast, a patient need not en-
gage in any specific behavior in order to derive gains from I'V tPA. A landmark study
on this topic was published by Feeney et al. [60], who found that in rodents with
an experimental stroke, amphetamine therapy improved motor outcome, but only
if drug dosing was paired with training. Subsequent studies have confirmed this
principle across many other classes of post-stroke restorative therapy [21, 61-64].

Clinical trials examining cellular therapies that aim to promote neural repair after
stroke will likely benefit from attention to patient experiences that occur concomi-
tant with the therapy of interest, as these experiences can influence therapeutic ef-
ficacy. Issues of interest might include the timing, content, dosage, and intensity of
such experiences [37, 65-71]. A patient’s psychosocial experiences and environ-
ment may also be important along this axis [72—77], issues that stress the limits by
rodent studies model human stroke recovery.

There are several potential options by which a clinical trial might be designed to
address these issues. Some studies may be able to control such issues, e.g., via entry
criteria, or by strictly dictating details of concomitant therapy. This approach may
be particularly relevant to studies planned in countries with health systems that have
as consistent approach to post-stroke rehabilitation therapy. Studies that are not able
to control such measures, e.g., due to cost, might measure the amount of relevant
experience. Such an approach provided useful insights in one recent repair-based
stroke clinical trial, where the amount of outside physiotherapy (i.e., physiotherapy
occurring in parallel with trial participation, but prescribed by private physicians,
outside of trial jurisdiction) was found to differ significantly between active and
placebo treatment arms [78]. Such measures can then be treated as planned covari-
ates of interest in statistical analyses.
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Identifying and Enrolling the Ideal Target Population

The heterogeneity of stroke makes prediction of treatment responders from nonre-
sponders a great challenge. The ability to predict response to therapy and prospec-
tively separate subgroups could be useful for stratifying patients [79] in order to
maximize behavioral gains, efficiently utilize rehabilitation and financial resources,
and reduce variance to increase power in clinical trials. Acute reperfusion therapies
generally target blood clots or arteries, whereas restorative therapies usually target
the brain. Studies need to identify and enroll those patients whose brain state is ideal
for responding to the restorative therapy of interest.

This need is complicated by the fact that many different variables can influence
the likelihood that a patient can respond to a given restorative therapy after stroke.
Predictors of response to a restorative therapy after stroke can be grouped into three
main categories: (1) measures of neural injury such as extent of injury to white mat-
ter or gray matter [26, 80—83]; (2) measures of neural function such as functional
activation [84—87], functional connectivity [88, 89], and neurophysiological status
[26, 85]; and (3) clinical measures such as demographics [90], baseline behavioral
status [80, 86, 91, 92], and affective disorders [74, 93]. Some data in human sub-
jects also suggest that genetic variation might contribute to variance in response to
a restorative therapy [94-97].

A major challenge for restorative trials is to understand which measure, or mea-
sures, is most important to patient selection, as such insights can be used to guide
entry criteria or stratification variables. A more selective approach to patient recruit-
ment might reduce variance and so increase study power, but this can carry impor-
tant costs. Selectively enrolling a narrow fraction of the stroke population slows
enrollment, which likely increases total study costs; encourages larger numbers of
enrollment sites, which likely increases variance in outcome measures; and limits
the extent to which study findings generalize across the broader stroke population.
There is some convergence of findings that, at least among patients with chronic
stroke, optimal prediction of response to restorative therapies comes from combin-
ing measures of neural function and neural injury [54, 80].

Integration of Study Therapy and Procedures with
Standard of Care

As above, restorative trials will often need to consider therapy provided to patients
outside of study procedures. This need must be implemented in the context of a
patient who is receiving standard of care treatment after stroke. In the LEAPS trial
[53], where functional walking ability was the primary endpoint, 81.9 % of subjects
were also receiving physical therapy outside of study procedures—an average of 25
such sessions. Further complicating all of this is the fact that post-stroke rehabilita-
tion therapy is highly variable across sites in some countries [98].
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Biomarkers

Biomarkers have the potential to strengthen clinical trials of brain repair after stroke
[99]. A biomarker can be defined as a measure that provides insight into a tissue
state or disease state, and in a clinical trial context would provide information be-
yond that available from bedside exam. Biomarkers have the potential to identify
patients most likely to respond to a treatment, and so might reduce variance and
increase study power [100-102]. A biomarker might also provide insight into a
treatment’s mechanism of action [103—105], which can provide useful insights at
the stage of protocol development, or to refine the target patient population. There
are important caveats in the selection of any biomarker [106], for example, the util-
ity of a biomarker is highest when its relationships with the disease process and with
the therapy are well understood [107, 108].

A number of specific measures are potentially available to serve as biomarkers
in the context of a restorative stroke trial. Simple measures derived from blood test-
ing have been proposed [109, 110]. Imaging-based methods can provide anatomical
measures of injury [82, 111], tissue status such as cortical thickness [112], white
matter tract integrity [80, 82, 113—115], regional brain function [86, 116, 117], net-
work interactions [118], or chemical state [119, 120]. Physiological assessments
might also be useful [26, 80, 121]. Measures of injury to a predefined functional
brain region, such as the extent of insult to the hand region of primary motor cortex
[122], white matter cholinergic projections [123], corticospinal tract [54], or left
temporal language areas [124], might provide useful insights into the likelihood that
a particular therapy will be able to promote repair in a specific target region.

Complexities of Restorative Clinical Trials Related to the
Study of Stem Cells

Many different types of cellular product are under study in the treatment of stroke.
These therapeutic strategies sometimes raise a number of issues that are encoun-
tered less often with other approaches to stroke recovery such as pharmacological.
Some stem cell therapies represent a combined approach, with cells combined with
gene therapy, exposure to neurotrophic factors or hypoxia, or inclusion of a bioscaf-
fold. The long-term fate of the therapeutic product can be an issue of particular
concern with certain forms of cellular therapy, and many years of patient follow-up
may be indicated. Stem cell therapies are sometimes given in parallel with an im-
munosuppressant regimen, a nontrivial consideration among patients with stroke.
Some patients, scientists, and health-care providers have ethical concerns with use
of certain cells [125]. Some protocols for delivery of cell-based products involve
neurointerventional or neurosurgical procedures, increasing the complexity of the
intervention and assessment of its safety. Stem cells are living organisms, and in
some cases their biological activity or biological identity could change with time
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or with storage, and so protocols for product testing and release are often required
prior to a patient being treated [126]. While none of these issues is prohibitive, each
represents a level of complexity that may be uncommon in studies of classes of
restorative agent.
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