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Foreword

We are pleased to introduce the latest edition of Cell Press Selections. These editorially curated reprint
collections highlight a particular area of life science by bringing together articles from the Cell Press
journal portfolio. In this selection, we present Cell Stem Cell articles that focus on clinical translation of
stem cell research. The majority of these articles are from the Clinical Progress section of the journal,
which is devoted to research studies with an overall goal of moving basic research towards clinical
application. The criteria for publication in this section are somewhat different from those of standard
research articles and focus more on translational value. To complement these articles, we have also
included a Perspective on stem cell therapeutics and a Brief Report describing a preclinical study on
Parkinson’s disease.

Much of the excitement that surrounds stem cell research, particularly among the general public,
stems from the potential for clinical benefit. At Cell Stem Cell, we very much support that goal and
look forward to moving with the field as clinical translation takes shape. We do believe, however,
that all such progress needs to take place against a backdrop of rigorous basic research and careful
preclinical analysis to provide clear evidence of both safety and efficacy of proposed therapies before
they are tested in patients. The articles in this selection discuss the relevant issues and illustrate the
type of preclinical and translational work that needs to take place to pave the way for future clinical
application.

We hope you will enjoy reading this collection of articles and will visit www.cell.com to find other high-
quality research and review articles across the entire spectrum of the stem cell field.

Finally, we are grateful for the generosity of ThermoFisher Scientific, who helped to make this reprint
collection possible.

For more information about Cell Press Selections:
Gordon Sheffield

Program Director, Cell Press Selections
g.sheffield@cell.com

617-386-2189
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The Promise and Perils of Stem Cell Therapeutics
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Stem cells are the seeds of tissue repair and regeneration and a promising source for novel therapies.
However, apart from hematopoietic stem cell (HSC) transplantation, essentially all other stem cell treatments
remain experimental. High hopes have inspired numerous clinical trials, but it has been difficult to obtain
unequivocal evidence for robust clinical benefit. In recent years, unproven therapies have been widely prac-
ticed outside the standard clinical trial network, threatening the cause of legitimate clinical investigation.
Numerous challenges and technical barriers must be overcome before novel stem cell therapies can achieve

meaningful clinical impact.

Cell Therapeutics: The Current Standard of Care
In the twentieth century small molecule and protein drugs proved
remarkably successful in restoring health and extending life span,
but in the twenty-first century our aging population will face
an increasing burden of organ failure and neurodegenerative
disease. Such conditions are unlikely to be cured by drugs alone
and instead call for restoration of tissue function through novel
therapeutic approaches. Transplantation of whole organs—
heart, lung, liver, kidney, small bowel, and pancreas—has
become routine in modern medicine and has saved countless
lives, while grafts of the skin and cornea for burns or ocular injury
and transfusions of red blood cells and platelets for disease-
related or chemotherapy-induced cytopenias are likewise widely
employed tissue and cell therapies. However, current therapeutic
strategies either are limited by donor availability and immunologic
barriers or pertain to only a minor range of conditions. For the
many diseases and disorders of aging for which there is no
cure, innovative applications of tissue engineering and novel
cell therapies derived from pluripotent and tissue-restricted
stem cells represent major frontiers for the future.
Hematopoietic stem cells (HSCs), the therapeutic constituents
of whole bone marrow and umbilical cord blood, have been the
most widely employed stem cell therapy. When successful, HSC
transplantation can be curative for scores of genetic blood
disorders like thalassemia and immune deficiency and for malig-
nancies like leukemia and lymphoma. HSC transplantation is
undoubtedly the most successful application of stem cells in
medicine, yet for many conditions success rates remain frustrat-
ingly low and morbidity and mortality unacceptably high. The
need for precise molecular matching of donor and recipient
means that many patients lack a suitable donor, either within
their own family or in the public at large, even when databases
list many millions of potential unrelated donors. When a match
can be found, minor mismatches between donor and recipient
frequently incite graft versus host disease (GVHD), an attack of
the donor immune effector T cells against host tissues that
results in skin rash, mucositis, diarrhea, and liver and lung
destruction. GVHD is a major cause of treatment associated
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morbidity and mortality. Finally, grafts can fail, and disease can
relapse. Although it is difficult to give a precise figure for the over-
all success rate for HSC transplantation, even an optimist would
acknowledge that some 50% of patients are left without a cure or
with a permanent disability. Thus, even our most successful form
of stem cell therapy remains a heroic effort, reserved only for the
sickest patients who have no better alternative.

Lessons from the Historical Development of HSC
Transplantation

The evolution of HSC transplantation from its experimental
origins to its acceptance as a standard of care in medicine is
a tale that is both inspiring and cautionary. E. Donnall Thomas
and colleagues were the first to perform marrow transplantation
for otherwise fatal leukemia in the 1950s (Thomas et al., 1957).
The rationale was predicated upon the known capacity for radi-
ation to suppress leukemic hematopoiesis and studies demon-
strating that injections of marrow rescued mice from otherwise
lethal radiation exposure (Jacobson et al., 1951; Lorenz et al.,
1951). Thomas wrote in a memoir in 2005, “These patients
inspired us to speculate that it might be possible to destroy
leukemic cells and normal marrow by lethal whole body irradia-
tion, with reconstitution of marrow by marrow transplantation.”
Arguably, the first studies in humans were founded upon rather
minimal evidence of efficacy in rodent models, and Thomas
further noted, “We recognized that it would be important to do
similar studies in an animal model ... [and] decided to move
forward with studies of man and dog at the same time” (Thomas,
2005). Indeed, Thomas and colleagues suffered considerable
failure in preclinical canine models and witnessed the deaths
of many scores of patients, which prompted great skepticism
about whether the human experiments should continue. Never-
theless, Thomas and his intrepid team of investigators forged
ahead. It took almost two decades before advances in research
on tissue matching to define compatible donor-recipient pairs,
and improved treatment of graft versus host disease and the
infectious complications of marrow transplant allowed marrow
transplantation to achieve consistent success in the late 1970s.
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Some important principles emerge from this lesson in the
history of HSC transplantation. First, the risk of the intervention
should be commensurate with the severity of the underlying
condition to be treated. The aggressively malignant nature of
the conditions being treated —fatal leukemia and marrow apla-
sia—meant that the first practitioners of marrow transplantation
were justified and even compelled to attempt heroic and poten-
tially highly toxic interventions for invariably fatal diseases.
Second, although human biology is only partially predictable
from animal models, preclinical animal models remain a key
element in the scientific development of novel therapies. At the
beginning of human marrow transplantation, it was understood
that identical twins accepted skin and solid organ grafts, but
only a minority of the time did siblings. Experiments in the murine
and canine marrow transplantation models reflected similar
transplantation barriers. Notwithstanding these sobering limita-
tions, the early practice of marrow transplant in patients pro-
ceeded despite a lack of robust evidence in animal models for
graft acceptance between unrelated individuals. Only later
were methods for lymphocyte matching developed (the ante-
cedent to HLA typing), which was the key development in
advancing the success of marrow transplantation. Finally, impor-
tant and fundamental insights into therapeutic mechanisms were
required before the eventual success of clinical translation of
HSC transplantation therapies.

With the benefit of hindsight, one could argue that the earliest
human transplants were premature and doomed to fail. One
might question whether a therapy as toxic as marrow transplant,
with so little evidence for success in animal models prior to
testing in humans, could emerge in the current era. Under
today’s more rigorous regulatory climate, institutional review
boards weigh risks and potential benefit on behalf of patients,
insist on an impartial process of informed consent to minimize
misconceptions about therapeutic potential, and monitor
adverse events in the course of clinical trials. Indeed, one might
reasonably conclude that today’s IRBs might not have approved
the early studies of Thomas and colleagues, but if they had,
would have interceded to stop the experiments when the high
incidence of treatment-related mortality became apparent.

The conjecture that modern-day IRBs might not approve the
early experiments in HSC transplant does not imply that HSC
transplant would not emerge under the current regulatory
climate. On the contrary, | believe that bone marrow transplant
could be developed within today’s environment of strict clinical
research regulation, although by a more conservative path that
would spare considerable patient morbidity and mortality. As
we learned from premature attempts at gene therapy in the early
1990s, new therapeutic technologies require considerable
understanding of fundamental mechanisms before they can be
delivered with confidence. Indeed, roughly 70% of early phase
clinical trials of pharmaceuticals fail and over 50% at phase IlI
(Ledford, 2011), and thus it stands to reason that significant
resources are squandered because of the imprecision of early
stage clinical research. Yet, especially with novel technologies,
clinical experimentation proceeds energetically, because hope
triumphs over experience. From this author’s perspective,
a conservative approach to clinical translation of stem cell ther-
apies is warranted at this time, not because stem cell treatments
are excessively risky (though some may yet prove to be), but
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interventional clinical trials
(www.clinicaltrials.gov)

Figure 1. Clinical Trials of Major Stem Cell Types

Pie chart indicating the relative numbers of open trials testing clinical inter-
ventions for hematopoietic, neural, mesenchymal, adipose, and embryonic
stem cells, as listed on the U.S. NIH website clinicaltrials.gov.

rather because our understanding of the mechanisms by which
stem cells might prove useful, and in which diseases, remains
primitive. In a climate where government and philanthropic funds
for fundamental research are increasingly scarce, and invest-
ment capital from the private sector for biotechnology has dried
up, purely empirical attempts at stem cell therapy are difficult to
justify, given the high probability of failure. In a 1995 report
assessing the investment in gene therapy by the U.S. National
Institutes of Health, a panel chaired by Stuart Orkin and Arno
Motulsky recommended “increased emphasis on research
dealing with the mechanisms of disease pathogenesis, further
development of animal models of disease, enhanced use of
preclinical gene therapy approaches in these models, and
greater study of stem cell biology in diverse organ systems”
(http://oba.od.nih.gov/oba/rac/panelrep.pdf). Similar recom-
mendations regarding the need for proper investments in funda-
mental aspects of stem cell therapeutics seems warranted and
prudent at this time.

Stem Cell Therapeutics: Frontline Clinical Trials

and Medical Innovations

A search of the Unites States government-sponsored website
www.clinicaltrials.gov with the term “stem cells” lists over
4,000 past, current, and anticipated trials, with over 1,750 now
open (Figure 1). The vast majority of open trials aim to build
upon decades of research and clinical experience in hematopoi-
etic transplantation (>1,200), and include strategies to expand
the suboptimal dose of HSCs within umbilical cord blood, to
complement gene defects in HSCs through viral transgene
delivery (“gene therapy”), and to engineer T cells to attack malig-
nancy via adoptive immunotherapy. Despite the relatively primi-
tive understanding of therapeutic mechanisms for other stem
cells, hundreds more trials are testing mesenchymal (115),
adipose-derived (36), and neural stem cells (280), sometimes
in quite bold and unconventional ways that bear little resem-
blance to the known differentiation potential or modes of tissue

Cell Stem Cell 70, June 14, 2012 ©2012 Elsevier Inc. 741
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Colors indicate number of studies with locations in that region
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Figure 2. Worldwide Experimental Trials of Stem Cell-Based Therapies
World map showing locations of open, closed, and pending clinical trials of stem cell-based interventions as listed on clinicaltrials.gov. The relative numbers of
trials performed outside of the U.S. may indeed be markedly understated because of reporting bias at the U.S. government clinical trials website.

regeneration or repair associated with these classes of stem
cells. As of this writing, three trials pertain to products derived
from ESCs. A wide array of stem cell studies are being carried
out on a global basis on all continents, suggesting widespread
clinical interest (Figure 2).

Mesenchymal stem cells (MSCs) are defined by their fibro-
blast-like morphology, adherence to plastic, expression of
a specific set of surface antigens (CD105+, CD90+, CD73+),
and capacity for osteogenic, chondrogenic, and adipogenic
fates in vitro. MSCs are most often derived from bone marrow
but can also be isolated from adipose tissue; adipose-derived
stem cells may also consist of pericytes or endothelial progeni-
tors that may differ somewhat in their properties from MSCs.
Easy access to large quantities is an advantage for adipose-
derived stem cells, which are being tested for soft-tissue repair
and regeneration (Tobita et al., 2011). Both autologous (self)
and allogeneic (foreign) MSCs are being tested in vivo to
enhance healing that reflects their in vitro potential to form
bone or cartilage, as in bone fracture and joint cartilage repair
(Griffin et al., 2011). Although such studies are founded on strong
preclinical evidence and sound scientific and clinical hypoth-
eses, evidence for robust clinical efficacy of MSCs for ortho-
pedic indications has been challenging to confirm, and to date
no therapy based on MSCs has yet won approval by the U.S.
Food and Drug Administration (FDA). The difficulty in proving
the efficacy of regenerative treatments based on the well-char-
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acterized cellular potentials of MSCs suggests that our under-
standing of how even familiar stem cells can be exploited
therapeutically in vivo remains primitive.

MSCs are being tested in a wide range of clinical indications
where the clinical hypotheses are more speculative, the thera-
peutic mechanisms are incompletely defined, and in some
instances the preclinical evidence is highly contentious. For
example, from a scientific foundation that can be traced to
a highly controversial report that whole bone marrow would
regenerate cardiac muscle following transplantation into injured
hearts (Orlic et al., 2001), an observation later disproven (Balsam
et al., 2004), thousands of patients have been treated in trials
worldwide with various cell preparations of bone marrow or
MSCs, with the scientific community debating the significance
oftheresults (Choi et al., 2011). Subsequent studies have invoked
a variety of contingent mechanisms including salutary paracrine
effects on resident cardiomyocytes and putative cardiac stem
cells, neoangiogenesis, and biomechanical alterations due to
scarring (Gnecchi et al., 2008; Menasche, 2011; Williams et al.,
2011). The questions about underlying mechanism notwith-
standing, combined meta-analyses of numerous trials has
argued for measureable yet quite modest therapeutic effects,
which has left practitioners unsure of the significance and robust-
ness of these therapeutic approaches (Tongers et al., 2011).

MSCs have also been widely tested for their capacity to
mitigate autoimmunity, following somewhat serendipitous
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observations that MSCs can interfere with in vitro immunological
assays such as mixed lymphocyte reactions and modulate
production and function of the major classes of immune cells
(Kode et al., 2009; Shi et al., 2011). Although it is unclear whether
immune antagonism reflects any native function of MSCs in vivo,
ex vivo expanded preparations have been infused in patients in
hopes of mitigating transplant-related graft versus host disease
and autoimmune conditions like Crohn’s disease, multiple
sclerosis, and systemic lupus (Kebriaei and Robinson, 2011;
Shi et al., 2011). One can find numerous reports of efficacy in
the literature, but these are mixed with negative data (Kebriaei
and Robinson, 2011). The precise role of MSCs as agents for
immune modulation remains to be proven.

When clinical indications stray yet further from the presump-
tive core functions of MSCs, and therapeutic mechanisms
become increasingly speculative, clinical translation is a largely
empirical rather than a rational effort. Likewise, while umbilical
cord blood (UCB) has emerged as a viable alternative to other
sources of HSCs (e.g., mobilized peripheral blood or bone
marrow) for the treatment of leukemia and nonmalignant hema-
tologic conditions (Rocha et al., 2004), it has also become
acommon source for experimental interventions in a wide variety
of nonhematologic indications as disparate as myocardial infarc-
tion, multiple sclerosis, amyotrophic lateral sclerosis, cerebral
palsy, traumatic brain injury, stroke, and inherited metabolic
disorders (Copeland et al., 2009; Harris, 2009; McKenna and
Sheth, 2011; Prasad and Kurtzberg, 2009). Evidence exists
that a number of distinct cell types can be cultured from UCB,
including multipotential stem cells (Kogler et al., 2004; Pelosi
et al., 2012), but it is unclear whether such expandable cell pop-
ulations exist at appreciable levels in unmanipulated samples.
While in theory such cells could mediate therapeutic effects,
nonhematologic indications for UCB transplantation have not
been widely accepted into standard practice. When clinical
investigation proceeds largely empirically, and without a deeper
understanding of the basic therapeutic mechanisms, it is difficult
to reformulate therapeutic strategies after clinical failures.

Neural stem cells (NSC) can be cultured from fetal and adult
brain and demonstrated to differentiate into neurons, oligoden-
drocytes, and astrocytes in vitro. Given the wide array of neuro-
logic conditions that have devastating clinical consequences,
there is considerable interest in the therapeutic potential of
neural regeneration therapies. However, neurodegenerative
diseases, catastrophic stroke, traumatic brain injury, and spinal
paralysis are among the most daunting challenges for regenera-
tive medicine. The development of the brain and peripheral
nerves and their interconnectedness with tissues throughout
the body requires a remarkably complex choreography during
fetal development. The proper milieu for directing the formation
of highly specified neuronal subtypes and guiding their projec-
tion to and interconnectedness with critical targets is highly
unlikely to exist in the adult body. But faced with compelling
unmet medical need and desperation on the part of patients,
there are hundreds of investigator-initiated clinical trials occur-
ring in academic settings (Figure 1), and several companies
have forged efforts to develop novel therapies through intracere-
bral or spinal transplantation of neural stem cells (Trounson et al.,
2011). StemCells Inc (California, USA) has tested NSCs in
Batten’s disease (neuronal ceroid lipofuscinosis) and was able

to document safe delivery but discontinued the trial because of
the inability to accrue an adequate number of patients. Their
current focus is Pelizaesus-Merzbacher disease, a myelin
disorder, and chronic spinal cord injury. Other companies are
testing NSC transplant for stroke (ReNeuron, United Kingdom),
amyotropic lateral sclerosis (Neuralstem, Inc, Maryland, USA),
and Parkinson’s disease (NeuroGeneration, California, USA). In
most of these cases, the clinical hypotheses being tested do
not depend upon the generation of neurons de novo, but instead
on complementation of enzyme deficiencies, remyelination, or
modulation of endogenous repair through neoangiogenesis or
neuroprotection.

Although widely publicized, there are comparatively few clin-
ical trials of products derived from human embryonic stem cells
(hESCs). The first trial conducted in humans delivered oligoden-
drocyte progenitors for the remyelination of spinal cord axons
damaged through crush injury. These studies were based on
extensive preclinical experience with the derivation and charac-
terization of oligodendrocytes and their delivery in animal models
that showed remyelination and restoration of motor function
(Keirstead et al., 2005; Liu et al., 2000; McDonald and Belegu,
2006; McDonald and Howard, 2002; McDonald et al., 1999;
Nistor et al., 2005). Moreover, this first trial required a herculean
effort to satisfy FDA regulatory oversight, by report entailing the
submission of over 20,000 pages of data and documentation.
The trial, sponsored by the Geron Corporation (California,
USA), enrolled and treated its first four patients before being dis-
continued due to a decision by company management to focus
on alternative corporate priorities (Baker, 2011). No formal
results have yet been released regarding the phase 1 clinical trial
in this first small cohort of patients, but the primary endpoints
were safety of the cells, and at the very least one hopes that
some evidence will be gleaned that products of ESCs can be
delivered without risk of teratoma, although long-term follow-
up of all treated patients will be necessary.

The only other current clinical trials involve transplantation of
hESC-derived cells to treat retinal blindness. This condition
takes many forms, both genetic and age-related, and as a group
of disorders has many appealing features for stem cell-based
interventions. The retina is accessible for local delivery of cells,
which can then be monitored via direct visualization. The retina
may also provide some degree of immune privilege. Very prelim-
inary results of a trial involving the subretinal injection of hESC-
derived retinal pigment epithelial cells for Stargardt’s macular
degeneration and another for age-related macular degeneration
sponsored by the company Advanced Cell Technologies (ACT)
were recently reported, despite experience on only one patient
in each trail (Schwartz et al., 2012). Only one of the two patients
showed evidence of persistent cells but both were reported to
show some restoration of visual perception. While it is difficult
to draw conclusions from these early trials due to the limited
numbers of patients involved and the very brief 4 month period
of follow-up, the trials represent milestones in that the investiga-
tors succeeded in clearing considerable regulatory hurdles and
met very high standards of preclinical cell characterization and
quality control prior to exposing patients to the risk of ESC-
based products. The experience alone, for both investigators
and regulators, is an essential albeit small step forward in the
long path to establishing ESC-based therapeutics.

Cell Stem Cell 70, June 14, 2012 ©2012 Elsevier Inc. 743



While MSCs, NSCs, and products from ESCs are being tested
in the context of numerous clinical trials, yet another arm of
regenerative medicine—tissue engineering—is comingling
MSCs or a variety of other cultured cell types with biocompatible
materials to solve surgical challenges. Reconstruction of blad-
ders (Aboushwareb and Atala, 2008; Atala, 2011; Tian et al.,
2010), tendons (Sun et al., 2011), and complex structures like
the trachea (Macchiarini et al., 2008) represent solutions to
highly personal needs of specific patients and are acceptably
performed as highly innovative and individualized surgical thera-
pies, part of the long tradition of surgical innovation. The mech-
anisms for developing such novel interventions and gaining
acceptance by the surgical and biomedical communities involve
the same core principles required for medical interventions—
sound scientific rationale and methods, institutional and practi-
tioner accountability, thorough and rigorous informed consent,
patient follow-up, timely reporting of adverse events, peer review
of therapeutic claims, and publication in the medical literature.
The potential for therapeutic innovation at the interface of stem
cell biology and tissue engineering is particularly appealing but
beyond the scope of this review. | refer the reader instead to
excellent recent reviews (Griffin et al., 2011; Peck et al., 2012;
Sun et al., 2011).

Anticipated Future Interventions and Opportunities
Among the many disparate conditions, disorders, and diseases
for which stem cells have offered promise, a few stand out as
particularly compelling. In general, they are conditions where
defects are largely cell autonomous and entail the loss or
dysfunction of a single class of cells or a monocellular compo-
nent of a complex tissue, such that restoration of function
through cell replacement would be curative or significantly
ameliorate symptoms. Those conditions most amenable to treat-
ment present the least anatomic complexity and affect tissues
that do not typically regenerate spontaneously because they
lack endogenous pools of tissue stem cells. We can predict ulti-
mate success with most confidence if some clinical evidence
already exists that cell replacement might indeed be therapeutic,
for instance through prior assessments of cadaveric or fetal
tissue transplantation. For conditions previously treated with
cadaveric or fetal material, efficacy may be limited by the inade-
quate supply or quality of the cells, making pluripotent or reprog-
rammed cell sources advantageous.

Parkinson’s Disease. Although neurologists recognize that
Parkinson’s disease (PD) has systemic features, the chief deficit
remains the loss of a specific subtype of midbrain dopaminergic
neurons located in a deep brain structure, the substantia nigra,
whose many connections to the striatum are responsible for
regulating movements, such that PD patients suffer from immo-
bility, rigidity, and tremor. Drug replacement with precursors of
dopamine (DA), dopamine agonists, or antagonists of dopamine
metabolism serves to ameliorate symptoms but cannot stem the
inexorable decline in most patients. Based on decades of expe-
rience from several groups with transplantation of fetal tissue
sources of DA neurons, deep brain transplantation can indeed
restore local DA production and ameliorate symptoms, with
some patients showing durable improvement and graft integrity
after two decades (Freed et al., 1992; Lindvall et al., 1990; Lind-
vall et al., 1994; Piccini et al., 1999, 2005). Functional imaging
and postmortem analysis support the stable integration and
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persistence of grafts in some patients, prompting continued
enthusiasm for this approach among some practitioners,
provided that a suitable source of DA neurons can be defined
(Freed et al., 1992; Lindvall et al., 1990, 1994; Ma et al., 2010;
Nakamura et al.,, 2001; Piccini et al., 1999, 2000). Others,
however, remain skeptical, in part because a trial of fetal grafts
randomized against sham surgery was inconclusive, with some
patients sustaining functional decline postsurgery due to dyski-
nesias as a result of excessive graft function (Freed et al,
2001). Supporters of cell therapy for PD point out that a more reli-
able, consistent, and defined source of DA neurons would justify
further testing of transplantation strategies.

Many groups have differentiated DA neurons from both neural
stem cell and pluripotent stem cell sources and proven func-
tional in rodent models (Hargus et al., 2010; Sanchez-Pernaute
et al., 2008; Tabar et al., 2008; Wernig et al., 2008). Analysis
of this DA neuron production has not always distinguished
among the many different classes of neurons that produce DA
throughout the neuraxis, but recent advances have made
possible the differentiation from pluripotent cell sources of
regionally specific midbrain DA neuronal subtypes whose defi-
ciency is most affected in PD is possible, and such cells have
been documented to function in rodent and primate models
(Chambers et al., 2009; Fasano et al., 2010; Kriks et al., 2011).
Moreover, techniques for producing personalized autologous
stem cells via somatic cell reprogramming now exist, and it
has been shown that autologous cells function better than cells
derived from unrelated donors in rodent models of PD transplant
(Tabar et al., 2008). The availability of highly specified, defined,
autologous DA neuron preparations creates legitimate opportu-
nities for testing in PD patients, including the testing of specific
doses to establish a dose-response curve. Nevertheless, even
optimistic accounts identify the significant hurdles that remain
(Lindvall and Kokaia, 2010). Notably, any cell therapy must ulti-
mately be superior in safety and efficacy to any drug therapy,
and establishing such utility will require large-scale and pains-
taking prospective trials to be conducted over many years.
Thus, despite promise, cell therapy as the standard of care for
PD is but a distant horizon.

Cell therapy for PD will need to be efficacious and safe to
compete with the highly effective drug treatments that currently
exist (Hjelmgren et al., 2006). In contrast, a condition like
Huntington’s disease, which has no viable drug therapy and is
invariably fatal, is an appealing alternative therapeutic target
for cell transplantation therapies derived from NSCs and ESCs.
Intrastriatal transplantation of homotypic fetal tissues has shown
graft durability and reports of amelioration of symptoms in HD
patients (Gallina et al., 2010; Nicoleau et al., 2011). As for PD,
an improved cell source would facilitate the necessary studies
to optimize the dose and target region for cell transplantation.
Techniques for directed differentiation of ESCs into relevant
medium spiny neurons and amelioration of rodent models of
HD have been reported and bode well for future translational
clinical studies (Benraiss and Goldman, 2011).

Autoimmune Diabetes Mellitus. Type 1 diabetes (T1D; insulin-
dependent, juvenile onset) is an autoimmune condition that
involves active immune destruction of the beta cells of the islets
of Langerhans of the pancreas, leaving the patient with inade-
quate supplies of insulin and susceptibility to hyperglycemic
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crises characterized by life-threatening ketoacidosis. At diag-
nosis, patients harbor depleted pools of beta cells and are
unable to mount a regenerative response to restore beta cell
mass, even if their autoimmune response can be controlled.
Whether beta cells regenerate after injury in the adult pancreas
has been vigorously debated (Bonner-Weir and Weir, 2005;
Dor et al., 2004; Dor and Melton, 2008), but endogenous regen-
eration under pathologic conditions is not robust, and alternative
sources of beta cells would therefore be required. Deriving fully
functional beta cells in vitro from pluripotent stem cells has
proved challenging, but a group from the biotechnology
company Novocell did report successful derivation of precursors
in vitro that appear to fully differentiate and mature after trans-
plantation in vivo (D’Amour et al., 2006; Kroon et al., 2008). In
a more recent advance, Gadue and colleagues have derived
a stably expandable endodermal progenitor that is more efficient
at producing beta cells than if one proceeds directly from ESC
(Cheng et al., 2012). If a reliable source of beta cells can be
produced in vitro, a credible path toward clinical development
could be envisioned. We know that transplantation of whole
pancreas, or infusion of islet preparations from cadaveric sour-
ces in the context of a corticosteroid-sparing regimen of immune
suppression (the “Edmondton Protocol”), can restore glycemic
control for extended time periods (Shapiro et al., 2000, 2006).
Although patients later relapse, the potential for repeated cell
infusions would be greatly facilitated by a more abundant source
of beta cells, and deriving purified beta cells from pluripotent
stem cell sources thus remains a much sought after goal in
stem cell biology. As T1D is an autoimmune disorder, it seems
unlikely that autologous cells would be a preferable source of
material to allogeneic cells, as immune suppression to protect
the beta cells would still be required in either scenario. Attempts
to convert exocrine pancreatic tissue into beta-like endocrine
cells through ectopic expression of transcription factors, a type
of direct reprogramming of cell fates in situ, is a new therapeutic
concept with provocative appeal (Zhou et al., 2008).

Other Treatable Conditions on the Horizon. Corneal injury that
leads to scarring and blindness has prompted efforts to culture
and expand limbal stem cells into corneal patches in vitro, fol-
lowed by corneal grafting. Recent reports confirm several inde-
pendent studies that corneal grafting using alternative sources
of epithelial cells can restore vision, and appears to be a prom-
ising novel stem cell-based treatment for a grave but rare human
condition (Nishida et al., 2004; Rama et al., 2010; Tsai et al.,
2000; Tsubota et al., 1999). Liver transplantation cannot meet
the demands of patients suffering from liver failure around the
globe, and production of hepatocyte-like cells from pluripotent
stem cells sources has been reported by several groups. Despite
considerable similarity to native hepatocytes, the in vitro derived
cells have not yet been reported to be fully functional in animal
models, and considerable challenges remain for achieving func-
tional integration of in vitro derived hepatocytes, especially for
conditions like cirrhosis that already entail markedly altered liver
anatomy and compromised circulation. Similarly, production of
cardiomyocytes appears to be robust in the petri dish, but
achieving engraftment in the damaged heart of a clinically mean-
ingful dose of cells, together with integration in a manner that
restores pump function, remains a major challenge. In this
case, clever engineering of biomaterials might enable the crea-

tion of contractile cardiac patches that could be sewn onto the
heart. Finally, producing HSCs from personalized pluripotent
stem cells, coupled to gene repair, is an appealing strategy for
dozens of genetic disorders of the bone marrow including
immune deficiency, hemoglobinopathy, and genetic marrow
failure syndromes. Still other potential indications for tissue
replacement therapies involve in vitro production of endothelial
cells and potentially even human gametes, but none appear to
have imminent clinical application. All cell replacement therapies
face similar challenges of graft integration into the host environ-
ment, which entails trafficking, homing, and integration into
native niches or microenvironments, connection to a host blood
supply, immune compatibility, and graft durability. Solving such
challenges will engage the research community for decades to
come.

Who Will Translate Stem Cell Science into Regenerative
Medicine?

Scientific advances in stem cell biology are being driven by the
current intellectual ferment and excitement of the field, but
when and how these advances will be translated into successful
treatments remain fertile questions for debate. Will cell therapies
remain a highly patient-focused endeavor performed solely in
academic medical centers, akin to bone marrow or solid organ
transplantation? Or will stem cells ever become commercial,
pharmaceutical grade “off-the-shelf” products?

One might imagine a future in which medical centers offer
highly customized, patient-focused approaches to stem cell
treatments, perhaps utilizing the products of personalized
induced pluripotent stem cells (see Yamanaka, 2012, this issue).
IPS cells have enormous theoretical appeal as vehicles for
combined gene repair and cell replacement therapy for genetic
disease (Daley and Scadden, 2008). Newer forms of stem cell
transplant could replicate the current status of bone marrow
transplantation, which has developed into a remarkably complex
infrastructure for capturing cellular and molecular information in
international registries for literally millions of potential donors and
entails lengthy, costly, and risky interventions in intensive clinical
care settings. Given the imperative of treating patients in need,
stem cell transplants for genetic and acquired diseases will
emerge from academic centers because clinician investigators
will develop them and patients will demand them. Like gene
repair (“gene therapy”), cell replacement therapies will probably
serve rare conditions first and pertain to small numbers of
patients receiving highly individualized treatments, perhaps
coupling gene repair with autologous cell replacement ap-
proaches, for example for blood diseases. Such small-scale
applications will dominate until and unless generic interventions
and off-the-shelf approaches prove feasible.

The prospects for more widespread stem cell-based treat-
ments depends on either solving the immune rejection barrier,
through advances in promoting immune tolerance to allogeneic
tissues, or accepting the use of immune suppression—even life-
long—to facilitate allogeneic cell therapies. Immune suppression
is already standard for organ transplantation, so we know that its
use to facilitate life-sustaining cell therapy is feasible. Because
cell manufacture is likely to be the most costly and time-
consuming aspect limiting cell therapies, the prospects for
realizing economies of scale would seem to call for the establish-
ment of master cell banks that could be the source of cells
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“off-the-shelf.” The polymorphism of histocompatibility genes
and the resulting variety of tissue types is far too great in human
populations to expect banks to be able to supply perfect tissue
matches for all potential patients. Instead, one might envision
banks of cells derived from donors with highly common geno-
types of the histocompatibility genes. This type of approach
would be greatly facilitated by cell strains with homozygosity of
histocompatibility loci. Past approximations of the number of
cell lines that would be needed in such a repository or master
cell bank, based on modeling data from pools of kidney trans-
plant patients and recipients in the United Kingdom and Japan,
have suggested that a bank comprised on the order of 10-50
cell lines might effectively provide a single HLA antigen match
(deemed a minimal requirement for acceptable solid organ trans-
plantation) for approximately 80% of the local population (Gour-
raud et al., 2012; Nakajima et al., 2007; Taylor et al., 2011, 2005).
While encouraging, these numbers suggest that some kind of
dual system might well be needed in which the vast majority of
individuals can benefit from off-the-shelf therapies, but person-
alized autologous cells derived via reprogramming would be
needed for those with difficult-to-match tissue types.
Alternatives to Cell Therapy

Because of the significant hurdles that remain in terms of cell
manufacture, delivery, anatomical integration, and immune
suppression for all but highly personalized therapies, it is entirely
possible that more traditional modes of treatment will evolve
from stem cell research and ultimately prove the most feasible.
Indeed, the generation of patient-derived stem cells holds the
most immediate promise for advancing traditional drug
discovery paradigms (for a recent review, see Grskovic et al.,
2011). Capturing diseases in a dish promises to enable cell-
based phenotypic assays that could yield new drugs that repair
cell and tissue defects, or perhaps act on endogenous pools of
stem cells, stimulating repair and regeneration. For tissues that
do not readily regenerate from endogenous pools of stem cells,
such as the majority of the brain, the heart, and the kidney,
another provocative possibility is the direct conversion of one
cell or tissue identity to another that has been depleted by
disease or injury. A host of such conversions have been realized
in vitro, converting fibroblasts into cells that resemble and exhibit
some functions like neurons, cardiomyocytes, and hepatocytes
(Vierbuchen and Wernig, 2011). Cell conversion has consider-
able theoretical advantages, but whether this new cellular
alchemy can be harnessed for therapeutic end remains almost
science fiction at present, although it is clearly worthy of deeper
exploration.

Threats to Clinical Translation and to the Integrity

of Regenerative Medicine

Translating the basic discoveries of stem cell biology into robust,
effective, and safe new modalities of care will mean solving new
challenges; before success, regenerative medicine will suffer
many setbacks. While translating too timidly might deprive
needy patients of precious time and life quality, testing cells in
patients before a deeper understanding of how stem cells
work is risky, too. We need to be confident that we understand
the full spectrum of safety concerns and can therefore avoid
placing patients at undue risk. We also need to design rigorous,
blinded, and when possible randomized trials where evidence
for clinical efficacy can be defined precisely, rather than depend
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upon anecdote and clinical observation alone. Given that
patients and practitioners may carry unrealistic expectations of
clinical efficacy, there is a high likelihood for a robust placebo
effect as well as interpretive bias in reporting of clinical results.
We also need to be conscious of not exhausting resources that
would be better spent on more practical health care needs.
Premature application runs the risk of high-profile failure that
would sully the credibility of this still-developing field.

With the goal of advancing clinical investigation while
preserving rigor, promoting medical innovation while protecting
patients, and ensuring integrity in regenerative medicine while
respecting autonomy of individual practitioners and patients,
the International Society for Stem Cell Research (ISSCR) assem-
bled an international group of scientists, surgeons, gene
therapists, bioethicists, patient advocates, and attorneys and
composed “The ISSCR Guidelines for the Clinical Translation
of Stem Cells” (Hyun et al., 2008). These guidelines articulated
principles and standards as a roadmap for practitioners and
regulatory bodies when considering if, when, and how to allow
tests of experimental stem cell therapies in actual patients. The
guidelines call for independent and rigorous analysis of the deci-
sion to test novel treatments in patients, by reviewers with rele-
vant area-specific expertise, who are free of conflicts of interest
that might lead to positive or negative bias. Expert judgment
about the reliability and rigor of the preclinical evidence for effi-
cacy and safety of cellular products is essential for weighing
the potential risks against the potential benefits before launching
a clinical trial.

Because no preclinical animal or cellular model is entirely
predictive of outcomes in patients, a credible and rigorous
process of informed consent is essential to protecting the
autonomy of patients and their thoughtful engagement in the
research process, where they consent to participate without
heightened expectations or therapeutic misconception; such
wishful thinking renders patients vulnerable to exploitation and
contaminates interpretations of therapeutic efficacy.

Medical Innovations outside of Clinical Trials

Many in the medical field recognize the value of innovation
outside the context of a clinical trial. However, especially if incor-
porating the use of highly manipulated cell preparations, such
innovative attempts at therapy in the United States should fall
under the jurisdiction of the Food and Drug Administration. To
comply with accepted professional standards governing the
practice of medicine, highly novel uses of any cellular product
should not be performed on more than a small number of
patients before such use is subject to independent review of
the scientific rationale, informed consent, close patient follow-
up, and reporting of adverse events. Any attempt to extend the
innovative therapy to a larger group of patients should be
preceded by a standard clinical trial. Although some may
contend that requiring approval for the practice of novel clinical
treatments from an independent body undermines the autonomy
of practitioners to provide care to their patients, independent
peer review ensures that the rationale for treatment is sound
and represents a defensible community standard of medical
practice.

Premature Clinical Translation

The traditional strategy for proving that a medical intervention
works and is safe requires rigorous clinical trial design, can be
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frustratingly slow and costly, and is generally best suited to
highly organized medical settings. However, the history of even
legitimate medical practice is rife with examples of instances
whereby trust in medical intuition alone, or reliance on uncon-
trolled retrospective or purely observational studies, has led to
mistaken presumptions about medical efficacy, only to be cor-
rected when rigorous blinded, randomized trials proved our
presumptions to be false (for example, high-dose chemotherapy
and autologous marrow rescue for metastatic breast cancer,
postmenopausal hormone replacement therapy and cardiovas-
cular risk, to name just two).

The fledgling field of stem cells is already suffering from the
taint of illegitimate clinical translation. A quick Google search
for “stem cell treatments” returns a plethora of sponsored
websites peddling cures for ailments as diverse as Alzheimer’s
disease and autism. As documented by Caulfield and colleagues,
such websites systematically overpromise the potential efficacy
of stem cells and trivialize the potential risks (Lau et al., 2008).
Sadly, even sophisticated patients or their families can be misled
by the veneer of scientific credibility on such websites.

As stated previously, apart from treatments using HSCs for
blood diseases, and various dermal and corneal indications,
essentially all other treatments based on stem cells must be
considered experimental medical research and should be
administered exclusively in organized clinical trials. Subjects in
medical research are generally not required to pay for unproven
interventions.

Administering interventions outside of controlled clinical trials
threatens patients and jeopardizes the integrity of and public
trust in medical research, compromising legitimate efforts to
advance knowledge. Because of the particular vulnerabilities of
patients, many governments have enacted laws to protect
patients from exploitation and risk, but some practitioners see
such regulation as burdensome and unwarranted restraints on
their trade. The threat of litigation for medical malpractice serves
as an additional constraint on unwarranted medical practice.
Recently, the German government shut down the Xcell Clinic
when a child died after receiving intracranial injections of cord
blood in an unproven intervention. A recent report documented
the development of glioneural masses in the brain and spinal
cord of a child who was treated with intrathecal infusions of
what were reportedly neural stem cells for ataxia telangectasia,
a genetic movement disorder (Amariglio et al., 2009). While
one hopes that most stem cell interventions are benign, the
safety data are still rudimentary.

The history of “gene therapy” was shaped in a deleterious way
by the untimely death of a young man, Jesse Gelsinger, in an
FDA-approved clinical study. James Wilson, the physician
responsible for the gene therapy clinical trial in question, has
written a compelling admonition to practitioners of stem cell
therapies, warning that much of the history that prompted
premature clinical translation of gene therapy is being repeated
by the practitioners of stem cell therapy (Wilson, 2009). He
sees the same assumptions of a “simplistic, theoretical model
indicating that the approach “ought to work”; “a large popula-
tion of patients with disabling or lethal diseases ... harboring
fervent hopes”; and “unbridled enthusiasm of some scientists
in the field, fueled by uncritical media coverage.” He ends
with, “I am concerned that expectations for the timeline and

scope of clinical utility of hRESCs have outpaced the field’s actual
state of development and threaten to undermine its success.”
The warning is just as appropriate for all kinds of stem cells—
umbilical cord blood, neural stem cell, mesenchymal stem cells.

Conclusions

The maturation of new therapeutics takes decades. If one exam-
ines the history of any of the recent new thrusts in biomedicine—
recombinant DNA, monoclonal antibodies, gene therapy, or
RNAi—the vanguard treatments were introduced within
a decade but 20 years passed before the full impact of the
new form of medicine was felt widely in clinical medicine; for
RNAI, we are still waiting for clinical success. Fifty years after
the first attempts at HSC transplantation, and even with all the
improved understanding we now have of both HSCs and
immunological mismatch, our success rates are still woefully
inadequate. Although the development of novel stem cell-based
therapies will benefit greatly from the collective failures and
acquired experience of marrow transplantation, our ignorance
of the challenges of applying stem cells in distinct tissues with
far greater anatomic complexity than the blood should give us
pause as practitioners and inspire humility. Realistically, we
should anticipate that new therapies based on stem cells for
other tissues will likewise take decades to mature. In the short
term, there will probably be more failures than successes, and
one can only hope that the new field of regenerative medicine
can learn the lessons of the past and proceed with prudence
and caution.
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SUMMARY

Autologous transplantation of patient-specific in-
duced pluripotent stem cell (iPSC)-derived neurons
is a potential clinical approach for treatment of neuro-
logical disease. Preclinical demonstration of long-
term efficacy, feasibility, and safety of iPSC-derived
dopamine neurons in non-human primate models
will be an important step in clinical development of
cell therapy. Here, we analyzed cynomolgus monkey
(CM) iPSC-derived midbrain dopamine neurons for
up to 2 years following autologous transplantation
in a Parkinson’s disease (PD) model. In one animal,
with the most successful protocol, we found that
unilateral engraftment of CM-iPSCs could provide a
gradual onset of functional motor improvement
contralateral to the side of dopamine neuron trans-
plantation, and increased motor activity, without a
need for immunosuppression. Postmortem analyses
demonstrated robust survival of midbrain-like dopa-
minergic neurons and extensive outgrowth into the
transplanted putamen. Our proof of concept findings
support further development of autologous iPSC-
derived cell transplantation for treatment of PD.

Cellular therapies offer an exciting opportunity to replace spe-
cific populations of cells in neurodegenerative diseases where
symptoms are defined by the loss of a specific cell type, such
as the degeneration of substantia nigra (SN) dopamine neurons
in Parkinson’s disease (PD). The use of induced pluripotent
stem cell (iPSC)-derived neurons as an autologous cell source
overcomes the current limitations posed by allogeneic donor
cells in PD. Fetal ventral midbrain allografts can survive and func-
tion in the human PD brain for over 18 years (C.R. Freed et al.,
2013, Soc. Neurosci., abstract; Hallett et al., 2014; Kefalopoulou
et al., 2014; Mendez et al., 2005; Politis et al., 2010); however,
such techniques will never become an easily accessible thera-
peutic option for patients due to the requirement of fetal donor
tissue from elective abortions. Allografting in the brain also cre-

@ CrossMark

ates a greater immune reaction over time compared with isoge-
neic grafting (Duan et al., 1995; Morizane et al., 2013). The gen-
eration of midbrain-like dopamine neurons from patient-specific
iPSCs and subsequent autologous transplantation is a rational
long-term strategy for cell replacement in PD. Previous reports
of autologous transplantation in a non-human primate PD model
have demonstrated the advantage of autologous versus alloge-
neic grafts and shown dopamine neuron survival in the primate
brain for up to 6 months to 1 year after transplantation (Emborg
et al., 2013; Morizane et al., 2013; Sundberg et al., 2013). How-
ever, the long-term function, survival, and safety of iPSC-derived
dopamine neurons following autologous transplantation in a
non-human primate model of PD has not yet been established.

All studies were approved by the Harvard Medical School
Institutional Animal Care and Use Committee (IACUC). To induce
parkinsonism in cynomolgus monkeys (CMs), we administered
systemic low-dose 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP), which resulted in a progressive and persistent
reduction in global motor activity and a stable bilateral parkinso-
nian syndrome, including tremor, rigidity, bradykinesia, hypoki-
nesia, posture/balance disturbances, and impairment in both
gross and fine motor skills (Table S1) (Brownell et al., 1998a;
Hantraye et al., 1992; Willner et al., 1994). All animals displayed
a significant loss of dopamine transporters (DATS) in the puta-
men as measured by 11C-(2B-carbomethoxy-3p3-(4-fluoro-
phenyl) tropane) ("'C-CFT) binding potential, as previously
described (Brownell et al., 1998a). In a successive series of
studies, three MPTP-lesioned CMs (MF25-04, MF66-02, and
MF27-04) received autologous transplantation of CM-iPSC-
derived neural cells into the putamen in order to assess the
function and survival of engrafted autologous iPSC-derived
dopamine neurons. CM-iPSCs from MF25-04 were differenti-
ated using the protocol of Cooper et al. (2010), and CM-iPSCs
from MF27-04 and MF66-02 were differentiated using the proto-
col of Sundberg et al. (2013). No animals in this study received
any immunosuppression for the duration of the study.

We recorded global daytime motor activity of MPTP-lesioned
CMs that had received autologous transplantation of iPSC-
derived neural cells, using an automated activity monitor (Fig-
ure 1A). At 6 months after transplantation, daytime activity
counts in animal MF25-04 (autologous iPSC transplant) were
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Figure 1. Functional Improvement of PD Motor Symptoms, Increased Dopamine Reuptake, and Reinnervation of the Transplanted Putamen
after Autologous Transplantation of CM iPSC-Derived Dopamine Neurons

(A) Differentiated CM-iPSCs were transplanted unilaterally into the putamen of three CMs with stable, bilateral parkinsonism (MF25-04, MF66-02, MF27-04). The
animals were followed for 1-2 years after transplantation. From 6 months after transplantation, functional improvement was observed in MF25-04, as determined
by a sustained increase in global daytime (6 a.m. to 6 p.m.) activity. The non-transplanted control group and non-surviving transplant group represent the average
data of n = 4 and n = 3 animals, respectively, and error bars show the SEM.

(B) Fine-motor skills in MF25-04 were assessed using a computerized reaching task MAP. At 2 years after transplantation, MAP performance in the left upper limb
was significantly improved compared with pretransplantation values (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparison test). No change in
performance was observed in the right upper limb. Data shown represent averages of five repeated tests (baseline), two repeated tests (1 year after trans-
plantation), and three repeated tests (2 years after transplantation). Error bars represent the SEM.

(C) Functional analysis of dopamine reuptake in MF25-04 was measured by PET neuroimaging for ''C-CFT, a marker of the DAT. Increased ''C-CFT binding was
observed in the transplanted putamen at 2 years after transplantation. White arrows indicate areas of hyperintense CFT PET signal.

(D) Low-power photomicrograph of DAT immunostaining in the transplanted (right, R) and non-transplanted (left, L) putamen in MF25-04 shows reinnervation of
the transplanted side. Deposits of grafted dopamine neurons are indicated with boxes (g). IC, internal capsule; LGP, lateral globus pallidus; LV, lateral ventricle;
3V, third ventricle; cc, corpus callosum.

(E) Grafted dopamine neurons were also labeled using tyrosine hydroxylase (TH). The boxed area is shown at higher magnification in the right. Robust survival of
dopamine neurons with outgrowth integration into the host putamen was observed.

increased by 146% compared with the stable parkinsonian pre-
transplantation activity in this animal. Over the subsequent
18 months of the study, motor activity in MF25-04 remained
elevated and ranged from 178% to 292% above pretransplanta-
tion activity levels. At 2 years after transplantation, activity in this
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animal was 188% of stable MPTP baseline. The stable bilateral
MPTP-lesion model used in this study provides an opportunity
to assess asymmetry in movement functions following unilateral
transplantation, using movement analysis panel (MAP) testing
(Figure 1B). A progressive improvement in the use of left



(contralateral to the graft) upper limb motor function, compared
with baseline values, was observed by 12 months after trans-
plantation in MF25-04, and this reduction reached significance
at 24 months after transplantation (p < 0.05, one-way ANOVA).
Use of right upper limb motor function in MF25-04 was not signif-
icantly altered over the 24 months following the transplantation
procedure. The severity of parkinsonian signs was also rated
monthly using a parkinsonian rating scale (Table S1). We
observed a reduction in the hypokinesia subsection of the
parkinsonian rating scale in MF25-04, from a score of 2 prior to
transplantation (maximum possible score is 3) to a score of
0 at 12 months after transplantation, and this remained stable
at 0 until completion of the study (Table S1). Overall, the time
course of functional recovery observed in MF25-04 was consis-
tent with the developmental maturation, outgrowth, and connec-
tivity of analogous fetal non-human primate dopamine neurons
(Redmond et al., 2008; Tsui and Isacson, 2011). No marked
changes in global motor activity, MAP test time, or hypokinesia
were observed in animals MF27-04 and MF66-02 at 1-2 years af-
ter autologous transplantation of differentiated CM-iPSCs (Fig-
ure 1A; Table S1), suggestive of insufficient survival of engrafted
CM-iPSC-derived midbrain dopamine neurons and reinnerva-
tion of the transplanted putamen (Grealish et al., 2010; Redmond
et al., 2008). We also analyzed motor behavior in MPTP-lesioned
CMs that received allogeneic transplantation with differentiated
primate embryonic stem (ES) cells (Cyno-1) with no immunosup-
pression, as previously described (Sanchez-Pernaute et al.,
2005), in which less than 50 surviving dopaminergic neurons
were detected in the grafted putamen at postmortem (termed
the “non-surviving transplant” group) (n = 3), and also in non-
transplanted MPTP-lesioned CMs (n = 4) (Table S1). In the
non-surviving transplant group, animals were followed for
12 months after the transplantation procedure before termina-
tion of the study; no significant changes in motor behavior
were observed in these animals during this time (Figure 1A).
Motor behavior was also not altered over a 2-year period in the
non-transplant control group of parkinsonian animals (Figure 1A),
consistent with the long-term functional stability of this bilateral
MPTP non-human primate model (Brownell et al., 1998a; Han-
traye et al., 1992; Wiillner et al., 1994).

Since functional improvement in parkinsonian motor symp-
toms was observed in the MF25-04 iPSC autologous transplant
case, we performed ''C-CFT-PET scanning to assess dopamine
nerve terminals in the caudate and putamen at 2 years after
transplantation of CM-iPSC-derived neural cells (Brownell
et al., 1998a; Hantraye et al., 1992; Jenkins et al., 2004). At
2 years after transplantation, a marked increase in ''C-CFT bind-
ing sites was observed in the right putamen compared with the
non-transplanted left putamen, indicative of functional dopami-
nergic neurons on the transplanted side (Figure 1C).

Given the motor improvement and positive neuroimaging
indicative of a functional graft in MF25-04, extensive postmor-
tem examination of graft survival and morphology was per-
formed at 2 years after transplantation. Macroscopic examina-
tion of the brain showed graft deposit sites within the putamen
and normal striatal cytoarchitecture, with no displacement or
compression of the host striatal parenchyma. Immunohisto-
chemical labeling of DAT showed two distinct regions in the pu-
tamen containing clusters of DAT-immunoreactive (-ir) dopa-

mine neurons (Figure 1D). Microscopic imaging of the entire
transplanted and non-transplanted putamen showed markedly
increased DAT labeling in the transplanted putamen compared
with the non-transplant side, indicating robust reinnervation of
the transplanted putamen from the engrafted CM-iPSC-derived
dopaminergic neurons.

Stereological cell counts of TH-ir dopamine neurons showed
the presence of 13,029 surviving transplanted dopaminergic
neurons in the putamen. Engrafted TH-ir neurons (Figure 1E)
were located predominantly around the periphery of the grafts
and extended axons into the host putamen, similar to the pattern
of A9-like dopamine neurons in rodent and human fetal VM
transplant cases (Mendez et al., 2005; Vinuela et al., 2008). As
a comparison, the number of surviving TH-ir dopamine neurons
in the transplanted putamen of the CMs MF27-04 (Sundberg
et al., 2013) and MF66-02 was also determined. These cases
received autologous transplantation of iPSC-derived dopamine
neurons, but in contrast to MF25-04, did not exhibit any func-
tional improvement at 1-2 years after transplantation. A total of
8,551 and 7,938 TH-ir dopamine neurons was present in the
transplanted putamen of MF27-04 and MF66-02, respectively.
A comparison of outgrowth of TH-ir fibers into the putamen
from the grafts of MF25-04, MF27-04, and MF66-02 showed
far more extensive dopaminergic reinnervation in MF25-04 (Fig-
ures S2A-S2C), consistent with the functional recovery
observed in this animal. These data indicate that improvement
in motor function is achieved when an adequate number of trans-
planted midbrain dopamine neurons survive together with
appropriate innervation of the transplanted putamen and that
when there is not sufficient survival (less than 13,000 dopamine
neurons) and poor dopamine axonal reinnervation of the puta-
men, CMs do not recover. Our data also show that in this series
of iPSC transplantations, the Cooper et al. (2010) neuron differ-
entiation protocol was the most successful. Dopamine neuron
transplantation works at an adaptive level to provide a sufficient
number of appropriate A9 dopaminergic neurons (and their syn-
apses) in the striatum to initiate movement (function). In accord
with this, we have also previously shown following fetal dopa-
mine neuronal transplantation in a rat unilateral PD model (Brow-
nell et al., 1998b) that behavioral recovery only occurs after a
threshold of new striatal dopaminergic synapses is reached
(75%-85% of the intact striatum). With the development of
iPSC-derived midbrain-like dopamine neurons for clinical use
in PD, it will be essential to take into consideration that survival
of a minimal required dose of transplanted midbrain-like dopa-
mine neurons (Grealish et al., 2014) and sufficient reinnervation
of the denervated putamen is necessary for improvement of
PD motor symptoms.

Colocalization of FOXA2/TH/BIII tubulin labeling confirmed
the presence of midbrain-like dopamine neurons in the graft
of MF25-04 (Figure 2A). A separate FOXA2/TH labeling was per-
formed in parallel in each of the three CM-iPSC grafts (MF25-04,
MF27-04, and MF66-02) and showed more frequent FOXA2/TH
colabeled (midbrain-like) dopamine neurons in the graft of
MF25-04 compared with the grafts in MF27-04 and MF66-02
(Figures S2D-S2F). A punctate expression of DAT along trans-
planted TH-ir cell bodies and processes confirmed the for-
mation of mature synapses in MF25-04 (Figure 2B). For an
additional measure of neuronal health, the localization of
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Figure 2. Phenotypes of Engrafted CM
iPSC-Derived Neurons at 2 Years after
Autologous Transplantation

Postmortem immunohistochemical analysis was
used to further characterize the graft in MF25-04.
(A) Immunofluorescence staining confirmed that
transplanted dopamine neurons were colabeled
for FOXA2, TH, and Blll tubulin at 2 years after
transplantation.

(B) Labeling for DAT, TH, and TOM20 (a mito-
chondrial outer membrane protein) showed a
punctate expression of DAT along the fibers of
transplanted dopamine neurons and a typical
localization of mitochondria throughout the cell
soma and neurites.

(C) Immunofluorescence staining for 5-HT
demonstrated the presence and localization of
serotonergic neurons within the graft.

(D) Labeling for DARPP-32, a marker of striatal
GABAergic medium spiny neurons, shows robust
labeling in the host putamen and occasional
DARPP-32-ir fibers at the graft-host border.

(E and F) Ki-67 was used to determine whether
proliferating cells were present in the CM-iPSC-
derived neural cell graft from MF25-04. No Ki-67-
immunoreactive cells were observed in the graft
(E). As a positive control, several Ki-67-immuno-
reactive proliferating cells were observed in the
hippocampus of the same animal (F) (identified
with arrows).

(G and H) Histological analysis of microglia using
Iba1 in the host putamen (G) and graft (H) shows
typical resting microglia.
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previously reported for rodent and human
fetal VM grafts (Mendez et al., 2008; Vi-

nuela et al., 2008). Labeling for striatal me-
dium spiny GABAergic neurons in the
grafted putamen using DARPP-32 (Fig-
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mitochondria within TH-ir neurons was assessed using the
mitochondrial marker, translocase of outer mitochondrial mem-
brane 20 (TOM20) (Hallett et al., 2014). A homogenous localiza-
tion of TOM20-ir mitochondria throughout the cell soma and
processes of transplanted neurons in MF25-04 was observed
(Figure 2B), and there was no evidence of perinuclear accumu-
lation or fragmentation of mitochondria, as has previously been
reported during dopamine neuron stress or degeneration
(Sterky et al., 2011).

Immunofluorescence labeling for 5HT (Figure 2C) was per-
formed to examine serotonergic neurons contained in the CM-
iPSC-derived transplant case, MF25-04. Serotonergic neurons
were observed with a distribution and frequency similar to that
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ure 2D) revealed robust DARPP-32 label-
ing in the host putamen perikarya and
sparse DARPP-32-ir fibers at the graft-
host border suggestive of some graft-
host interaction as has been previously re-
ported in fetal VM tissue (Doucet et al.,
1989). Immunostaining with the prolifera-
tion marker, Ki-67, showed no positively
labeled cells in the graft at 24 months after
transplantation (Figures 2E and 2F). As a positive control, several
Ki-67-labeled cells were observed in the dentate gyrus of the
same animal (MF25-04). These data are in accord with our pre-
vious work using CM-iPSC-derived neural cell xenotransplanta-
tion in rats, where a low percentage of Ki-67-ir cells at 4 weeks
after transplantation were observed, but no Ki-67-ir cells were
found in mature grafts (16 weeks after transplantation) (Deleidi
et al., 2011).

Histological analysis of microglial reactivity using immunohis-
tochemistry for Ibal revealed a local circumscribed increase
in microglial cell density within the CM-iPSC-derived grafts
(Figures 2G, 2H, S2H, and S2I). However, Ibal labeling was
not different to that observed in the needle tracts of the



“non-surviving” transplant group (Figure S2G), and there was no
immune reaction in the host putamen surrounding the autolo-
gous iPSC grafts. A prior report indicates that compared with
autologous transplantation, allogeneic iPSC-derived neural cells
elicit greater microglial activation, as well as MHCI| (class Il major
histocompatibility complex) microglial expression and infiltration
of leukocytes at ~4 months after transplantation into the non-hu-
man primate brain (Morizane et al., 2013). The route of autolo-
gous transplantation, which requires no immunosuppression,
may therefore be a more successful route for cell therapy than
using cell sources that are not completely matched to the donor.
Our work demonstrates in the successful case that dopamine
synapse innervation is accompanied by the anticipated neuro-
logical improvement in parkinsonism. However, ~13,000 pri-
mate midbrain dopamine neurons were needed to reach the
threshold of functional improvements. The next steps in this
work require consistent protocols to provide equivalent or
greater midbrain dopamine neuron survival, presumably by
increasing the dose of midbrain dopamine neurons, and scale
up toward potential future clinical trials.

The present findings provide the first proof of concept preclin-
ical study to demonstrate that autologous iPSC-derived
midbrain-like dopamine neurons can engraft and survive over
an extended period of time (at least 2 years), and improve motor
function, in a non-human primate model of PD. Such autologous
iPSC-derived dopamine neurons can provide remarkable and
complete reinnervation of the denervated putamen without any
immunosuppression. We observed the most extensive dopami-
nergic axonal outgrowth reported in any study to date, including
our own and others, after engraftment with iPSC-derived dopa-
mine neurons in vivo (Emborg et al., 2013; Kikuchi et al., 2011;
Sundberg et al., 2013). In addition, in the current study, we
observed no graft overgrowth, tumor formation, or inflammatory
reaction, which is consistent with our previous rodent studies us-
ing iPSC-derived neural cells (Hargus et al., 2010; Sundberg
et al., 2013; Wernig et al., 2008).

A general concern about the use of autologous transplantation
is whether underlying PD-associated genetic mutations present
in transplanted neurons would increase the vulnerability of
midbrain dopaminergic neurons to disease pathology. However,
such vulnerabilities do not preclude cell function at a fairly
optimal level for at least 50-60 years from birth in a typical patient
with such genetic risk (which represents a minority of PD cases).
In addition, given how transplanted fetal neurons remain healthy
for many years in PD patients, despite ongoing disease pro-
cesses in the host brain (Hallett et al., 2014), we would predict
that even in cases with severe genetic risk, iPSC-derived neu-
rons are a reasonable strategy.

In summary, our study clearly shows proof of concept for
transplantation using iPSC-derived dopamine neurons in a pre-
clinical context, and it is reasonable to infer that iPSC transplan-
tation would provide clinical benefit and expected graft survival
times similar to that observed with fetal transplantation (Barker
et al., 2013; Hallett et al., 2014; Kefalopoulou et al., 2014). Our
data showing neurologically relevant functional improvements
with concomitant positive neuroimaging are essential for the
continued development and clinical translation of cell therapy
using iPSCs. Overall, there is a strong immunological, functional,
and biological rationale for using midbrain dopamine neurons

derived from iPSCs for cell replacement in PD in the future.
Currently, it is essential to determine the optimal and safest
dopamine neuron differentiation protocol to use, to evaluate
the generation of different (non-neuronal) cell types, and to
continue to refine the clinical protocols for generation of iPSC-
derived midbrain dopamine neurons to be used for transplanta-
tion to PD patients.

SUPPLEMENTAL INFORMATION
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SUMMARY

Considerable progress has been made in generating
fully functional and transplantable dopamine neu-
rons from human embryonic stem cells (hESCs).
Before these cells can be used for cell replacement
therapy in Parkinson’s disease (PD), it is important
to verify their functional properties and efficacy in
animal models. Here we provide a comprehensive
preclinical assessment of hESC-derived midbrain
dopamine neurons in a rat model of PD. We show
long-term survival and functionality using clinically
relevant MRI and PET imaging techniques and
demonstrate efficacy in restoration of motor function
with a potency comparable to that seen with human
fetal dopamine neurons. Furthermore, we show
that hESC-derived dopamine neurons can project
sufficiently long distances for use in humans, fully
regenerate midbrain-to-forebrain projections, and
innervate correct target structures. This provides
strong preclinical support for clinical translation of
hESC-derived dopamine neurons using approaches
similar to those established with fetal cells for the
treatment of Parkinson’s disease.

INTRODUCTION

Cell replacement therapy in Parkinson’s disease (PD) is based on
the premise that transplanted midbrain dopamine (DA) neurons
can restore dopaminergic neurotransmission when transplanted
to the DA-depleted striatum, providing a functionally efficient
substitute for the neurons that are lost in the disease. Clinical tri-
als using cells derived from human fetal ventral mesencephalon
(VM) have shown that transplanted DA neurons can functionally
reinnervate the denervated striatum, restore DA release, and at
least in some PD patients, provide substantial long-term clinical
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improvement (Barker et al., 2013; Kefalopoulou et al., 2014).
However, the use of tissue from aborted human embryos
presents several ethical and logistical issues that hamper the
effective translation of fetal tissue transplantation as a realistic
therapeutic option.

In order to move to large-scale clinical applications, a readily
available, renewable, and bankable source of cells with the
potential to differentiate into fully functional DA neurons after
transplantation is an absolute requirement. Among the different
stem cell sources available, human pluripotent stem cells, in
particular human embryonic stem cells (hnESCs), have advanced
the furthest (Lindvall and Kokaia, 2009; Barker, 2014). Using
protocols entirely based on extrinsic patterning cues that mimic
fetal midbrain development, it is now possible to generate DA
neurons with an authentic midbrain phenotype from human
pluripotent stem cells that survive transplantation and that can
restore motor deficits in animal models of PD (Doi et al., 2014;
Kirkeby et al., 2012a; Kriks et al., 2011).

However, a number of crucial issues need to be addressed in
preclinical studies before these cells can be considered for clin-
ical use: it is important to verify that their functional efficacy is
robust, reproducible, and stable over significant time periods;
that the transplanted cells have the capacity to grow axons
and reinnervate the DA-denervated host striatum over distances
that are relevant for the size of the human brain; and that they
function with equal potency to human fetal VM DA neurons
that have previously been used in clinical trials (Barker, 2014).

Here we have performed a rigorous preclinical assessment of
long-term in vivo functionality and axonal outgrowth capacity of
hESC-derived midbrain DA neurons, critical for their translation
to the clinic. We show long-term survival and functionality using
clinically relevant MRI and positron emission tomography (PET)
imaging techniques and efficacy in restoration of motor function
that is comparable to that seen with human fetal cells. Impor-
tantly, we provide a direct comparison of human DA neurons
sourced from either hESCs or fetal VM and show that hESC-
derived neurons, like their fetal counterparts, can project over
long distances in the lesioned adult rodent brain and regenerate
axonal projections with cell-type specific innervation of correct
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target structures. These data represent an important milestone
in the preclinical assessment of hESC-derived DA neurons and
provide essential support for their usefulness in cell replacement
therapy for PD.

RESULTS

Long-Term Survival and Restoration of Dopaminergic
Neurotransmission by hESC-DA Neurons

First, we wanted to assess long-term survival and function of
grafted cells using methodologies that are used in the clinic.
We therefore transplanted hESC-derived DA (hESC-DA) neurons
to the striatum of 6-hydroxydopamine (6-OHDA) lesioned
athymic, adult rats, allowing for long-term graft survival in the
absence of immunosuppressive treatment. The grafted animals
were followed up to 6 months after transplantation, the point at
which grafts of fetal VM in patients start to become functional
(Piccini et al., 2000). T2-weighed MRI imaging showed surviving
transplants that increased in volume from 1 to 5 months post-
transplantation, indicating initial proliferation and subsequent
maturation of the transplanted cells (Figure S1A available online),
as previously described for transplants of proliferative midbrain
progenitors (Kirkeby et al., 2012a). MR spectroscopy investiga-
tion 5 months postgrafting revealed a high N-acetylaspartic
acid content within the transplanted area, indicative of a
neuron-rich graft (Figures S1B and S1C). Pretransplantation,
the rats were assessed for deficits in striatal dopaminergic
neurotransmission by PET, using '®F-fallypride as a measure of
D,/D5-receptor occupancy (Moon et al., 2010) and '®F-LBT999
as a tracer for the dopamine transporter (DAT) (Dollé et al.,
2007) (Figure 1A). In the 6-OHDA-lesioned DA-denervated
striatum '8F-fallypride binding was significantly increased, as
compared with the intact hemisphere, signifying a pronounced
reduction in DA release. After grafting, '®F-fallypride binding
was normalized to intact levels as assessed 5 months posttrans-
plantation, indicative of active DA release from the transplanted
hESC-DA neurons (Figures 1A and 1B). Similarly, the near-com-
plete loss of DAT binding, using '8F-LBT999, seen after 6-OHDA
lesion was reversed to around 50% of normal (Figures 1A
and 1C). "®F-DPA714 binding was used to measure microglial
activation (Kuhnast et al., 2012), and no increase was observed
at 5 months postgrafting, relative to the nontransplanted side
(Figure 1A).

Histological Analysis and Innervation Capacity of
hESC-DA Neurons after Intrastriatal Transplantation
Histological analysis confirmed the imaging data, showing
neuron-rich transplants and revealing grafts rich in DA neurons,
expressing both tyrosine hydroxylase (TH) and dopamine trans-
porter (DAT), in the absence of a notable active microglial (Iba1*)
response, overgrowths, or necrotic areas (Figures S2A-S2C). To
assess graft-derived axonal outgrowth we made use of an anti-
body specific for human neural cell adhesion molecule (hHNCAM)
(Figures 1D-1G), allowing selective and highly sensitive visuali-
zation of the grafted neurons and their projections. Dense
hNCAM* innervation was observed throughout the caudate-
putamen, including the dorsolateral striatum, which derives its
innervation exclusively from the A9 neurons of the substantia
nigra (SN) (Figure 1D). Similar innervation was also observed in
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other forebrain DA target areas outside the caudate-putamen,
such as nucleus accumbens (NAc) (Figure 1E), olfactory tubercle
(Figure 1D), and the perirhinal and prelimbic cortices (Figures 1F
and 1G), which are essential targets for the A10 neuronal sub-
type, residing in the ventral tegmental area (VTA) (Figures S2D
and S2E).

Taken together, these data prove the ability of hESC-DA neu-
rons to provide extensive reinnervation of the host striatum and
begin to restore DAergic neurotransmission 5 months posttrans-
plantation, using clinically relevant methods to assess graft func-
tion, in the absence of significant adverse events. This is in line
with previous clinical observations using human fetal VM grafted
to patients, where progressive recovery of DA neurotransmission
starts at 6 months, reflecting the gradual maturation of the trans-
planted cells (Piccini et al., 1999, 2000).

Functional Potency Assessment of hESC-DA Neurons
Grafted to the Striatum

We and others have previously shown that hESC-DA neurons
can release DA in vivo (Kirkeby et al., 2012a) and restore a num-
ber of motor deficits in 6-OHDA rodent models of PD when as-
sessed 16-18 weeks after grafting (Kirkeby et al., 2012a; Kriks
et al., 2011). However, these transplants contained 15,000-
18,000 hESC-derived DA neurons, and the high cell number
makes it difficult to estimate the efficacy of the cells (Barker,
2014). In previous preclinical and experimental studies using
grafts of human fetal VM, it has been shown that normalization
of amphetamine-induced rotation after intrastriatal transplanta-
tion can be achieved with an average number of 1,200 surviving
TH* neurons (Brundin et al., 1986). On the basis of this informa-
tion, we performed a potency experiment designed to deter-
mine the minimal number of hESC-DA neurons capable of
inducing functional recovery in the amphetamine-induced rota-
tion test. We transplanted 6-OHDA lesioned rats, aiming for at
least a 10-fold lower number of hESC-DA than the grafts func-
tionally assessed in earlier studies (Kirkeby et al., 2012a; Kriks
et al., 2011). The rats were pretested to confirm the complete-
ness of the lesion and immunosuppressed with daily injections
of ciclosporin for 18 weeks. At this time point, the rats showed
a significant recovery in amphetamine-induced rotation (Fig-
ure 2A: t4, = 6.76, p < 0.01; n = 5), despite a much lower number
of TH" neurons in the grafts (Figures 2B and 2C). Quantifica-
tions showed that the average number of surviving TH* neurons
was 986 + 333 per rat (n = 5). Two of the rats had less than 500
surviving hESC-DA neurons and yet showed a complete
reduction in rotational bias (Figure 2B). Within TRANSERUO,
a EU-funded research consortium formed to develop an
efficacious and safe treatment methodology for PD using fetal
cell based treatments (http://www.transeuro.org.uk), research
groups including our own have optimized and standardized tis-
sue preparation protocols across several centers throughout
Europe. A recent report with cells prepared using this protocol
show that a significant reduction in amphetamine-induced
rotation could be achieved with transplants of human fetal
VM with as few 657 + 199 surviving TH* neurons (Rath et al.,
2013). These results indicate that the functional potency
of grafted hESC-DA neurons is on par with that of human DA
neurons obtained from fetal VM (Brundin et al., 1986; Rath
et al., 2013).
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Figure 1. Functional Imaging of Long-Term Surviving Intrastriatal Transplants of hESC-DA Neurons

(A) MRI and PET scans for '8F-fallypride, 'F-LBT999 after 6-OHDA lesion, show an increase in binding of "®F-fallypride (n = 6) on the side of lesion indicating
an impaired DA release, confirmed by a loss of '®F-LBT999 (n = 7) binding due to loss of DAT binding sites. At 5 months posttransplantation both '8F-fallypride
(n=11)and "®F-LBT999 (n = 14) binding are restored toward normal, indicative of a graft rich in functional DA neurons, in the absence of any detectable microglial
response, as assessed with "®F-DPA714 (n = 13).

(B) Quantitative measurements of binding ratios between intact and lesioned striatum revealed an increased binding potential of 8F_fallypride in the 6-OHDA
denervated striatum, which was normalized to intact levels 5 months posttransplantation of hESC-DA neurons.

(C) A 6-OHDA lesion resulted in a near complete loss of '®F-LBT999 binding due to the loss of DAT-expressing dopaminergic terminals, which was restored
toward normal posttransplantation.

(D and E) Immunohistochemistry of hNCAM revealed neuron-rich grafts of hESC-DA neurons 6 months posttransplantation, providing extensive innervation of the
host CPu and surrounding extrastriatal dopaminergic targets, such as NAc.

(F and G) Away from the graft core, widespread innervation by human axons was found in known DA target structures within the prefrontal cortex.

See also Figure S1. AC, anterior commissure; CPu, caudate-putamen unit; FM, forceps minor; NAc, nucleus accumbens; PrL, prelimbic cortex; T, transplant. In
(B) and (C), data are represented as mean + SEM. *p < 0.01. In (A), (D), and (F), scale bars represent 1 mm. In (E) and (G), scale bars represent 0.5 mm.
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Histological Comparison of DA Neurons Sourced from
Human Fetal VM and hESCs after Intrastriatal
Transplantation

We next performed a direct histological comparison between
hESC-DA neurons and authentic human fetal DA neurons pre-
pared according to Rath et al. (2013), grafted in parallel, in order
to validate the morphology, maturation, and phenotypic proper-
ties of the transplanted DA neurons (Figures 2D and 2E). In this
analysis, we observed the presence of TH* neurons with two
distinct morphologies in the hESC-grafted animals (Mendez
et al., 2005; Thompson et al., 2005): A9-like nigral neurons char-
acterized by large angular somata and A10-like VTA neurons with
small, round somata (Figure 3A). The morphology of the hESC-
derived neurons was identical to that observed with intrastriatal
transplants of fetal VM when analyzed at 6 months posttransplan-
tation (Figure 3C) and consistent with graft appearance from
previous postmortem reports from transplanted PD patients
(Mendez et al., 2005). When staining the cells for markers
commonly used to distinguish between SN (A9) and VTA (A10)
neurons, TH* neurons expressing GIRK2 (A9), Calbindin (A10),
or both markers were readily detected (Figures 3B and 3D).
Quantifications showed that TH*/GIRK2" neurons were the
most abundant subtype in both hESC-derived and fetal grafts
(Figure 3l) and that the proportion was similar in both hESC-
and fetal-derived grafts (Figure 3J). Taken together, this analysis
shows that hESC-DA neurons are indistinguishable from their
fetal counterparts on the basis of graft appearance, morphology,
and marker expression 6 months after grafting and that the hESC-
derived grafts are rich in both A9-like and A10-like DA neurons.

Long-Distance Axonal Outgrowth of hESC-Derived
Neurons after Transplantation into the Substantia Nigra
When assessing the cells for their suitability to be used in clinical
trials, it is important to keep in mind that the human brain is a

B Y
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4 fr 4 71 Figure 2. Functional Equipotency of Intra-
' 4EQUIDOtenEY.  giriatal Transplanted hESC-DA Neurons
BEL ’ and Comparable Morphology to Grafts of
F AT S Fetal VM-Derived DA Neurons
(A) 6-hydroxydopamine lesioned rats displayed
a strong unilateral rotational bias upon adminis-
tration of amphetamine, which was significantly
normalized 16 weeks after intrastriatal trans-
plantation of hESC-DA neurons (white bars, n = 5),
whereas lesion controls (black bars, n = 6), not
receiving any transplant, showed no significant
changes when monitored in parallel.
(B) Estimation of the number of surviving TH*
neurons within the graft revealed a relatively low
number that gave rise to graft-mediated functional
recovery.
(C) Histological analysis revealed grafts with
sparse numbers of TH* neurons dispersed
throughout.
(D and E)When comparing transplants of hESC-
derived (D) and fetal-derived (E) DA neurons
6 months posttransplantation, both groups re-
vealed grafts rich in DA neurons that are indistin-
guishable on a gross morphological level.
See also Figure S2. TH, tyrosine hydroxylase.
In (A), data are represented as mean + SEM. **p <
0.01. In (C)—(E), scale bars represent 100 pum.

much larger structure than the rodent brain and that it is neces-
sary for the transplanted cells to extend axons over long dis-
tances in order to sufficiently reinnervate the putamen in patients.
We therefore sought to create an assay through which long-dis-
tance, target-specific outgrowth could be assessed in an adult
rodent model of PD that would be predictive when translating
to the larger human brain. Intrastriatal grafting, the standard
used in preclinical and clinical studies, places the cells within their
main target structure, thus making it difficult to assess the full
innervation capacity of human cells when grafted to the rat brain.
To investigate the ability of hESC-DA neurons to innervate
specific structures across longer distances, we employed a ho-
motopic grafting approach where we transplanted hESC-DA
neurons into the lesioned SN, instead of the traditional ectopic
placement in the striatum. Transplants of fetal VM served as an
important reference to see if hAESC-derived neurons could match
their capacity for long-distance and target-specific innervation.

When grafted to the SN, both hESCs and fetal VM gave rise to
grafts rich in TH* neurons expressing GIRK2 and Calbindin with
morphologies indistinguishable from cells grafted to the striatum
(compare Figures 3E-3H with Figures 3A-3D). In the majority of
rats with fetal VM transplants (n = 7/8), we observed neuron-rich
grafts, discretely placed within the host SN, extending large
numbers of ANCAM* axons rostral along the medial forebrain
bundle (MFB) and the adjacent nigrostriatal pathway, assembled
in a well-defined and fasciculated tract (Figures 4A, 4G, 41, S3A,
and S3B). Rostral extending axonal bundles were seen to defas-
ciculate and ramify within their terminal target fields, providing
widespread innervation of specific host structures throughout
the forebrain (Figure 4A), extending more than 10 mm from the
graft core. ANCAM™* terminal innervation was particularly dense
in caudate-putamen (Figure 4C), NAc (Figure 4D), amygdala (Fig-
ure 4B), and perirhinal and anteromedial frontal cortices (Figures
4A and 4E).
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Figure 3. Comparison of A9 and A10 Midbrain DA Neuron Subtypes
in Long-Term Grafts of hESC-DA Neurons and Human Fetal VM

(A) Upon close inspection, hRESC-DA neurons gave rise to TH* dopaminergic
neurons with an A9-like neuron morphology, characterized by large angular
somas (upper panel), as well as A10-like neurons with small, round somas
(lower panel).

(B) The presence of neurons coexpressing TH and GIRK2 (red and green) and
TH and Calbindin (red and blue) indicates that both midbrain DA neuron
subtypes, A9 and A10, were contained in grafts of hESC-derived neurons.

Notably, graft-derived hANCAM™ glial cells were detected in the
transplants derived from the 8-week-old fetus (Figures 4F and
4G), but not from the younger 5.5-week-old fetus (Figures 4H
and 4l). In the grafts of 8-week fetal VM, the graft-derived glial
cells could be traced along myelinated and nonmyelinated fiber
tracts, accompanying the hNCAM™* axons up to the level of the
caudal caudate-putamen (Figure 4G), as described in previous
xenografting studies (Gates et al., 1998; Isacson et al., 1995;
Pundt et al., 1995). Despite the absence of graft-derived glia in
the transplants of the younger embryo (Figure 4H), ANCAM* fiber
outgrowth was comparable to grafts derived from older tissue
(Figures S3B-S3G). This observation indicates that the extent
and patterning of axonal outgrowth is largely independent of
this glial population present within the transplant.

Six months posttransplantation we observed robust survival in
all hESC grafted animals (n = 8/8), with no signs of overgrowth or
necrosis, similar in morphology to the intrastriatal grafts of hESC-
DA neurons described above (Figures 1, 2D, and S2A-S2C). As
observed with intranigral transplants of fetal VM, large numbers
of ANCAM* fibers projected rostral along the MFB and the adja-
cent nigrostriatal pathway (Figures 5A, 5F, S4A, and S4B). The
axons extending along the MFB continued a distance more
than 10 mm from the graft core and gave rise to dense terminal
networks in amygdala (Figure 5B); dorsolateral striatum (Fig-
ure 5C) and piriform cortex; ventral striatum, including NAc (Fig-
ure 5D); olfactory tubercle; lateral septum; and large parts of the
frontal lobe (Figures 5A, 5E, and 5G). hANCAM™* cells with a glial
morphology were not detected in any of the hESC-grafted rats,
consistent with our hypothesis that they are not essential for
extensive axonal outgrowth.

Subtype Identity and Target-Specific Innervation of
hESC-DA Neurons after Transplantation into the
Substantia Nigra

Although A9 and A10 midbrain DA neuron subtypes can be arbi-
trarily distinguished on the basis of morphology and GIRK2/Cal-
bindin protein expression, true identification of the subtype is
linked to the ability of the neurons to innervate their appropriate
forebrain targets: the A9 preferentially innervating the caudate-
putamen and A10 neurons innervating limbic and cortical areas,
including ventral striatum and NAc. To determine the presence of
authentic A9 or A10 subtypes in grafts of fetal VM and hESC-DA
neurons, we performed quantitative fiber density measurements
(Figures S5A and S5B) of human hNCAM* axons (Figure 6C) in

(C and D) Intrastriatal grafts of human fetal VM contained TH* dopami-
nergic neurons with A9 and A10 morphologies, coexpressing GIRK2 and/or
Calbindin.

(E and F) Homotopic placement of hESC-DA neurons in SN resulted in large
numbers of TH* dopaminergic neurons with mature A9 and A10 morphologies,
confirmed by coexpression of TH with GIRK2 and Calbindin, respectively.

(G and H) Fetal VM tissue grafted to the SN displayed the same ability to
generate transplants with dopaminergic neurons of A9 and A10 morphologies
and protein expression (H).

(I and J) The number and proportion (J) of TH* neurons, coexpressing GIRK2,
Calbindin, or both markers, was quantified in all groups (n = 3 per group).
Calb, Calbindin; GIRK2, G protein-regulated inward-rectifying potassium
channel 2; TH, tyrosine hydroxylase. In (l) and (J), data are represented as
mean + SEM. In (A), (C), (E), and (G), scale bars represent 50 um. In (B), (D), (F),
and (H), scale bars represent 20 um.
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defined striatal areas (A9 targets), as well as limbic and cortical
areas (A10 targets), as depicted in Figure S5C.We found that
the number of axons projecting rostral was similar in the VM
(2,169 = 181; n = 3) and hESC (2,453 + 774; n = 4) groups. Over-
all, the fiber density measurements showed that the midbrain-
patterned hESCs exhibited the same A9/A10 target specificity
and axonal outgrowth patterns as human fetal VM cells. Both
fetal VM- and hESC-derived neurons innervated the caudate-pu-
tamen, which in the rat is targeted almost exclusively by A9 neu-
rons, but that fetal VM tissue was more efficient at innervating
the dorsolateral caudate-putamen (Figure 6A: dorsomedial,
to5 = 2.69, p < 0.01; dorsolateral, to5 = 4.38, p < 0.0001; Medial,
to5 =2.14, p < 0.05). All A10-specific target structures were inner-
vated at similar densities by fetal VM and hESCs, with the excep-
tion of the infralimbic cortex and septum, which received a more
pronounced innervation from the hESC grafts (Figure 6B: ILC,
tos = 5.99, p < 0.0001; Sept, to5 = 5.32, p < 0.0001).

In order to identify the specific contribution from grafted
DA neurons, we utilized immunofluorescence to detect human
axons coexpressing TH and hNCAM (Figure 6F). Performing
fiber density counts on double-positive fibers; we again found
that fetal- and hESC-derived DA neurons demonstrated a similar
propensity to innervate A9 and A10 specific striatal target
structures (Figures 6D and 6E), although A9-specific innervation
derived from fetal VM grafts was overall of higher density (Fig-
ure 6D: dorsomedial, t; = 2.27, p < 0.05; dorsolateral, t4, = 4.15,
p < 0.01).

In summary, midbrain-patterned hESCs exhibited the same
remarkable ability as their fetal counterparts to extend axons
over long distances and provide specific innervation of the rele-
vant A9 and A10 host target structures. GIRK2 and Calbindin
are commonly used as subtype markers for stem cell-derived
DA neurons in vitro and after transplantation (Kirkeby et al.,
2012a; Kriks et al., 2011; Ryan et al., 2013). However, we notice
here that a high GIRK2* component (Figures 3l and 3J) does not
directly translate to a strong innervation of the A9 target struc-
tures (Figures 6A and 6D). This observation is supported by
the postmortem analysis of the adult human midbrain, which re-
veals that colocalization of TH and GIRK2 occurs in all DAergic
neurons of the SN, but also in a substantial portion of DAergic
neurons of the VTA (Reyes et al., 2012), thus calling for a
more stringent analysis of A9 subtype of stem cell-derived DA
neurons.

Expression of OTX2 Alters the Axonal Outgrowth
Pattern of Transplants of hESC-Derived Neurons
Next, we sought to investigate if target-specific axonal
outgrowth from hESC-DA neurons is a cell intrinsic property

that can be regulated by transcriptional programming. Exper-
iments in mice have established a major role for the tran-
scription factor Otx2 in the development of the midbrain DA
progenitors. The expression of this transcription factor is main-
tained selectively in DA neurons with a mature A10 phenotype,
where it acts to control the pattern of axonal outgrowth in fore-
brain structures (Chung et al., 2010, 2005; Di Salvio et al.,
2010a, 2010b). We generated transgenic hESCs (OTX2-
hESCs) using a lentiviral construct that expresses OTX2 at
physiologically relevant levels under the control of the PGK
promoter and contains mMiRNA-292 target sequences to
restrict expression to differentiated progeny (Sachdeva et al.,
2010) (Figures S6A and S6B). We verified that the transgene
did not disturb patterning toward a midbrain fate, as OTX2-
hESCs gave rise to a similar number of LMX1A, FOXA2, and
OTX2 expressing progenitors, as compared with wild-type
(WT) hESCs (compare Figures S6D and S6E with Figures
S4C and S4D). At a later time point in vitro, and consistent
with the emergence of mature TH* neurons, OTX2 was down-
regulated in mature MAP2*/TH* neurons from parental WT
hESCs, but specifically maintained in differentiated OTX2-
hESCs (Figures S6C and S6F). The OTX2-hESC-derived DA
neuron progenitors were transplanted to the SN of 6-OHDA-
lesioned athymic rats (n = 8). At 6 months, immunohistochem-
ical analysis revealed a pronounced expression of OTX2 within
the graft core at a level exceeding that observed in grafts
of fetal VM and WT hESCs (Figures S6G-S6l). The OTX2-
hESC grafts exhibited a similar axonal outgrowth pattern to
the WT hESCs, with large numbers of ANCAM™* axons extend-
ing rostral within the MFB (Figures 7A and 7B). However,
the innervation derived from the OTX2-hESCs was restricted
almost exclusively to A10 target structures, including NAc;
ventral striatum; septum; amygdala; and antero-medial re-
gions of the prefrontal cortex (Figures 7A-7E and S6K). Few,
if any, hNCAM" fibers were observed in A9 target structures,
such as dorsolateral caudate-putamen (Figures 7A and 7C).
When quantifying the innervation of all measured A9 structures
(dorsomedial, dorsolateral, medial, and central aspects of the
caudate-putamen unit; Figure S5C), OTX2-hESCs displayed
a reduced preference for innervating A9 target structures
both when compared with grafts of the parental hESCs and
with fetal-derived DA neurons (Figure 7H: Fpo, 105 = 28.91,
p < 0.0001; difference confirmed using a Tukey’s post hoc
test, p < 0.001).

To exclude that this dramatic switch in target innervation was
due to experimental variation or altered in vitro patterning, we
replicated this experiment with a new cell differentiation and trans-
planted to immunocompetent rats under immunosuppression

Figure 4. Extent and Pattern of Axonal Outgrowth from Intranigral Transplants of Human Fetal VM 6 Months Posttransplantation
(A) Schematic overview of ANCAM* fibers from an intranigral transplant of fetal VM, innervating the host brain as visualized under dark-field illumination of DAB-

developed sections (see Figure S3A).

(B-E) Transplants of fetal VM displayed a strong preference for innervating: amygdala (including MeA and BLA) (B); dorsolateral caudate-putamen (C); and
nucleus accumbens, NAc (D). Graft-derived axons were found as far as 10 mm away from the graft core in areas of the prefrontal cortex (E).

(F-) In bright-field illumination, the appearance of the 8-week (F) and 5.5-week (H) donor transplants and the associated outgrowth of ANCAM* axons in the MFB and
the adjacent nigrostriatal pathway (G and l), including the presence of migrating ANCAM* graft-derived glial cells in the older donor transplants (Insets in F and G).
See also Figure S3. AC, anterior commissure; BLA, basolateral amygdala; CPu, caudate-putamen; FM, forceps minor; IC, internal capsule; MeA, medial
amygdaloid nucleus; MFB, medial forebrain bundle; NAc, nucleus accumbens; NSP, nigrostriatal pathway; p.c., postconception; PrL, prelimbic cortex; T,
transplant. In (B), (D), (F), (G), (H), and (l), scale bars represent 0.2 mm. In (C) and (E), scale bars represent 0.5 mm.
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Figure 5. Overview of Neuronal Outgrowth of Intranigral Transplants of hESC-DA Neurons 6 Months after Transplantation
(A) Schematic overview of ANCAM™ fiber outgrowth from an intranigral transplant of hESC-DA neurons, as visualized under dark-field illumination of DAB-

developed sections (see Figure S4A).

(B-D) Higher magnification illustrates the hESC-derived innervation patterns of the amygdala (B), caudate-putamen (C), and NAc (D).

(E-G) hNCAM* fiber bundles were seen to extend rostral within the MFB and nigrostriatal pathway (E), and also within the myelinated white matter tracts of the
internal capsule (F), over a distance of more than 10 mm from the graft core to innervate parts of the prefrontal cortex (E and G).

See also Figure S4. AC, anterior commissure; BLA, basolateral amygdala; CeA, Central Amygdaloid nucleus; CPu, caudate-putamen unit; FM, forceps minor; IC,
internal capsule; MeA, medial amygdaloid nucleus; MFB, medial forebrain bundle; NAc, nucleus accumbens; NSP, nigrostriatal pathway; PrL, prelimbic cortex; T,

transplant. In (B)—(G), scale bars represent 0.5 mm.

using daily injections of ciclosporin. In all animals (n = 7/7; 14-
week survival), grafts of OTX2-hESCs were efficiently differenti-
ated into mature TH* neurons (Figure S6J), and the identical
pattern of A10-specific target innervation was observed (Figures
7F and 7G).

These findings provide evidence that target-specific
outgrowth, attributed to a given midbrain DA neuron subtype,
can be controlled and redirected in hESC-derived cell prepara-
tions, thus providing an opening for future efforts to enhance
the fiber outgrowth to specific target nuclei.
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Cc ILC Figure 6. Quantitative Analysis of Neuronal
. N Fiber Density in A9 and A10 Target Struc-
tures Derived from Intranigral Grafts
\‘ (A) Fetal VM grafts showed greater affinity to
A9 targets in caudate-putamen (dark gray bars;
T3 n = 4) than to hESC-DA neurons (light gray bars;
' 4 n=4).
’ (B) Fetal VM and hESC-DA neurons were equally
| capable of innervating A10 targets, including
. NAc, olfactory tubercle, and cingulate cortex,
while infralimbic cortex and septum received
denser innervation from hESC-DA neurons.
(C) Example of a fiber density measurement
performed on hNCAM immunostained sections.
(D) Colabeling with TH and hNCAM showed that
both fetal VM and hESC-DA neurons were able
to innervate the caudate-putamen, although DA
neurons derived from fetal VM showed a stronger
preference for the dorsal caudate-putamen than
those derived from hESCs.
(E) TH*/nNCAM* fibers were observed in all A10
targets innervated by fetal VM transplants (black
bars; n = 3). hESC-derived TH*/hNCAM™* fibers
were dense in NAc and olfactory bulb, but absent
in cortical areas (white bars; n = 4).
(F) Confocal image of TH*/hNCAM™ section used
for quantification.
See also Figure S5. CingC., cingulate cortex; Dors.
lat., dorsolateral; Dors. med., dorsomedial; ILC,

hNCAM —

F | Med; Stiatum

infralimbic cortex; MFB, medial forebrain bundle; NAc core, nucleus accumbens, core; OIf. tub., olfactory tubercle; Sept, septum. In (A), (B), (D), and (E), data are
represented as mean + SEM. *p < 0.05; **p < 0.01; **p < 0.0001. In (C) and (F), scale bars represent 10 um.

DISCUSSION

In this study, we have performed a comprehensive preclinical
validation of hESC-derived DA neurons that fully supports their
functional efficacy and capacity for long-distance, target-spe-
cific reinnervation, predictive of their therapeutic potential.

Using imaging techniques previously used to assess graft
function in patients (Kefalopoulou et al., 2014; Piccini et al.,
1999), we demonstrate that hESC-DA neurons survive, mature,
and restore DA neurotransmission in the denervated striatum
for up to 6 months postgrafting. When compared side-by-side
with their fetal counterparts, the hESC-DA neurons appear iden-
tical in terms of morphology and marker expression, supporting
their authenticity and stable phenotype. Importantly, we have
also performed an equipotency assay, establishing that the
hESC-DA neurons can completely reverse motor asymmetry in
the drug-induced rotation test in numbers more than 10-fold
lower than previously used (Kirkeby et al., 2012a; Kriks et al.,
2011) and at a dose, i.e., a threshold number, of around 1,000
surviving DA neurons, similar to that seen with human fetal VM
tissue (Brundin et al., 1986; Rath et al., 2013). Knowing that the
number of surviving fetal DA neurons in a transplanted patient
needs to be at least 100,000 in order to achieve a good clinical
outcome (Hagell and Brundin, 2001), the equipotency data
presented here will be important for guiding cell dosage when
designing the first-in-man trial with hESCs.

We show that midbrain-patterned hESCs transplanted homo-
topically to the SN exhibit the same remarkable ability as their
fetal counterparts to project axons over long distances in the
adult brain, providing highly specific and appropriate innervation
of midbrain DA target structures in the forebrain (Isacson et al.,

1995; Wictorin et al., 1992). Intriguingly, and of clinical impor-
tance, this extensive axonal outgrowth occurs in the adult brain.
While other reports have previously described long-distance
outgrowth from transplants of hESC-derived neurons, these
studies have been performed in neonatal rats and mice (Denham
et al., 2012; Espuny-Camacho et al., 2013) and have not used
hESCs patterned toward a specific dopaminergic fate. The ca-
pacity of the hESC-DA neurons to reinnervate previously dener-
vated forebrain targets when transplanted to the SN is unparal-
leled and matched well the axonal outgrowth patterns obtained
from grafts of authentic human fetal midbrain DA neurons.
Clinical studies show that grafts of fetal VM-derived DA neu-
rons, transplanted to the DA-deficient putamen, can restore
DA neurotransmission and provide functional benefits that are
sustained over many years (Barker et al., 2013; Kefalopoulou
et al., 2014). From preclinical studies we know that the efficacy
of intrastriatal DA neuron grafts depends not only on the number
of surviving DA neurons but also on their phenotype and their ca-
pacity to reinnervate a major part of the denervated target. We
show here that the hESC-DA neurons generated by the current
protocol are of the correct midbrain phenotype and contain the
two major A9 and A10 DA neuron subtypes, similar to fetal VM
grafts. This phenotype provides the grafts with the capacity to
reinnervate both striatal and extrastriatal midbrain DAergic
target structures. Importantly, we show that hESC-DA neurons
are functionally equipotent to fetal VM neurons when grafted
to the striatum and their axonal growth capacity matches that
achieved by fetal VM neurons when grafted to the striatum and
the SN. Data from transplantation studies in rodents and human
autopsy cases indicate that DA neurons from human fetal VM
have the capacity to extend axons for up to 5-7 mm in the
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Figure 7. Maintained Expression of OTX2 in hESC-Derived Neurons Results in an Altered Axonal Outgrowth Pattern

(A) Schematic overview of the pattern of ANCAM™ axonal outgrowth derived from intranigral grafts of OTX2-hESCs 6 months posttransplantation, as visualized
under dark-field illumination of DAB-developed sections (see Figure S6K). These cells displayed a strong preference for A10 target structures, such as septum,
cingulate, prelimbic, and infralimbic cortices.

(B) The majority of axons extended rostral within the MFB, along both gray and white matter, with few axons innervating amygdala.

(C) Only rare ANCAM* axons were observed in caudate-putamen, the prime A9 target structure.

(D and E) Maintained expression of OTX2 did not alter the long-distance growth capacity of the grafted neurons, as a dense fiber network was observed in both

septum and NAc, as well as in prelimbic cortex.
(legend continued on next page)
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striatum, which makes it possible to reinnervate a major part
of the human putamen with a limited number of cell deposits
(Freeman and Brundin, 2006; Kordower et al., 1995). The axonal
outgrowth observed here, up to 10 mm from the graft deposit,
indicates that the growth capacity of the hESC-derived DA neu-
rons will be sufficient to provide efficient and widespread resto-
ration of DA neurotransmission in the DA-denervated striatal
targets in PD patients. The potency of the hESC-derived DA
neurons, with respect to functional efficacy and long-distance
targeted reinnervation, is on par with that of fetal VM cells, which
provides important support for their therapeutic potential and
use for cell replacement therapy in PD.

EXPERIMENTAL PROCEDURES

Research Animals
All procedures were conducted in accordance with the European Union
Directive (2010/63/EU) and were approved by the ethical committee for the
use of laboratory animals at Lund University and the Swedish Department of
Agriculture (Jordbruksverket), as well as French legislation.

Athymic, nude rats were housed in individual ventilated cages, undera 12 hr
light/dark cycle with ad libitum access to sterile food and water. Sprague-
Dawley rats were kept in similar conditions as above, but in standard cages.

Experimental Design for Functional Imaging Experiment

Adult (<1 year) male, athymic, nude rats (Crl:NIH-Foxn1™") were purchased
from Charles River and used as graft recipients in all experiments and controls
(n = 20). All rats received a 6-hydroxydopamine lesion of the medial forebrain
bundle and 2 weeks later were assessed for lesion efficacy using amphet-
amine-induced rotations. All animals received longitudinal follow using MRI.
The animals were stratified to the follow groups: baseline PET scanning,
with subsequent follow-up scans at 5 to 6 months posttransplantation
(n = 14), and MR spectroscopy of the grafts (n = 9).

Experimental Design for Circuit Reconstruction and Equipotency
Experiments

Adult (<180 g) female, athymic, nude rats (Hsd:RH-Foxn1™") were purchased
from Harlan Laboratories and used as graft recipients and controls (n = 51).
For repetition of the OTX2-overexpression and equipotency experiments,
female Sprague-Dawley rats (225-250 g) were purchased from Charles
River (n = 14 and n = 5, respectively). All surgical procedures, such as
anesthetic doses, etc., were performed as described in detail (Grealish
et al., 2010).

All rats received a 6-hydroxydopamine lesion of the medial forebrain bundle
and 2 weeks later were assessed for lesion efficacy using amphetamine-
induced rotations. The animals were stratified to the follow groups: intranigral
grafting of fetal ventral mesencephalon (n = 8); intranigral grafting of hESC-
derived DA neurons (n = 8); intranigral grafting of OTX2-hESCs, nude rats
(n = 8), Sprague-Dawley rats (n = 14); equipotency intrastriatal grafting of
hESC-derived DA neurons (n = 5); intrastriatal grafting of fetal tissue (n = 4);
and lesion controls (n = 6).

Amphetamine-Induced Rotation

Rotational bias, after systemic amphetamine challenge (2.5 mg/kg, intraperito-
neally; Apoteksbolaget), was recorded using an automated system (Omnitech
Electronics). The animals were recorded for 90 min, and only full body turns

were counted and then expressed as net turns per minute, with rotations
toward the side of the lesion given a positive value. Only animals with more
than 5 turns per minute were considered successfully lesioned.

Differentiation of hESCs

Human ESCs H9 (WAQ9, passages 31-45) were differentiated to a ventral
midbrain fate, using the protocol as described in detail in Kirkeby et al.
(2012b) and Supplemental Experimental Procedures.

Human Fetal Tissue

Human fetal tissue was obtained from legally terminated embryos with
approval of the Swedish National Board of Health and Welfare in accor-
dance with existing guidelines including informed consent from women
seeking elective abortions. The gestational age of each embryo was deter-
mined by measuring the crown-to-rump length and/or estimated by ultra-
sound measurements. Embryos were then staged according to weeks
postconception.

Transplantation Procedure
hESCs were prepared for transplantation as in Kirkeby et al. (2012a), while
fetal tissue was prepared and transplanted as a semicrude suspension, as
described in Rath et al. (2013).

Magnetic Resonance and PET Imaging
All specifications of these procedures are detailed in Supplemental Experi-
mental Procedures.

Immunohistochemistry

All samples, cultured cells and brain tissue, were fixed in fresh 4% paraformal-
dehyde. A complete list of suppliers and concentrations of primary and sec-
ondary antibodies used is detailed in Supplemental Experimental Procedures.

Fiber Density Measurements

Quantitative analysis of the density of human fibers innervating specific areas
was performed using a stereological method (Mouton et al., 2002). Details
of sampling and acquisition are described in Supplemental Experimental
Procedures.

Statistical Analysis
All data are presented as mean + SEM.

Statistical tests and biological replicates are stated in results or in the figure
legends. All statistical analyses were performed using GraphPad Prism v6.0 for
Mac OS X. An alpha level of p < 0.05 was set as a threshold for significance.

In Figures 1B and 1C an unpaired t test was used to compare the baseline
after 6-OHDA lesion and 5 months posttransplantation. In Figures 6A, 6B,
and 6D, all fiber density was analyzed using a one-tailed unpaired t test. In
Figure 7H the innervation of A9 structures in the OTX2-hESC group was
compared with the hESCs and fetal VM grafted groups using a one-way
ANOVA, with differences between groups confirmed using a Tukey’s post
hoc. The behavioral data in Figure 2A were analyzed with a two-tailed paired
t test.

SUPPLEMENTAL INFORMATION

Supplemental information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.stem.2014.09.017.

(F and G) In a repeat of this experiment in ciclosporin-treated rats, we confirmed that fiber outgrowth from OTX2-hESCs was confined almost exclusively to A10
target areas, such as NAc and septum (F) and prelimbic cortex (G). Notably, this outgrowth pattern was observed as early as 14 weeks after transplantation.
(H) OTX2-hESCs have a significantly impaired ability to extend ANCAM™ axons into A9 structures as compared with hESC and fetal grafts (all groups n = 3 animals

with triplicate measures in four structures).

See also Figure S6. AC, anterior commissure; BLA, basolateral amygdala; CPu, caudate-putamen unit; FM, forceps minor; IC, internal capsule; MeA, medial
amygdaloid nucleus; MFB, medial forebrain bundle; NAc, nucleus accumbens; OT, Olfactory Tract; PrL, prelimbic cortex; Sept, septum; T, transplant. In (H), data

are represented as mean + SEM. **p < 0.001
In (B)—(G), scale bars represent 0.5 mm.
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SUMMARY

Radiation therapy to the brain is a powerful tool in the
management of many cancers, but it is associated
with significant and irreversible long-term side ef-
fects, including cognitive decline and impairment
of motor coordination. Depletion of oligodendrocyte
progenitors and demyelination are major patholog-
ical features that are particularly pronounced in
younger individuals and severely limit therapeutic
options. Here we tested whether human ESC-derived
oligodendrocytes can functionally remyelinate the
irradiated brain using a rat model. We demonstrate
the efficient derivation and prospective isolation of
human oligodendrocyte progenitors, which, upon
transplantation, migrate throughout the major white
matter tracts resulting in both structural and func-
tional repair. Behavioral testing showed complete
recovery of cognitive function while additional recov-
ery from motor deficits required concomitant trans-
plantation into the cerebellum. The ability to repair
radiation-induced damage to the brain could dramat-
ically improve the outlook for cancer survivors and
enable more effective use of radiation therapies,
especially in children.

INTRODUCTION

The ability to direct pluripotent stem cells (hPSC) into specific
fates has raised hopes of translating these efforts into effective
therapies. There has been notable progress in the neural field,
where several therapeutically relevant cell types have been
derived using greatly improved and highly reproducible proto-
cols (Tabar and Studer, 2014). The derivation of engraftable
glia has also been reported and the most recent studies
have convincingly demonstrated the ability of human pluripotent
stem-cell-derived oligodendrocytes to achieve extensive myeli-

198 Cell Stem Cell 76, 198-210, February 5, 2015 ©2015 Elsevier Inc.

nation in vivo following transplantation into neonatal Shiverer
mice (Hu et al., 2009, Wang et al., 2013; Douvaras et al. 2014).
These are promising data, though oligodendrocyte differentia-
tion protocols remain complex and protracted, and applications
have not been tested much beyond this genetic neonatal model.

Here, we present a novel indication for human PSC-derived
oligodendrocytes, namely the repair of diffuse demyelination
occurring as a consequence of radiation injury to the brain, a clin-
ically important but largely unmet need among cancer survivors.
Radiation therapy to the brain is a commonly prescribed treat-
ment for many cancers, including primary and metastatic brain
tumors, as well as in prophylactic regimens in small cell cancers
(Paumier et al., 2011) or leukemia (Gibbs et al., 2006). It is often
associated with significant long-term cognitive symptoms, even
at standard doses and using modern techniques (Greene-
Schloesser et al., 2012). Progressive impairments in memory,
attention, executive function, and motor coordination are des-
cribed, as well as learning difficulties and a decrease in intelli-
gence quotients (IQ) in children (Schatz et al., 2000). The clinical
course is often progressive and irreversible, and there is no
effective treatment for radiation-induced cognitive decline.
Nevertheless, the use of high volume CNS radiation continues
to be a therapeutic cornerstone in many cancers, for palliative
or curative purposes (Ringborg et al., 2003). The pathogenesis
of the late effects (months to years) of radiation is not completely
understood, and studies in animals and humans support an
important role for the depletion of the oligodendrocyte precursor
pool and subsequent demyelination (Kurita et al., 2001; Oi et al.,
1990; Panagiotakos et al., 2007). In addition to autopsy data,
there is increasing evidence from recent diffusion tensor imaging
studies that support the premise that radiation results in early
and progressive damage to the white matter and that the latter’s
integrity correlates with intellectual outcome (Mabbott et al.,
2006; Uh et al., 2013). Other areas of potential injury include
the vascular compartment, whereby thrombosis and hyaliniza-
tion can be seen subacutely, particularly following high doses
of radiation (Duffner et al., 1985), as well as the subventricular
zone (SVZ) and hippocampus where transit amplifying and/or
neural stem cells reside (Monje et al., 2002, 2003). However, it
is evident that the plethora of radiation-related symptoms cannot
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be solely attributed to the disruption of neurogenesis in the hip-
pocampus and the SVZ, especially in humans. Data from our lab
and others demonstrate that radiation extensively targets the
large pool of mitotically active oligodendrocyte progenitors.
These cells are acutely reduced in number and eventually
depleted, followed by progressive, often patchy, demyelination
(Sano et al., 2000; Panagiotakos et al., 2007). Here, we model
the effects of radiation in young rats, using a clinically relevant
fractionated regimen of 50 Gy to the whole brain. Our data
show depletion of the oligodendrocyte pool and a delayed
onset of demyelination, as well as cognitive and motor deficits.
Concomitantly, we optimize a protocol for the derivation and
selective enrichment of late oligodendrocyte progenitors (O4-ex-
pressing) from human embryonic stem cells (ESCs) and demon-
strate that these cells can remyelinate the brain and ameliorate
behavioral deficits. The clinical impact of these studies can be
substantial as the need to address quality of life in cancer survi-
VOrs grows more pressing.

RESULTS

Impact of Radiation on the Young Rat Brain

We subjected 4-week-old Sprague-Dawley rats to a dose of
50 Gy of radiation, administered in 10 fractions to the whole
brain. Analysis of the brains at 14 weeks demonstrated a signif-
icant decrease in the number of oligodendrocyte progenitors
throughout the brain as determined by the number of oligoden-
drocyte transcription factor 2 (olig2)-expressing cells and the
decrease in O4 expression (Figure 1A; Figure S1A). This was
associated with a decrease in myelin basic protein (MBP)
expression and in the volume of the corpus callosum by
~25%, as determined by stereological volume analysis. The
loss of MBP encompassed all major white matter pathways
including the corpus callosum, the hippocampal fimbria, the
commissures, as well as the subcortical areas and the cere-
bellum (Figure 1B; Figure S1A). The irradiated brain showed
mild evidence of an inflammatory response demonstrated by
an increase in the number of activated microglial/macrophages
(ED1/Iba-1), and no significant gliosis at 14 weeks after radiation
(Figure S1B). Behavioral testing was conducted on the irradiated
and the normal age-matched groups. It consisted of cognitive
and memory tests, including novel object preference and object
location tasks, as well as water maze and rotarod testing with
acceleration conditions. The data showed a significant decline
in performance on the novel object preference and object loca-
tion tasks (Barker et al., 2007), as well as a decrease in the dura-
tion of time spent on the rotarod wheel (from 11.8 t0 2.2 s) and a
substantial decrease in the distance traversed during that test
(from ~1 m to 0.18 m) (Figures 1C and 1D). The water maze
task did not result in a statistically significant difference in either
the time spent or distance traveled in the target quadrant in
probe test, as previously reported (Saxe et al., 2006; Vorhees
and Williams, 2006) (Figure S1C).

Derivation of Late Oligodendrocyte Progenitors from
Human Embryonic Stem Cells

Recent advances in the field of human pluripotent stem cell
biology have led to highly robust protocols for neural differentia-
tion and specification into various neural and non-neural fates.

Cell Stem Cell 16, 198-210, February 5, 2015 ©2015 Elsevier Inc.

However, the oligodendrocyte lineage has been a long-standing
challenge in the field, due to the requirement for lengthy in vitro
differentiation periods (Wang et al., 2013; Douvaras et al.
2014), perhaps compatible with the protracted developmental
timeline followed in utero. We optimized a human pluripotent
stem cell protocol that allows the derivation of well characterized
oligodendrocyte progenitors by 70 days in vitro (DIV) through
several stages, including neural induction, patterning of neural
precursors, oligodendrocyte progenitor proliferation, and differ-
entiation (Figure 1E). Undifferentiated hESCs were subjected
to neural induction by dual SMAD and Wnt/B-catenin inhibition
using LDN193189 (LDN), SB431542 (SB), and XAV939 (XAV)
(Chambers et al., 2009), resulting in the emergence of ZO-1/
LIN-28/Nestin-expressing CNS neural rosettes. Neural precur-
sors emerging from rosettes express Pax6 and FOXG1, suggest-
ing an anterior forebrain identity; they are replated in the pres-
ence of purmorphamine, a smoothened agonist that activates
the hedgehog pathway. Cells are then passaged in the presence
of FGF8, and on DIV 40, they are exposed to glial media con-
taining PDGFRa, IGF-1, cAMP, and T3. Early oligodendrocyte
progenitors are observed in the culture on day 45 and are
characterized by NKx2.2/0lig2/PDGFRa. expression (Figure 1F).
PDGFRa" progenitors are highly proliferative (Ki-67 of 57%)
and co-label for Sox10 (Figures S1D and S1E). Their proportion
in the culture increases steadily from an average of 6% to 25%
on DIV 100 (Figures S1F and S1G). Late oligodendrocyte pro-
genitors (O4-expressing) emerge by DIV 50, increasing steadily
to ~35% by DIV 100, while maintaining expression of Olig2,
Nkx2.2, and Sox10 (Figure 1F; Figures S2A and S2B). These cells
mature in overlapping waves, leading to the gradual appearance
of oligodendrocytes that express O1 and MBP. Further in vitro
maturation of the majority of the cells (>85%) is achieved by
exposure to differentiation media (BDNF, AA, T3, and cAMP)
for 2 weeks, leading to morphologically mature oligodendro-
cytes that express O1, myelin-associated glycoproteins such
as MOG and MAG, and MBP (Figure 1G). FACS sorting for late
oligodendrocyte progenitors (O4 expressing) (Figure S2C) leads
to highly enriched cultures with >93% of cells expressing O4 (re-
maining cells are olig2*, data not shown) and co-labeling for
Olig2 and Nkx2.2; the majority of those cells are post-mitotic
(Ki-67 of 3%) (Figure S2B). Efficient sorting can be performed
on DIV 70 or later.

We further characterized the O4* sorted cells by global tran-
scriptomal analysis (Figures S2D and S2E). Comparison of the
expression profile of O4-enriched day 70 cells with that of undif-
ferentiated H9 ESCs, showed the robust induction of transcrip-
tion factors related to oligodendrocyte identity such as OLIGT,
OLIG2, and SOX10, Nkx2.2, as well significant expression of
myelin-related genes MAG, OMG, and MBP. A telencephalic
identity was suggested by the upregulation of FOXG1, OTX1,
EMX2, and LHX2 forebrain markers and the absence of Hox
genes (Figure 1H). RTgPCR (Figure 11) further validated >10*-
fold change in transcription factors that are master regulators
of the oligodendrocyte fate. Functional annotation of enriched
gene sets was also compatible with glial and oligodendroglial
development (Figure S2F).

To verify the reproducibility of the protocol for oligodendrocyte
differentiation, we tested an additional hES line, WA-07 and two
iPSC lines, J1 and J2. The iPSC lines were derived from
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fibroblasts of a healthy young donor (J1) and an old donor (J2),
and were reprogrammed using Sendai vectors (Miller et al.,
2013). All tested lines were capable of oligodendrocyte deriva-
tion using the same protocol. Enrichment for O4* cells on DIV
70 shows a range of 10%-20% O4* OPC in the cultures. The
sorted cells from all three additional lines (H7, J1, and J2) ex-
pressed appropriate OPC markers (Olig2, Nkx2.2, Sox10), and
exhibited a similar pattern of differentiation and expression of
mature markers, e.g., MBP (Figures 2A and 2B). Evidence for
myelination of axons was assessed in co-cultures of 04*
OPCs derived from each of the 2 hES and 2 iPSC lines, with hu-
man ES-derived neurons or young rat hippocampal neurons
(Figure 2C; Figure S3A). After 5 weeks in vitro, the cultures ex-
hibited myelin sheaths along the axons (identified by SMI 312
immunoreactivity); the length of ensheathed/myelinated axons
per oligodendrocyte was quantified and found to be similar
across the four pluripotent cell lines (Figure 2D). Electron micro-
scopy sections demonstrated the presence of compact myelin
sheaths with dense lines (Figure 2E). The cultures did not exhibit
any spontaneous or endogenous myelination under control con-
ditions (Figure S3B).

Grafted Human ESC-Derived Oligodendrocytes
Remyelinate the Irradiated Brain and Ameliorate
Cognitive Function
We then asked whether the human ESC-derived oligodendro-
cytes could succeed in restoring myelination in the irradiated
brains. We thus irradiated a set of 10 nude rats using the same
regimen of 50 Gy in 10 fractions, followed by behavioral testing
for novel object preference, object location recognition, and ro-
tarod (with acceleration) performance. At 4 weeks post-radia-
tion, the rats (XRT+ graft group) received bilateral stereotactic
injections of human ESC-derived oligodendrocytes into the
corpus callosum (2 injections per cerebral hemisphere, for a total
of 1 million cells). The injected cells were enriched for O4 expres-
sion via FACS on DIV 100 (35.7% =+ 10.62 of the cells were O4*
pre-sort), immediately prior to grafting. Control groups consisted
of non-irradiated animals (control group) and sham injections of
Hanks’ balanced salt solution (HBSS) into irradiated (XRT group)
rats.

Serial behavioral testing was performed on all animals. It con-
sisted of the novel object preference and object location tasks,

as well as rotarod testing. While the XRT group continued to
exhibit poor performance compared to age-matched normal
rats, the irradiated but grafted group demonstrated statistically
significant improvements in novel object preference and object
location recognition parameters, at 10 weeks after transplanta-
tion (Figures 3A and 3B). These tasks reflect multiple cognitive
processes related to memory and learning such as preference
for novelty and recognition memory (Antunes and Biala, 2012;
Barker et al., 2007). However, the animals did not show any
improvement in the rotarod task, which involves a challenge to
motor balance and coordination (Figure 3C).

Analysis of the grafted brains demonstrated excellent survival
of the human cells, which were identified by immunohistochem-
istry for human nuclear antigen (hNA) or human neural cell
adhesion molecule (hHNCAM). Cells were found throughout the
cerebral hemispheres with many in the corpus callosum where
they appeared aligned along the main transverse axis, similar
to host cells. Human cells were also distributed along other white
matter pathways, including the fimbria of the hippocampus and
the commissures, as shown by a series of camera lucida repre-
sentations and corresponding immunohistochemistry images
(Figure 3D). Phenotypic analysis of the surviving human cells
by confocal microscopy demonstrated that the majority are oli-
godendrocytes at various stages of maturity, expressing Olig2,
Olig1, O4, myelin-associated glycoprotein (MAG), myelin oligo-
dendrocyte-specific protein (MOSP) (Figures S4A and S4B),
and MBP. A detailed analysis of the brain sections demonstrated
significant evidence of contribution of the graft cells to remyeli-
nation and replenishment of the oligodendrocyte pool. The total
number of olig2 cells within the corpus callosum was decreased
in the irradiated rats, but replenished to near normal in the
grafted animals (control 0.64 x 10° + 0.08; XRT 0.24 x 10° +
0.03; XRT + Graft 0.54 x 10° + 0.05) (Figure 3E). An average of
0.22 + 0.01x10° human cells, all expressing olig2, were counted
in the corpus callosum and 0.17 + 0.05 x 10° in the hippocampi.
These data show that the restoration of olig2 is due in large part
to the addition of human cells, rather than the upregulation of
olig2 expression in endogenous progenitors. Similarly, a side-
by-side comparison of sections from the control, XRT and
XRT+ graft brains demonstrates a significant recovery of O4*
progenitors, and evidence of remyelination (Figures 3F and
3G). Imaging-based quantification of the levels of O4 and MBP

Figure 1. Impact of Radiation on the Rat Brain and Derivation of Oligodendrocyte Progenitor Cells from Human Embryonic Stem Cells

(A) Immunohistochemistry shows a decrease in O4 levels and in the number of Olig2+ cells in the corpus callosum in the irradiated (XRT) brain.

(B) A decrease in expression of MBP is noted in various brain regions 14 weeks following radiation compared with normal control.

(C) When compared to age-matched controls (n = 4), irradiated rats (XRT, n = 5) exhibit a decrease in the exploration ratio in the novel object preference task and in

the discrimination ratio in the object location task.

(D) The rotarod test also shows a significant decrease in the time spent and the total distance travelled on the accelerating rod.

(E) Schematic protocol for differentiation of human pluripotent stem cells into OPCs.

(F) Immunocytochemical characterization of hES-derived progenitors at progressive stages of differentiation into mature oligodendrocytes. At day 50, early OPCs
co-express PDGFRa with Olig2 and Nkx2.2. By day 70, late OPCs emerge, expressing O4 together with Olig2, Nkx2.2, and forebrain specific marker FoxG1. O1
expression also increases as the cells mature; by day 85, they express myelin associated glycoproteins (MOG and MAG).

(G) When placed in differentiation media for 2 weeks, day 70-O4+ cells will mature morphologically and express MBP.

(H) List of selected increased anterior oligospecific genes comparing O4-sorted cell phenotypes versus undifferentiated H9 ESCs, as assessed by microarray

analysis.

(I) gRT-PCR analysis of O4 sorted late OPCs at day 70 showed an increase in oligodendrocyte (Olig1, Olig2, Sox10, Nkx2.2, PDGFRa, and MOG) and forebrain-
specific markers (FoxG1, OTX1, EMX2) compared to the undifferentiated hES control; p < 0.01, n = 3. Fold change is expressed as log2.

All panels in (A) and (B) (except for “cerebellum” images) are composites of several low magnification images. All scale bars are 100 pm. Data are mean values +
SEM. (*p < 0.05. **p < 0.01). Circles in (C) and (D) represent individual scores. All nuclei are counterstained in blue with DAPI. See also Figures S1 and S2.
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confirms these observations in a statistically significant manner
(Figures 3F and 3G). The decrease in myelin, which followed a
patchy pattern, and its recovery are shown in Luxol-stained
coronal sections of various areas of the brain (Figure S4C). A ste-
reological volumetric analysis of the corpus callosum also shows
recovery to near normal volume in the grafted animals (Fig-
ure S4D). We estimated axonal density by immunohistochem-
istry for SMI312, an axonal marker (Figure S5A), and by electron
microscopy and did not note significant differences among the
animal groups (axonal density of 149.2 + 13.55 vs 138.06 +
11.69 vs 147.15 + 23.01, per 100 um? in the control, XRT and
XRT+ graft groups respectively; p > 0.05). Similarly, a stereologi-
cal estimate of the number of neurons in the cortex did not show
changes across the animal groups (11.71 = 1.78 x 10° in the
control vs 11.65 + 1.09 x 10° in the XRT group, Figure S5B).
However, the proportion of axons that are ensheathed in myelin
shows a significant increase in the grafted animals, compared to
the sham treated radiation group (53% =+ 6% in the XRT+ graft, vs
27% + 8% in the XRT and 62% + 7% in the normal control, Fig-

MBP/OLIG2 Different Human Pluripotent Stem Cell
Lines and Can Myelinate In Vitro

(A) Immunocytochemistry of late OPCs derived
from hES line (H7) and 2 iPS lines (J1, J2).The cells
co-express Olig2, Nkx2.2, and Sox10 with O4. Day
70 O4+ cells mature into MBP- expressing oligo-
dendrocytes after 2 weeks of differentiation. Scale
bar represents 200 um.

(B) Comparison of the efficiency of OPC derivation
by FACS for O4 across four human pluripotent
stem cell (hPSC) lines.

(C) In vitro myelination assay: co-culture of O4
sorted cells of different origins with rat hippo-
campal neurons for 5 weeks. Immunocytochem-
istry for the axonal marker SMI312 and MBP
demonstrates myelination of several axons by a
single oligodendrocyte cell. Arrows indicate fibers
that co-express both markers. Scale bar repre-
sents 50 pm.

(D) Graph represents the total length of axons with
myelin sheaths per MBP* oligodendrocyte derived
from the hPSC lines shown.

(E) Representative electron microscopy (EM) im-
age from a co-culture of OPCs and neurons,
showing the formation of multilayered compact
myelin sheaths. Scale bar represents 500 nm.
Data are mean values + SEM. (*p < 0.05. *p <
0.01). All nuclei are counterstained in blue with
DAPI. See also Figure S3, which includes negative
control co-cultures.

ure 4A). These data suggest that the gain
in callosal dimensions is likely due to re-
myelination and recovery of the glial cell
population. MBP, a major component of
the myelin sheath is a complex structure
that is highly conserved across species
(Harauz and Boggs, 2013). In view of their
significant homology, MBP of rat or hu-
man origin cannot be distinguished by
any known antibody. Therefore, confirm-
ing the human origin of myelin will depend on co-labeling with
human markers. Multichannel confocal imaging (Figure 4B) and
orthogonal projections (Figure 4C) show co-labeling of human fi-
bers (RNCAM) with MBP (3D reconstruction in Figure 4D; Movie
S1). Imaging of the paranodal and juxtaparanodal proteins that
define the nodes of Ranvier demonstrates reduced density and
loss of architecture following radiation, as is often reported in
demyelination conditions (Uchida et al., 2012), but significant re-
covery after grafting (Figure 4E). 3D reconstruction of confocal
optical sections showed the juxtaparanodal protein kv1.2 alter-
nating with the paranodal protein Caspr1, in appropriate “para-
nodal” alignment along a myelinated fiber (Gu and Gu, 2011),
with overlay of human NCAM, suggesting contribution of human
cells to the reconstruction of a node of Ranvier (Figure 4F; Movie
S2). Electron microscopy of brain sections showed areas of sig-
nificant loss of myelin or degeneration and unraveling of the
myelin sheath around the axons in the corpus callosum of the
irradiated brains. In contrast, the grafted brains exhibited evi-
dence of structural repair of the demyelinated areas with
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Figure 3. Grafted Human ES-Derived OPCs
Remyelinate the Irradiated Brain and
Ameliorate Cognitive Function

(A and B) Grafted animals (n = 6) showed signifi-
cant improvement on the novel object preference
(exploration ratio) and object location tasks
(discrimination ratio) when compared to sham
grafted irradiated animals (n = 4) to normal con-
trols (n = 4).

(C) Grafted animals failed to improve on the ro-
tarod task exhibiting scores that are similar to the
irradiated sham injected group (XRT).

(D) Camera lucida representations of the distribu-
tion of human cells (marked by human nuclear
antigen, hNA, or human NCAM [hNCAM])) in a
series of coronal sections (a-d) of the brain; the
cells migrate widely along white matter paths.
Corresponding immunohistochemistry sections
demonstrate the human cells in different regions.
Cx, cortex; cc, corpus callosum; Hip, hippocam-
pus. Scale bars represent 5 mm for the camera
lucida; 100 um for immunohistochemistry images.
(E) Immunohistochemistry (IHC) pictures and
stereological calculation of the number of Olig2*
cells in the corpus callosum of control, irradiated
(XRT), and irradiated and grafted animals (Graft).
Selected area of the grafted corpus callosum is
shown in inset at higher magnification. Scale bar
represents 100 pum.

(F and G) Representative IHC pictures and in-
tensity quantification of O4 and MBP in the CC in
control, XRT and XRT + graft rats. Selected areas
of the grafted corpus callosum are shown in insets
at higher magnification. Scale bar represents
100 pm.

All panels in (D)-(G) are composites of several low
magnification images. All nuclei are counter-
stained in blue with DAPI. Data are reported as
mean values + SEM. (*p < 0.05. **p < 0.01). Circles
(A)—(C) represent individual scores. See also Fig-
ures S4 and S6.
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recovery of thin yet compact myelin sheaths wrapped around
healthy axons (Figure 5A). These findings are reflected in the
quantification (Franklin and Ffrench-Constant, 2008) of the
average g-ratio (0.70 in normal group, 0.76 in the XRT group
and 0.72 in the XRT+ graft group; Figure 5B). Immunogold elec-
tron microscopy showed integration of human NCAM into the

VB8P merge NF _ MBP merge NF MBPhNCAM mere

hNCAM/Caspr/Kv1.2

kv1.2 Caspr

(A) Quantification of axonal ensheathment dem-
onstrates an increase in the percent myelinated
axons after grafting. Data are reported as mean
values + SEM. *p < 0.05.

(B) Immunohistochemistry for MBP, neurofilament
(NF), and human marker (RNCAM) shows coloc-
alization of NF and MBP fibers and, in the graft
group, additional co-labeling of MBP with hNCAM.
The arrows point to myelinated axons (co-locali-
zation of MBP and NF) and the arrow heads indi-
cate human myelin (co-localization with MBP and
hNCAM). Scale bar represents 15 um.

(C) Confocal imaging of human cells (identified
with hNCAM) showing typical oligodendrocyte
morphology co-labeled with MBP in cytoplasm
and myelin sheath projections. Single channels
are displayed in the middle panel, with white ar-
rows identifying myelin from human origin. In the
top right panel, two oblique slicers were used on
the same field of view as the middle panel to
confirm that MBP was expressed by hNCAM-ex-
pressing cells. In the right bottom panels, three-
dimensional yz and xz orthogonal projections
were shown to confirm MBP co-labeling with
hNCAM (seen in yellow). Scale bar represents
10 um.

(D) 3D reconstruction in high magnification of hu-
man graft cells projecting hNCAM labeled pro-
cesses (magenta) that merge with MBP (green)
along a probable axon in the cc. The MBP color
was rendered semi-transparent to enhance visu-
alization of the overlapping channels (arrows).
Scale bar represents 500 um. See also Movie S1.
(E) Representative confocal IHC images of junx-
taparanodal protein kv1.2 and paranodal protein
Caspr1 show restoration of nodal architecture in
the grafted brain. Scale bar represents 15 um.

(F) Triple labeling of sections of grafted irradiated
brain with hNCAM, Caspr1 (arrows) and Kv1.2
(arrowheads), indicating that human cells asso-
ciate closely with myelin fibers. Scale bar repre-
sents 10 pum. In the middle and lower panels,
representative images show co-localization of
hNCAM with the juxtaparanodal protein kv1.2
(merge as yellow) and alternating with host Caspr1
(magenta) in appropriate anatomic alignment,
likely along a myelinated axon. In the lower right
panel, 3D reconstruction performed with Bitplane
Imaris software showing the structures in
perspective. Scale bar represents 3 pum. The
drawing in the lower left panel is a schematic
representation to interpret the 3D model shown on
the right side. See also Movie S2.

See also Figure S5.

kvi1.2
hNCAM

myelin sheaths and relatively rare immunogold particles that
are not in association with myelin bundles (Figure 5C). Further
quantification of myelination by the grafted cells was performed
on IHC sections of MBP/hNCAM. The proportion of myelin of hu-
man origin in the grafted animals was calculated at ~47% (area
of hNCAM*MBP*/MBP*). Taken together, these data confirm
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that grafted human cells extensively contribute to the structural
and functional remyelination in the radiated brain. The trans-
planted cells did not promote astrogliosis or microglial/macro-
phage proliferation and activation (Figure S5C). Areas of
neurogenesis such as the subventricular zone (SVZ) and hippo-
campus were impacted by radiation as reported in the literature
(Romanko et al., 2004; Monje et al., 2002; Panagiotakos et al.,
2007). Specifically there was a loss of doublecortin-expressing
neuroblasts and proliferating cells (ki67) in the SVZ and hippo-
campus. Human cells were found in those regions but none
exhibited neuronal differentiation, nor did they promote host-
derived neurogenesis (Figures S5D and S5E). There was no
evidence of teratomas or other signs of tumor formation, and
no graft overgrowth was noted in any of the grafted animals. In

Figure 5. Ultrastructural Analysis of In Vivo
Myelination by Human Grafts

(A) Representative EM images of the cc show
patchy disruption of the myelin sheath around
axons in the irradiated brain. The grafted brains
show evidence of recovery of axonal myelination.
Recent sheaths are thinner in diameter though
they exhibit normal compact anatomy. Scale bar
represents 2 um in the upper panel and 500 nm for
the two lower panels.

(B) g-ratios of the axons in corpus callosum in
control, irradiated (XRT), and irradiated+graft
(XRT+graft) groups. **p<0.01.

(C) Low power view of immuno-electron micro-
graph of hNCAM. The red arrowhead indicates
myelin sheaths of an axonal projection with
hNCAM gold labeling (10-25 nm black dots).
Green arrows indicate endogenous myelin without
immunolabeling. Scale bar represents 2 um.

fact, a phenotypic analysis of the cells
did not demonstrate any Oct4, nestin, or
Ki67 co-labeling with a human marker in
the grafted brains (data not shown). As-
trocytes of human origin were very rare,
suggesting that the oligodendrocyte pro-
genitors were either terminally committed
or, less likely, that the microenvironment
was not supportive of astrocytic differen-
tiation. However, analysis of the cere-
bellum demonstrated complete absence
of human cells and persistent demyelin-
ation (Figure S5F), thus possibly explain-
ing the lack of improvement on the
rotarod acceleration tasks.

Cerebellar Grafts Rescue Motor
Coordination and Remyelinate the
Cerebellum

A second group of animals (n = 28) was
then subjected to the same radiation
regimen, and received human ES-derived
oligodendrocytes injected either in the
cerebellum alone or in combination with
the corpus callosum bilaterally. A total of
1 million cells were injected in the corpus
callosum, as in the initial study. The cerebellum received a single
injection of 250,000 O4* sorted cells in the central white matter.
Animals were followed and tested behaviorally at two time
points, 10 and 14 weeks post-injection. Performance on the
novel object preference and object location tasks improved
significantly in the group that received callosal and cerebellar
grafts when compared to the non-transplanted animals, while
the animals with grafts only in the cerebellum did not improve
in any of the tests probing cognitive skills (Figure S6A). However,
all grafted animals showed improvement in the rotarod task,
including those that received cerebellar only injections (Fig-
ure 6A). Histological analysis of the brains demonstrated survival
and migration of the human cells in the cerebellum (Figure 6B).
There was also evidence of remyelination of the cerebellum in
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Figure 6. Cerebellar Grafts Rescue Motor Coordination and Remyelinate the Cerebellum
(A) Grafted animals showed improvement on the accelerating rotarod tasks (n = 6).
(B) Representative camera lucida illustration of the distribution of human cells in the cerebellum, detected by IHC for human nuclear antigen (hNA). Scale bar

represents 1mm.

(C) Representative Luxol fast blue staining of sagittal sections of the cerebellum and IHC images showing myelin loss in the XRT group and recovery upon grafting.
Human cells (hNA) co-label with olig2, O4, and MBP. Scale bar represents 0.5 mm in the luxol images and 100 um in the IHC images.

(D) Quantification of O4 and MBP image intensity in the white matter of cerebellum.

(E) Human-specific MBP mRNA was detectable in the grafted group, as well as the human ESC-derived oligodendrocytes and the normal human cerebellum
tissue (hCb). Expression levels of human NCAM and MBP (human and rat) mRNA are also analyzed as reference. The relative expression of mRNA was

normalized to human OPCs. N.D., non detectable.

Data in (A), (D), and (E) are reported as mean values + SEM with the indicated significance (*p < 0.05, **p < 0.01). See also Figure S6.

all grafted animals as assessed by Luxol histochemistry and
quantitative immunofluorescence for olig2, O4, and MBP (Fig-
ures 6C and 6D). Animals that received cell injections in the cer-
ebellum only did not exhibit remyelination in the corpus callosum
or elsewhere in the cerebral hemispheres. There was no evi-
dence for endogenous or human astrogliosis, excessive prolifer-
ation, or teratomas. To further support the role of human cell-
mediated structural repair, we performed gqRT-PCR to confirm

the presence of myelin of human origin in the grafted tissue.
The data demonstrate the expression of a human-specific
MBP mRNA isoform in the grafted rat tissue, normal human cer-
ebellum, and human ESC-derived oligodendrocytes, but not in
the control or irradiated rat brains (Figure 6E). Expression of hu-
man NCAM and MBP (recognizing both human and rat) mRNA
were also detected in the same samples as reference. These
data provide strong evidence for structural repair of the
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demyelinated irradiated brain via human ES-derived oligoden-
drocytes, leading to behavioral recovery that is specific to the re-
myelinated region of the brain.

DISCUSSION

As intense efforts in cancer therapies succeed in achieving long
periods of remission and hopes of long-term survival, a focus on
improving quality of life among survivors is more pressing. Radi-
ation damage to the brain ranks among the major contributors to
poor quality of life and is currently untreatable (Van Dongen-Mel-
man et al., 1997; Yabroff et al., 2004). Here we demonstrate that
remyelination of the irradiated brain via grafting of human oligo-
progenitors can lead to cognitive and motor amelioration. Our
model holds particular promise in view of the substantial and
clinically relevant dose of fractionated radiation used, 50 Gy.
There are reports of repair of radiation-induced demyelination,
e.g., in the spinal cord, though the animal models used often
received a single dose of radiation (Sun et al., 2013). Here we
have focused on modeling whole-brain or large-volume radia-
tion, rather than single high-dose focal radiation. Available clin-
ical regimens are highly variable depending on the disease being
treated. Commonly, whole-brain or large-volume partial brain ra-
diation involves the delivery of 30-60 Gy in multiple fractions. Itis
difficult to fully mimic the human regimens. In particular, the dose
per fraction we used is higher than average, largely due to logis-
tical reasons, because the rodents have to be fully anesthesized
for each dose of radiation.

Radiation injury is a complex phenomenon with a myriad of
direct and indirect consequences, such as an impact on
the vascular compartment, glia, local inflammatory systems,
neurogenesis, and altered neuronal function (Bentzen, 2006;
Greene-Schloesser et al., 2013). Recent reports have shown
improvement of cognitive tasks following injection of neural
stem cells in the hippocampus of irradiated rats, though the ra-
diation regimen was subtherapeutic (Acharya et al., 2014). It is
unclear to what extent rescue of hippocampal neurogenesis
would contribute to symptom amelioration in humans. Despite
the absence of neuronal differentiation by our cells and the
decreased neurogenesis in the hippocampus following radiation,
the animals exhibited improvement in cognition and in motor
function, suggesting an important role for white matter recovery.
The correlation of behavioral amelioration with the site of cell in-
jection and area of remyelination support cell-mediated repair,
though the possibility of a favorable paracrine role for the grafted
cells cannot be completely excluded.

We also present a robust protocol for the derivation of highly
enriched fully committed oligodendrocytes from human ESCs
oriPSCs, capable of widespread migration and efficient myelina-
tion with near complete absence of other phenotypes and
no evidence for proliferative cell types, primitive progeny, or
teratomas. Such an approach can be fully GMP-compatible in-
cluding the sorting step, though further acceleration of the
in vitro period would be desirable. Pluripotent stem cells (PSC)
are also an attractive cell source given their scalability, at the
level of the undifferentiated cells which are readily expandable,
as well as during the differentiation process. We estimate based
on numerous replications of this protocol, that starting with 10
million undifferentiated hESCs (a few vials), we can obtain about

214 million well characterized O4" cells at day 100 of culture
(assuming an O4* recovery rate of 35%). A main limiting factor
for PSC-based cell therapies is often the ability to direct their
differentiation into authentic and stable phenotypes. This is a
particularly challenging task if the cells of interest develop late
or need to be fully functional prior to transplantation. Here, we
present a reliable differentiation strategy with stable phenotypes
that closely resemble current definitions of oligodendrocyte
progenitors (markers, gene-expression profile). In vivo, the
overwhelming majority of the cells develops into mature myeli-
nating oligodendrocytes or remains in the oligoprogenitor stage.
We rarely identify any other phenotypes and there were no
teratomas or areas of graft overgrowth, though assessments
following longer in vivo periods, such as one year or longer,
should be performed. Our strategy also includes a sorting step,
which not only enriches for the phenotype of interest, but also
presents an opportunity for indirectly selecting out undifferenti-
ated ESCs, which are a source of safety concerns. A more
aggressive negative selection approach can also be contem-
plated, but to our knowledge, it has not been a strict prerequisite
for FDA approval of pluripotent stem cell based therapies. On the
other hand, the differentiation protocol remains rather lengthy
and will need to be optimized further for logistical purposes, if
GMP manufacturing is planned.

Other human cell sources have been used successfully for re-
myelination in rodent models, such as fetal or adult white-matter
progenitors (Windrem et al., 2004) though access to these cell
sources can be difficult, especially because the cells need to
be replenished because they are not highly expandable. The
FDA has also approved early phase trials of multiply passaged
multipotent neural stem cells isolated from fetal brain (Uchida
et al., 2012; Gupta et al., 2012). These cells, manufactured to a
clinical grade, have been used for a wide range of disorders (Pel-
izaeus-Merzbacher disease, neuronal ceroid lipofuscinosis, and
spinal cord injury; see https://clinicaltrials.gov/). The cells are
thought to provide a very beneficial neuroprotective effect.

The requirement for immunosuppression is another important
issue in planning for clinical applications, though it remains the
subject of debate. The preponderance of available data points
towards the need for at least temporary immunosuppression at
the time of surgical injection. The specific agents to be used
and the total duration of treatment are also highly variable
(Tadesse et al., 2014). In the case of radiation injury, immuno-
suppression could increase the burden of treatment-related
morbidities, though most patients already receive far harsher
chemotherapeutic agents. On the other hand, the derivation of
engraftable oligoprogenitors from iPSCs is robust and feasible,
as shown by our group and others; the majority of cancer pa-
tients can safely provide genetically normal somatic cells, such
as skin, for iPS production, thereby developing a customized
autologous cell source. However, there remain significant regu-
latory hurdles, as well as some scientific concerns, over the
clinical use of iPSCs, despite their recent approval in Japan for
the treatment of Parkinson’s disease.

In summary, our results suggest that countering the cognitive
side effects of radiation injury can be achieved safely, using hu-
man pluripotent cell-derived oligodendrocytes, thus paving the
road towards a clinical trial for a condition that currently has no
viable therapeutic options. The protocol could also be readily
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adapted to other demyelination disorders and, although further
long term data will be required, these results represent a
robust first set of preclinical studies, with an eye towards future
translation.

EXPERIMENTAL PROCEDURES

Animals, X-Irradiation, and Cell Transplantation

Female Athymic nude rats (RNU rat Crl:NIH-Foxn1rnu, Charles River Labora-
tories) aged 4 weeks were randomized into three age-matched groups:
non-irradiated (“control” rats, n = 16 in total), irradiated rats with sham trans-
plantation of HBSS (XRT, n = 17 in total), and irradiated rats transplanted with
human ESC-derived OPCs (XRT + graft, n = 18 in total). Radiation was admin-
istered to the cranium using a 250 kV-orthovoltage system. Animals were
anesthetized by ketamine (90 mg/kg)/xylazine (4 mg/kg) and placed on a
custom-designed positioning platform covered with a protective lead plate
with an adjustable aperture, which focuses the radiation delivery to the skull
while shielding the rest of the body. A total dose of 50 Gy was administered
in 10 fractions (5 Gy/fraction/day), over 2 weeks. One month after irradiation,
human cells were transplanted into the corpus callosum, in 2 injections of
250,000 cells in each hemisphere, for a total of 1 million cells (Coordinates:
AP —0.40 mm, ML —2.4 mm, VRT —3 mm; AP —0.40 mm, ML 2.4 mm, VRT
—3 mm; AP —1.30 mm, ML -2 mm, VRT —3.2 mm; AP —1.30 mm, ML 2 mm,
VRT —3.2 mm; tooth bar set at 0). Cerebellar injections were performed unilat-
erally into the cerebellar white matter and consisted of 250,000 cells delivered
stereotactically (Coordinates: AP —12 mm, ML -0.9 mm, VRT —4.2 mm; tooth
bar set at 0). The rats were anaesthetized with Ketamine/xylazine during the
surgical procedures. Cells were delivered via a Hamilton Syringe (Hamilton
Company) on a stereotactic Kopf frame (David Kopf Instruments). All animal
procedures and care were performed according to NIH guidelines and
following IACUC approval.

Human ESC-Derived Oligodendrocyte Precursor Cell Culture

Human ESCs (WA-09, XX, passages 35-45) were cultured on mouse embry-
onic fibroblasts (MEFs, GlobalStem) in medium of DMEM/F12 containing
20% knockout serum replacement (Gibco), 0.1 mM B-mercaptoethanol, and
6 ng/ml FGF-2 (R&D Systems). hESCs and iPSCs were used according to insti-
tutional ESCRO guidelines and approval.

Neural Induction

For neural induction, a modified version of the dual-SMAD inhibition was used.
Undifferentiated hESCs were disaggregated using Accutase (Innovative Cell
Technology) and plated on on Matrigel (BD Bioscience)-coated dishes at a
density of 40,000 cells/cm2 in MEF conditioned hESC medium supplemented
with 10 ng/ml of FGF-2 and Y-27632 (10uM, Tocris Bioscience). When the cells
reached a confluent state (2-3 days after plating), they were exposed for
9 days to LDN193189 (200nM, Stemgent) and SB431542 (10 uM, Tocris) in
knockout serum replacement medium (KSR) containing DMEM, 15%
knockout serum replacement, 2 mM L-glutamine and 10 uM B-mercaptoetha-
nol. Starting from day 5, Purmorphamine (1 uM, Stemgent) was added to dif-
ferentiation media. KSR medium was gradually replaced with N2 medium
(25%, 50%, 75%) starting on day 4 of differentiation as described previously
(Chambers et al., 2009).

Patterning and Differentiation of Oligodendrocytes

On day 12, cells were dissociated using Accutase and replated in high-den-
sity conditions (300,000 cells per cm2) on dishes precoated with polyorni-
thine (PO; 15 pg/ml), laminin (Lam; 1 pg/ml) and fibronectin (FN; 2 pg/ml) in
N2 medium supplemented with brain-derived neurotrophic factor (BDNF;
20 ng/ml, R&D), ascorbic acid (AA; 0.2 mM, Sigma-Aldrich), Purmorphamine
(1 uM, Stemgent) and fibroblast growth factor 8 (FGF8; 100 mg/ml, R&D).
They are patterned at the P1 stage for 2 weeks. After two weeks of
patterning, cells were passaged by mechanical picking of the CNS clusters
and re-plated on PO/Lam/FN coated dishes (P2). Starting with P3, neural
precursor cells (NPCs) were maintained in N2/B27 medium supplemented
with Purmorphamine and FGF8 until day 40 when they were further exposed
to glial media containing platelet-derived growth factor (PDGF; 20 ng/ml,
R&D), insulin-like growth factor 1 (IGF-1; 20 ng/ml, R&D), triiodothyronine
(T3; 20 ng/ml, Sigma-Aldrich) and dibutyryl cAMP (0.1 mM, Sigma-Aldrich).

Medium was changed every 2 days, whereas the cultures were passaged
every 2 weeks.

Microarray Analysis

For microarray analysis, total RNA from undifferentiated hESCs (control con-
dition) and 70 days old, O4 sorted OPCs was collected using Trizol LS (Invi-
trogen). Samples were processed by the MSKCC Genomic core facility and
hybridized on lllumina Human HT-12 Oligonucleotide arrays (total of 34,694
genes). Gene-expression analysis was done with the Partek Genomics Suite.
Genes that had an adjusted p value < 0.05 and a fold change greater than
two were considered significant. Raw data for the microarray gene expres-
sion reported in this study are available from the public repository of GEO
Data Sets (accession number GSE63318). Top enriched gene groups were
obtained using Gene Ontology enrichment analysis (DAVID) and are pre-
sented as a function of the corresponding Benjamini-Hochberg FDR cor-
rected p values.

In Vitro Myelination Assay

hESC-derived neural stem cells were generated using a modified dual SMAD
inhibition protocol (Chambers et al., 2009). Differentiation of neurons from
NSCs was achieved by seeding the NSCs at low density in N2 medium without
growth factors. Nearly homogenous populations of neurons were generated
within 30 days and used for co-culture experiments. Hippocampal neurons
were isolated from postnatal day 1 SD rats (Gardner et al., 2012).

Human ES-derived neuronal cells and rat hippocampal neurons were co-
cultured with human PSC-derived OPCs sorted for O4 on poly-O-ornithine
(50 pg/ml) and laminin (1pug/ml) coated wells in Neurobasal medium (Life Tech-
nologies) with B27 (Life Technologies), GlutaMAX-l Supplement (2 mM, Life
Technologies), BDNF (20 ng/ml), AA (0.2 mM), T3 (60 ng/ml, Sigma-Aldrich),
and cAMP (0.2 mM, Sigma-Aldrich) for 4 weeks and 5 weeks, respectively.
Myelination was identified as co-labeling of SMI312 (axons) and MBP (oligo-
dendrocyte processes). The length of axons was measured according to the
method described by Deshmukh et al. (2013) with minor modifications. In
our experiments, myelination was identified as regions of co-localization
between MBP-positive oliogodendrocyte processes and SMI312-positive
neuritis, and the length was measured with the NIH ImageJ software. This
measurement was analyzed in ten randomly chosen fields from replicate co-
culture samples. For the EM studies the co-cultures were maintained for
7 weeks. The differentiation medium was changed twice a week.

Behavioral Testing

We used the novel object-preference task and novel place-recognition tests,
modified from Barker et al. (Barker et al., 2007). An open field arena (TSE
Systems) was used for testing. During the testing, the time to explore the ob-
jects was recorded and analyzed by Videomot2 (TSE Systems). In brief, for
novel object-preference task, rats were allowed to habituate twice in the
arena with two identical objects for 5 minutes. Then the rats were placed
in the arena for 3 minutes with one novel object and one familiar object.
The data was presented as exploration ratio or ratio of time spent exploring
the novel object versus both objects. For the object-location task, the rats
were habituated to two identical objects for 10 minutes. Then they were
placed in the arena with one object moved to a new location (novel place)
and another identical object remaining in the same position (familiar place)
for 3 minutes. The data was presented as discrimination ratio = (time
exploring the object in the novel place — the familiar place) / time spent
exploring both objects. The Morris water maze test was performed as
described by Vorhees et al. (Vorhees and Williams, 2006). An automated ro-
tarod treadmill (7 cm diameter rod, IITC Life Science Inc.) was used in the
rotarod analysis. The rats were pre-trained to learn to run on a rotating rod
at 5 rpm and 10 rpm prior to testing. The rotarod was accelerated from 15
to 40 rpm over 60 seconds for the analysis. The length of time and distance
traveled until the rats fell off the rod were recorded.

Statistics

Results are expressed as the mean + SEM. The statistical analysis was per-
formed using IBM SPSS Statistics (version 21) software. Normality was tested
by Shapiro-Wilk test. Statistical analysis was performed by ANOVA. Homoge-
neity of variance was tested. p < 0.05 was considered to denote significance.
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SUMMARY

Huntington’s disease (HD) is a neurodegenerative
disease characterized in part by the loss of striatopal-
lidal medium spiny projection neurons (MSNSs).
Expression of BDNF and noggin via intracerebroven-
tricular (ICV) delivery in an adenoviral vector triggers
the addition of new neurons to the neostriatum. In this
study, we found that a single ICV injection of the
adeno-associated viruses AAV4-BDNF and AAV4-
noggin triggered the sustained recruitment of new
MSNs in both wild-type and R6/2 mice, a model of
HD. Mice treated with AAV4-BDNF/noggin or with
BDNF and noggin proteins actively recruited sub-
ependymal progenitor cells to form new MSNs that
matured and achieved circuit integration. Impor-
tantly, the AAV4-BDNF/noggin-treated R6/2 mice
showed delayed deterioration of motor function and
substantially increased survival. In addition, squirrel
monkeys given ICV injections of adenoviral BDNF/
noggin showed similar addition of striatal neurons.
Induced neuronal addition may therefore represent
a promising avenue for disease amelioration in HD.

INTRODUCTION

Huntington’s disease (HD) is an autosomal-dominant neurode-
generative disorder characterized by progressive impairment
of motor function and cognition and an invariably fatal outcome.
HD is characterized by the progressive loss of both cortical and
subcortical neurons, as most markedly reflected in the loss of
striatal medium spiny neurons (MSNs) and consequent striatal
atrophy. In previous studies in adult rodents, we found that
new MSNs may be generated from resident subependymal neu-
ral stem cells by concurrent overexpression of BDNF and noggin
(Benraiss et al., 2001; Chmielnicki et al., 2004). The newly gener-
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ated MSNs established axonal projections to their normal targets
in the globus pallidus and proved able to temporarily slow dis-
ease progression and extend life span in R6/2 mice, a murine
model of HD (Cho et al., 2007). Yet these prior studies had
demonstrated neither the functional integration of these new
neurons nor their sustained therapeutic value. Furthermore, the
practical therapeutic value of the adenoviral approach used for
BDNF and noggin delivery was limited by the transient expres-
sion and immunogenicity of adenoviral vectors (Dai et al,
1995). To overcome these limitations, we used adeno-associ-
ated virus serotype 4 (AAV4), a vector that is neither immuno-
genic nor neurotoxic, to achieve sustained BDNF and noggin
expression. Using two AAV4s constructed to overexpress
BDNF and the AB2 mutein of noggin (Paine-Saunders et al.,
2002), we found that their combined delivery resulted in the sus-
tained ependymal overexpression of BDNF and noggin, which in
turn led to persistent neuronal addition to the rat neostriatum for
at least 4 months (Benraiss et al., 2012).

On the basis of these studies, in the present study we asked
whether AAV4-BDNF and AAV4-noggin (AAV4-BDNF/noggin)
coexpression might be used to drive the sustained addition of
new MSNs to the neostriata of R6/2 huntingtin mutant mice.
We found that bilateral intraventricular injections of AAV4-
BDNF/noggin indeed triggered substantial and sustained MSN
addition to the striata of R6/2 mice and that mice so treated ex-
hibited a delay in disease progression, as manifested by both
improved motor coordination and significantly extended life
span. Furthermore, using inducible nestin-CreERT2/ROSA26/
EYFP mice crossed to R6/2 mice and injected with a retrograde
tracer to investigate the origin and connectivity of the newly
generated neurons, we found that the cells expressed prototypic
markers of mature MSNs and successfully extended projections
to the globus pallidus. Using this model, we then assessed the
electrophysiological properties of the newly generated neurons
and found that they matured as typical MSNs, which were phys-
iologically indistinguishable from resident striatal neurons. Thus,
intraventricular delivery of AAV4-BDNF/noggin, and its associ-
ated induction of sustained striatal neuronal recruitment, may
comprise a promising therapeutic treatment for HD.
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RESULTS

AAV4 Drives Transgene Expression Limited to the
Ventricular Wall of the Adult Forebrain

To achieve the long-term expression of BDNF and noggin in the
brain, we used an AAV4-based transfer vector, based upon
AAV4’s predilection for ependymal cells within the adult brain
(Liu et al., 2005). In normal adult mice, we first used immunoflu-
orescence to identify AAV4-EGFP (AAV4-Null)-transduced cells
8 weeks after intracerebroventricular (ICV) viral injection. The
GFP™ cells were restricted to the ependymal wall of the lateral
ventricle (Figure S1 available online), reproducing the expression
pattern noted after ICV injection into adult rats (Benraiss et al.,
2012). No parenchymal EGFP expression was noted, nor did
we find any evidence of EGFP* cells in the olfactory bulb, sug-
gesting that the neural stem cells of the subventricular zone
(SVZ) were not transduced; rather, transgene expression
appeared limited to the ependymal cell layer lining the ventricular
lumen. Accordingly, immunostaining for BDNF protein revealed
that BDNF overexpression in AAV4-BDNF/noggin-treated striata
was both strong and largely limited to the ventricular lining
(Figure S1).

To assess the levels of BDNF/noggin released into the CSF,
4-week-old mice received bilateral injections of either AAV4-
BDNF/noggin, AAV4-Null, or saline (n = 6/group). Eight weeks
later, the mice were sacrificed with CSF withdrawal via cisternal
tap, and their BDNF and noggin levels were quantified by ELISA.
Among the AAV4-BDNF/noggin-treated mice, CSF BDNF levels
averaged 1 + 0.1 ng/ml CSF (0.7 + 0.05 ng/ug protein; mean +
SEM), while noggin achieved 8.4 + 0.2 ng/ml CSF (6.2 +
0.2 ng/ng protein; mean + SEM). In contrast, neither BDNF nor
noggin were detectable in the CSF of any AAV4-Null or saline-
treated animals (Table S1). These data indicated that AAV4-
mediated intracerebral delivery was sufficient to drive the sus-
tained CSF production of BDNF and noggin in the adult mouse
brain at levels previously demonstrated (Chmielnicki et al.,
2004; Cho et al., 2007) to be sufficient for the induction of striatal
neuronal addition.

AAV4-BDNF/Noggin-Treated R6/2 Mice Recruited New
Striatal Neurons

We next asked if intraventricular injection of AAV4-BDNF/noggin
was sufficient to induce the addition of new neurons in R6/2
mice. We gave bilateral ICV injections of AAV4-BDNF/noggin
(n = 18), AAV4-EGFP (AAV4-Null, n = 16), or saline (n = 15) to
4-week-old R6/2 mice. The viral titer was adjusted to 1.3 x
102 viral genomes (vg)/ml, and 1.5 pl of viral suspension con-
taining 1.85 x 10° vg was then injected into each ventricle.
Beginning 2 weeks after viral injection, all mice were given daily
BrdU injections (75 mg/kg) for 4 weeks. The mice were then
sacrificed 2 weeks after the last BrdU injection, at 12 weeks of
age, to permit sufficient time for the maturation and integration
of newly generated neurons. Immunostained cryosections of
AAV4-BDNF/noggin-treated brains revealed striatal BrdU™ neu-
rons, which expressed the early neuronal markers doublecortin
(Dcx) and BllI-tubulin (Tud1). In addition, many BrdU™ striatal
neurons coexpressed the mature neuronal antigens NeuN and
DARPP-32, the latter indicating their maturation as MSNs
(Figure 1).
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Stereological analysis revealed that AAV4-BDNF/noggin-
treated R6/2 mice harbored significantly more Dcx*/BrdU™ cells
than either their AAV4-Null or saline-treated controls (228 + 42.8,
versus 43 + 14.5 and 31 + 9.2 Dcx*/BrdU* cells/mm?, respec-
tively; mean + SEM, p < 0.001 by one-way ANOVA with Bonfer-
roni post hoc tests) (Figure 1A). Similarly, BllI-tubulin/BrdU*
neurons were found in significantly higher numbers in R6/2
mice treated with AAV4-BDNF/noggin compared to those
treated with AAV4-Null or saline (AAV4-BDNF/noggin: 194 +
30.8; AAV4-Null: 16 + 7.0; saline: 5 = 5.0 Blll-tubulin+/BrdU™*
cells/mm?; mean + SEM; p < 0.001) (Figure 1B). Importantly,
whereas small numbers of immature neurons were noted in the
striata of AAV4-Null or saline-treated R6/2 mice, no newly gener-
ated neurons progressed to mature phenotype in these control
mice. Thus, AAV4-BDNF/noggin-treated mice harbored signifi-
cantly more NeuN*/BrdU* striatal neurons than did their AAV4-
Null or saline controls (58.5 + 14.2 versus 0 + 0 and 0 +
0 NeuN*/BrdU* cells/mm?, respectively; mean + SEM; p <
0.01) (Figure 1C). Similarly, DARPP-32*/BrdU* neurons were
found only in AAV4-BDNF/noggin-treated R6/2 mice, and not
in their AAV4-Null or saline-treated R6/2 controls (53 + 15.5,
0 + 0, and 0 + 0 DARPP-32%/BrdU* cells/mm?®, respectively;
mean + SEM, p < 0.01) (Figure 1D and Table S2). It is worth
noting that Dcx*/BrdU™ cells were much more abundant than
NeuN*/BrdU* or DARPP-32*/BrdU" cells. This may be in part
due to the expression of Dcx by glial progenitor cells (Sim
et al., 2006; Tamura et al., 2007). More broadly though, our
data suggest that not all newly generated neuroblasts survive
to maturity in these mice, and the fraction of newly generated
neurons that do so is a dynamic and regulated function of their
exposure to BDNF and noggin.

We next asked whether treatment with AAV4-BDNF/noggin
affected striatal neuronal number or morphometrics. To this
end, AAV4-BDNF/noggin or AAV4-Null-treated R6/2 mice and
their wild-type littermates (four groups; n = 7/group) were injected
at 4 weeks and sacrificed at 12 weeks. Cryosections of their
striata were immunostained for neuronal NeuN, and both
NeuN* neuronal counts and striatal volumes were then stereolog-
ically estimated (Figure S2). No differences were noted in total
striatal neuronal numbers across groups, including between our
R6/2-105 CAG repeat mice and their wild-type controls, reflecting
previous reports that R6/2-150 CAG mice undergo little if any
striatal neuronal loss (Cho et al., 2007; Davies et al., 1997; Tur-
maine et al., 2000). In addition, no effect of AAV4-BDNF/noggin
treatment was noted on the terminal neuronal counts of either
R6/2 mice or their wild-type controls (p > 0.05, two-way ANOVA
with Bonferroni post hoc tests) (Figure S2A). This was not surpris-
ing, given the relatively small fraction of the whole represented by
the newly generated population, and the unclear fate of diseased
resident neurons when joined by newly generated cells.

Despite their stable neuronal numbers, the R6/2-105 CAG
mice used in this study exhibited significant striatal involution
relative to their wild-type littermates; this too has previously
been noted in R6/2-150 CAG mice (Cho et al., 2007; Davies
et al., 1997; Turmaine et al., 2000). As a result, the AAV4-Null-
treated R6/2 mice displayed higher neuronal densities than did
their wild-type counterparts (21.1 x 10% + 1.9 x 10* versus
14.1 x 10* + 1.1 x 10* neurons/mm?, respectively; mean +
SEM, p < 0.05, two-way ANOVA with post hoc Bonferroni post
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Figure 1. Newly Generated Neurons Mature into Medium Spiny Neurons

Striatal sections of AAV4-BDNF/noggin-treated R6/2 mice, sacrificed 8 weeks after viral injection. Sections were immunostained for BrdU (green) and one of the
following neuronal markers: Doublecortin (A,), Blll-tubulin/Tud1 (B4), NeuN (C,), DARPP-32 (D,), enkephalin (E4), or substance P (F;) (all in red). Double-
immunolabeled cells were confirmed as such by confocal imaging, with orthogonal views in the x-z and y-z planes. Stereological counts of newly generated
neurons defined by their expression of BrdU along with doublecortin (Ay), Blll-tubulin/Tud1 (B5), NeuN (C,), DARPP-32 (D,), enkephalin (E,), or substance P (Fy).
One-way ANOVA with Bonferroni post hoc tests; mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 10 um. See also Figure S1 and Tables S1 and S2.

test). The higher densities of the R6/2 mice appeared to be a
product of neuronal atrophy and involution of the R6/2 neuropil,
which vyielded higher packing densities for surviving cells.
Importantly, this higher density was reversed by AAV4-BDNF/
noggin-treatment, such that the striatal neuronal densities of
treated R6/2 mice did not significantly differ from those of the
AAV4-Null-treated wild-type mice (18.9 x 10* + 1.8 x 10* versus
14.1 x 10%+ 1.1 x 10* neurons/mm®, respectively; mean + SEM,
p > 0.05, one-way ANOVA with post hoc Bonferroni test)
(Figure S2B).

Newly Generated MSNs Expressed Markers of Both
Striatal Output Pathways

MSNs expressing substance P project to the globus pallidus
interna (GPi) and comprise the direct output pathway of the
basal ganglia. In contrast, enkephalin-expressing neurons
project to the globus pallidus externa (GPe) and thereby
comprise the indirect pathway. To determine the extent to which
each of these MSN phenotypes were represented among AAV4-
BDNF/noggin-induced striatal neurons, we immunostained
sections of treated mice for BrdU together with either substance
P or enkephalin. We found that new enkephalin*/BrdU* and
substance-P*/BrdU"* neurons were both abundant and roughly
equally represented in AAV4-BDNF/noggin-treated R6/2 striata
(85 + 14.3 enkephalin*/BrdU* and 33 =+ 14.1 substance

P*/BrdU* cells/mm?®, respectively; mean + SEM, p < 0.05 by
one-way ANOVA with Bonferroni post hoc t test) (Figures 1E
and 1F and Table S2). This neuropeptide expression data
suggested that newly generated MSNs integrate into the
direct and indirect striatal output pathways with roughly equal
probability.

AAV4-BDNF/Noggin Treatment Delayed Disease
Progression and Extended Survival
We next asked whether AAV4-BDNF/noggin administration and
its associated induction of striatal neuronal replacement were
associated with either an amelioration of disease or a delay in
disease progression. To do so, we assessed the effects of treat-
ment on both the motor performance and survival of R6/2 HD
mice. The AAV4-BDNF/noggin-treated mice exhibited more sus-
tained motor performance through at least the third month post-
injection, relative to both AAV4-Null- and saline-treated controls.
The two sets of controls did not significantly differ from one
another at any time point (Figure 2A). ANOVA confirmed that
the rate of deterioration of motor performance was significantly
slowed by AAV4-BDNF/noggin treatment (F [2,187] = 15.49;
p < 0.0001; two-way ANOVA with Bonferroni post hoc tests).
To assess the survival benefit of AAV4-BDNF/noggin adminis-
tration, and inferentially of induced MSN addition, we next
evaluated the effects of treatment upon the net life span of HD
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transgenic mice. AAV4-BDNF/noggin (n = 18), AAV4-Null (n =
19), or saline (n = 21) injections were administered into the lateral
ventricles of 4-week-old R6/2 mice (Figure 2B). AAV4-BDNF/
noggin treatment significantly extended the survival of these
mice, relative to the AAV4-Null or saline control animals;
ANOVA with post hoc comparisons confirmed the difference in
mean survival between AAV4-BDNF/noggin-treated R6/2 mice,
AAV4-Null-treated mice, and saline controls (Log-rank test, p <
0.0001 for each). In contrast, no significant difference was noted
in survival between the saline and AAV4-Null control groups
(Log-rank test, p = 0.69). Thus, AAV4-BDNF/noggin treatment
yielded both a slower rate of motor deterioration and substan-
tially improved survival. Of note, treatment was not associated
with any worsening of weight loss of R6/2 mice, which tends to
occur as disease progress (Mangiarini et al., 1996). As such,
we observed no significant difference in body weight that could
be attributed to AAV4-BDNF/noggin treatment at the well-toler-
ated doses and transgene expression levels achieved in this
study (age effect: F[14,312] = 7.43, p < 0.0001; treatment effect:
F[2,312] = 0.71, p > 0.05; two-way ANOVA with Bonferroni post
hoc tests; Figure S3).

Newly Generated MSNs Arise from Nestin-Expressing
Subependymal Cells

To establish whether AAV4-BDNF/noggin-induced newly gener-
ated MSNs functionally integrate into the existing striatopallidal
circuits, we asked whether these cells extend projection fibers
to the globus pallidus. Specifically, we used a fate-tracking re-
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porter mouse to establish the origin
and fate of newly generated neurons. In
brief, nestin-CreERT2/ROSA-EYFP mice
(Imayoshi et al., 2006) express a Cre re-
combinase-estrogen receptor fusion pro-
tein under the control of the promoter and second intronic
enhancer of nestin, which is expressed by neural stem cells
and their immediate transit-amplifying progeny (Keyoung et al.,
2001; Lendahl et al., 1990; Mignone et al., 2004; Zimmerman
et al.,, 1994). Upon tamoxifen administration to adult mice,
nestin-expressing cells begin to constitutively express the
EYFP reporter, thereby permanently labeling both neural stem
and progenitor cells and all of their progeny generated after the
period of tamoxifen treatment (Figure S4).

Next, we then sought to specifically label newly generated
neurons to characterize their connectivity and functional pheno-
type. To this end, 3-week-old nestin-CreERT2/ROSA-EYFP
bigenic mice were treated with tamoxifen to activate nestin-
driven Cre recombinase; the mice then received intraventricular
injections of AAV4-BDNF/noggin and were examined 8 weeks
later, to allow sufficient time for the migration and differentiation
of newly generated neurons (Figure S5A). We found that BDNF/
noggin overexpression resulted in the robust recruitment of new
EYFP* striatal neurons, all presumably derived from nestin-
expressing stem or progenitor cells. The EYFP* cells also coex-
pressed both NeuN and DARPP-32 (Figures 3A and 3C),
indicating that newly generated MSNs are the progeny of
nestin-expressing subependymal cells. Stereological analysis
revealed that the striata of AAV4-BDNF/noggin-treated nestin-
CreERT2/ROSA-EYFP mice harbored significantly more
EYFP*/DARPP-32* cells than did AAV4-Null controls (139 =
40.3 versus 14.9 = 4.5 EYFP*/DARPP-32* cells/mm?, respec-
tively; mean + SEM; p < 0.05) (Table S3).
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Figure 3. Fate-Mapping Reveals the Origin and Morphologies of BDNF/Noggin-Induced MSNs

Tamoxifen-induced nestin-CreERT2/ROSA-EYFP (A, C, and E) or nestin-CreERT2/ROSA-EYFP/R6/2 (B, D, and F) transgenic mice received bilateral, intra-
ventricular injections of AAV4-BDNF/noggin at 4 weeks of age. Newly generated neurons expressed the mature and medium-spiny neuronal markers NeuN
(A and B) and DARPP-32 (C and D), respectively. (E and F) New EFYP* neurons also integrated into the striatopallidal circuitry as revealed by their incorporation of
the retrograde tracer cholera toxin subunit B (CT-B; Alexa Fluor 555-conjugated) following receipt of intrapallidal injections. (G and H) To visualize the fine
morphologies of AAV4-BDNF/noggin-induced MSNs, 3-week-old nestin-CreERT2/ROSA-mEGFP (membrane-targeted EGFP) mice were treated with tamoxifen
for 5 days followed by intraventricular AAV4-BDNF/noggin. The mice were sacrificed 8 weeks later (see Figure S4 for design). The expression of mEGFP by new
striatal neurons revealed their complex dendritic networks (G), which mimicked those of resident neurons expressing mEGFP following intrastriatal injection of
Lenti-CMV-mEGFP (H). Arrows indicate dendritic spines. Scale bars: (A)-(F): 10 um; (G) and (H): 20 um. See also Figure S4 and Tables S3A and S3B.

Newly Generated MSNs Acquired Phenotypically
Appropriate Dendritic Arbors

To investigate the morphology of newly generated striatal neu-
rons, and to assess their acquisition of medium spiny neuronal
phenotype, we used conditionally expressed membrane-linked
EGFP (mEGFP) to visualize newly generated neurons and viral
labeling to visualize existing resident neurons. Conditional tar-
geting of newly generated neurons was done by crossing the
nestin-CreERT2 to ROSA26-mEGFP mice; this reporter ex-
presses mMEGFP upon tamoxifen-triggered Cre-dependent
removal of an upstream floxed-stop. This was followed by treat-
ment with AAV4-BDNF/noggin, as described above in Fig-
ure S5A. In addition, in order to target preexisting neurons,
10-week-old wild-type mice received intrastriatal injections of
lentivirus constitutively expressing the same membrane-tagged

mEGFP reporter; the mice were sacrificed 2 weeks after viral
injection. In both cases, striatal neurons could be identified by
their expression of mEGFP-reported fluorescence, which re-
vealed that newly generated neurons shared with their preexist-
ing counterparts the prototypic morphologies of MSNs. We
found that the dendritic spine morphologies and densities of
new and preexisting resident neurons were indistinguishable
from one another (Figures 3G and 3H). Statistical analysis did
not reveal any difference in spine numbers on dendrites
(11.7 = 0.9 and 11.2 + 0.5 spines/10 um dendritic length,
for newly generated and preexisting neurons, respectively;
mean + SEM; n = 7 neurons each; p > 0.5, t = 0.55). Thus, newly
generated neurons are morphologically indistinguishable from
preexisting MSNs, in both their gross morphology and dendritic
spine densities.
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Newly Generated MSNs in the R6/2 Mice Arise from SVZ
Nestin* Cells

Having demonstrated the origins and maturation of newly
generated MSNs in wild-type nestin-CreERT2/ROSA-EYFP
reporter mice, we next asked whether these mice could be
crossed to R6/2 mice to allow the tracking of newly generated
neurons in the adult diseased brain. We found that the resultant
triple transgenic mice, after receiving a 10 day regimen of
tamoxifen beginning at 3 weeks of age and injected with
AAV4-BDNF/noggin (n = 4) or AAV4-Null (n = 3) at 4 weeks of
age, exhibited the robust neostriatal addition of tagged neurons
when assessed at 12 weeks of age. In particular, the AAV4-
BDNF/noggin-treated triple transgenic mice showed substan-
tial recruitment of new EYFP* MSNs, as evidenced by their
coexpression of EYFP together with either NeuN or DARPP-
32 (Figures 3B and 3D). Importantly, AAV4-BDNF/noggin-
associated neuronal addition was at least as pronounced in
nestin-CreERT2/ROSA-EYFP/R6/2 trigenic mice as in healthy
wild-type nestin-CreERT2/ROSA-EYFP controls (212.6 + 60.8
EYFP*/DARPP-32* versus 139 + 40.2 cells/mm?®, respectively;
mean + SEM; p < 0.05). Statistical analysis confirmed the signif-
icant effect of AAV4-BDNF/noggin in inducing neuronal addition
and that R6/2 mice exhibited this effect as strongly as their
wild-type counterparts (treatment effect: F [1,8] = 23.70, p <
0.01; genotype effect: F [1,8] = 2.11, p > 0.05; two-way
ANOVA with Bonferroni post hoc tests) (Table S3). Of note,
we reproducibly detected evidence of neuronal addition in
AAV4-Null R6/2 mice, which exhibited 48.5 + 10.7 EYFP*/
DARPP-32* cells/mm?® (mean + SEM; Table S3); this appeared
to reflect an element of compensatory neuronal addition in the
HD environment, as we have previously noted in adenoviral
Null-treated R6/2 mice (Cho et al., 2007), and which has been
similarly reported in human autopsy samples (Curtis et al.,
2003).

Newly Generated MSNs Extend Axonal Projections to
the Globus Pallidus

In  previous studies, we noted that newly generated
MSNs recruited in response to adenoviral BDNF and noggin
overexpression can extend projections to their pallidal targets.
To confirm that AAV4-BDNF/noggin-induced neurons
similarly develop pallidal axonal projections, virally treated
bigenic nestin-CreERT2/ROSA-EYFP and trigenic nestin-
CreERT2/ROSA-EYFP/R6/2 mice (n = 4 each) were all given
intrapallidal injections of a retrograde tracer, Alexa Fluor 555-
conjugated cholera toxin subunit B (CT-B), 1 week before
their sacrifice at 12 weeks of age (Figures S5A and S5B).
Many newly generated EYFP* neurons incorporated the CT-B
retrograde tracer after receiving intrapallidal injections,
indicative of their successful projection to the globus
pallidus, as typical of medium spiny phenotype (Figures 3E
and 3F). To rule out any labeling of striatal MSNs by diffusion
of the tracer rather than a retrograde incorporation, we also
stained for choline acetyltransferase (ChAT), a marker for
cholinergic nonprojecting striatal interneurons. Confocal anal-
ysis showed no CT-B accumulation within the cell bodies of
ChAT-immunoreactive neurons of the striatum, underscoring
the lack of diffusion of the tracer from the site of injection
(Figure S5C).
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New Striatal Neurons Mature as Physiologically Active
Projection Neurons

To investigate the ability of newly generated neurons to function-
ally integrate into the striatopallidal circuitry, we next asked if
they developed afferent synaptic input and were competent to
generate action potentials. To this end, we performed whole-
cell electrophysiological recording. Due to the attenuated visibil-
ity of EYFP within live tissue, we crossed the nestin-CreER™
mice with a ROSA-CAG-EYFP reporter mouse in which the
EYFP is directed by the relatively strong CAG (chicken B-actin)
promoter; this yields more intense EYFP expression upon
removal of the floxed stop (Madisen et al., 2010). Three-week-
old nestin-CreERT2/ROSA-CAG-EYFP mice received daily
tamoxifen injections for 5 days; 2 days later, and at 4 weeks of
age, an osmotic micropump that continuously infused BDNF
and noggin protein over the ensuing 14 days through the end
of their sixth week of age was implanted into the lateral ventricle.
One week later, the mice were given an intrapallidal injection of
Alexa Fluor 594-conjugated CT-B as a retrograde tracer in order
for us to identify those new neurons that successfully integrated
into the striatopallidal circuitry. The mice were then sacrificed at
8 weeks of age, and two-photon-assisted patch-clamp record-
ings were performed on 300 um coronal vibratome sections,
as described (Bekar et al., 2008; Kang et al., 1998) (Figure 4A).
New projection neurons (EYFP™) that incorporated the red fluo-
rescent tracer (CT-B*) were subjected to whole patch-clamp in
current-clamped configuration, and their responses to increased
current steps were recorded and compared to that of CT-B*/
EYFP~ single-labeled or unlabeled resident striatal neurons.
We found that newly generated striatopallidal projection neurons
(EYFP*/CT-B* neurons; n = 4) exhibited electrophysiological
characteristics analogous to those of existing MSNs that had
similarly incorporated the retrograde tracer (EYFP~/CT-B*; n =
5) and to unlabeled striatal neurons defined only by their
morphology (n = 10) (Figures 4B and 4C). Analysis of the resting
membrane potential, the frequency of action potentials, and the
maximal amplitude of action potentials revealed no significant
differences among the three different groups of cells recorded
in 8-week-old wild-type mice (Figure 4D and Table S4). Thus,
the newly generated MSNs developed functional striatopallidal
projections and exhibited electrophysiological responses analo-
gous to those of preexisting resident MSNs.

Newly Generated Neurons in R6/2 HD Mice Integrate As
Functional Striatopallidal Neurons

To assess the functional integration as evidenced by the electro-
physiological competence of newly generated neurons in HD
mice, nestin-CreERT2/ROSA-EYFP mice were crossed with
R6/2 mice. These mice were then subjected to the same
experimental paradigm as their bigenic wild-type counterparts
(Figure 4A). As with the wild-type mice, electrophysiological
recordings of newly generated EYFP*/CT-B* neurons that suc-
cessfully extended pallidal projections (n = 6 recorded) were
compared both to neurons that had incorporated the retrograde
tracer (EYFP~/CT-B*; n = 4) and to unlabeled neurons (EYFP~/
CTB™; n = 7). The resting membrane potential, as well as the
action potential thresholds and maximal amplitudes thereof,
were similar in R6/2 and wild-type mice. Interestingly though,
the newly generated EYFP*/CT-B* neurons of R6/2 mice
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Figure 4. BDNF/Noggin-Induced MSNs Functionally Integrate into the R6/2 Striatum

(A) Experimental design: 4-week-old tamoxifen-pretreated nestin-CreER™2/ROSA26-CAG-EYFP (wild-type) or nestin-CreERT2/ROSA-CAG-EYFP/R6/2 (R6/2)
mice were given 2 week intraventricular infusions of BDNF and noggin proteins, followed 1 week later by intrapallidal injection of the retrograde tracer Alexa Fluor
594-conjugated CT-B. (B) Example of EYFP*/CT-B* double-labeled neuron targeted for recording of field potentials. Arrow indicates the pipette used for whole-
cell patch-clamp recording and filled with Alexa Fluor 350 for subsequent confirmation of the analyzed cells. (C) Representative action potentials recorded from a
newly generated neuron (EYFP*/CT-B*) that had incorporated the retrograde cholera toxin-B tracer. (D) Comparisons of membrane potential, firing frequency,
and amplitude in all three categories of recorded striatal neurons, in both wild-type and R6/2 mice. One-way ANOVA with Bonferroni post hoc t tests; mean +
SEM; n/s, not significant; *p < 0.05. (E) Excitatory postsynaptic potentials (EPSPs) were also recorded on patched neurons of both wild-type and R6/2 mice.
(F) No significant differences were noted in the amplitude or frequency of EPSPs of newly recruited neurons (EYFP*/CT-B*), when they were compared to either
preexisting MSNs that incorporated the retrograde tracer (EYFP~/CT-B*) or resident unlabeled neurons. One-way ANOVA with Bonferroni post hoc t tests;
mean = SEM; n/s, not significant; *p < 0.05. Scale bar: (B), 10 pm. See also Figure S3 and Tables S4A and S4B.
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Figure 5. Newly Recruited MSNs Have
Reduced Neuronal Intranuclear Inclusions
Serial brain sections from a 12-week-old
tamoxifen- and  AAV4-BDNF/noggin-treated
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nestin-CreERT2/ROSA-EYFP/R6/2 mouse were
immunostained with anti-huntingtin EM48 anti-
bodies (red), identifying neuronal intranuclear
inclusions, and DARPP-32 (blue) and EYFP
(green). (A) Inclusions were absent from nestin-
EYFP* progenitor cells of the subventricular zone.
Str, neostriatum; LV, lateral ventricle. (B) New
neurons (arrows), arising from the SVZ, do not
initially harbor nuclear inclusions (arrowhead). (C)
Stereological counts of neuronal intranuclear in-
clusions (NIl) showed that less than one-third of
newly generated neurons harbored NIl when as-
sessed, whereas over two-thirds of EYFP ™ stable
MSNs did so, whether in AAV4-BDNF/noggin-
treated or untreated R6/2 mice. One-way ANOVA
with Bonferroni post hoc tests; mean + SEM; *p <

EYFP" 0.05, *'p < 0.01. Scale bars: (A), 25 um; (B), 10 um.

EYFP~

exhibited a significantly higher frequency of action potentials
during current injection than did preexisting (EYFP~/CT-B*) neu-
rons (33.3 + 5.4 Hz for EYFP*/CT-B* neurons, versus 17.5 +
1.7 Hz and 19.3 + 3.0 Hz for EYFP~/CT-B* and unlabeled neu-
rons, respectively; mean + SEM; p < 0.05 by one-way ANOVA
with Bonferroni post hoc tests) (Figure 4D and Table S4A). Since
we noted no such difference in action potential frequency
between newly generated and preexisting MSNs in wild-type
mice, it would seem unlikely that this is either a fundamental
distinction of newly generated adult neurons or a function of their
relative immaturity. Rather, these data suggest that the higher
action potential frequency among the recorded new neurons
may reflect some difference in their membrane properties
compared to those of established resident neurons of the R6/2
striatum, even at this relatively early 8 week time point. Together,
these data indicate that BDNF/noggin-induced, newly generated
striatopallidal neurons extended axons to the globus pallidus
and were fully capable of generating trains of action potentials
in both wild-type and R6/2 mice.

To further establish whether AAV4-BDNF/noggin-recruited
new neurons fully integrated in the R6/2 brain, we next asked if
they received afferent input. We found that adult-generated
EYFP*/CT-B* striatopallidal neurons indeed exhibited excitatory
postsynaptic potentials (EPSPs) and that they did so in both
wild-type and R6/2 mice. In both the wild-type and R6/2 mice,
the EPSPs of newly generated EYFP*/CT-B* neurons were indis-
tinguishable from those of both EYFP~/CT-B* and unlabeled
stable resident striatal neurons (Figures 4E and 4F and Table
S4B). These observations suggest that the excitatory synaptic
input to newly generated MSNs is indistinguishable from that
of resident MSNs and further confirm that these new neurons
effectively integrate into the existing striatopallidal circuitry.

Newly Generated Striatal Neurons in Adult R6/2 Mice
Contain Fewer Intranuclear Inclusions

Neuronal intranuclear inclusions (Nlls) are aggregates of mutant
huntingtin, the abundance of which correlates with cellular atro-

794 Cell Stem Cell 12, 787-799, June 6, 2013 ©2013 Elsevier Inc.

AAV4-BDNF/noggin

Untreated See also Figure S4.

phy and death in HD (Bates, 2003; Becher et al., 1998; Hickey
and Chesselet, 2003). Using an antibody (EM48) that recognizes
the N-terminal portion of huntingtin protein, Nlls were first visu-
alized in both the striatum and cortex of R6/2 mice at 3.5 weeks
of age (Meade et al., 2002). This finding suggests that NlIs are not
present at birth in R6/2 mice and instead only appear after a
period of postnatal differentiation. This was similarly evident
within the young neuronal progeny of SVZ neural stem cells, in
which we noted an absence of nuclear inclusions (Figure 5A).
Since newly generated neurons arise from mitotic SVZ progeni-
tors, and since mutant huntingtin preferentially accumulates as a
function of postmitotic cellular age (Gutekunst et al., 2002), we
postulated that new neurons might arise without preexisting
Nlls. To test this hypothesis, serial brain sections from tamox-
ifen-pretreated AAV4-BDNF/noggin-treated nestin-CreERT2/
ROSA-EYFP/R6/2 mice were immunostained with EM48
antibody (see Figure S5A for design). Stereological analysis
showed that newly generated MSNs, coexpressing DARPP-32
and EYFP, contained significantly fewer EM48* NlIs than did
stable EYFP /DARPP-32* resident neurons in the same
animals (31.0% + 9.6% versus 68.7% + 9.6%, respectively;
mean = SEM; p < 0.05 by one-way ANOVA with Bonferroni tests;
Figures 5B and 5C). Indeed, less than one-third of adult-gener-
ated striatal neurons contained inclusions by 12 weeks, a time
point by which over two-thirds of resident neurons had already
developed inclusion pathology. Thus, BDNF/noggin-induced
adult-generated MSNs first developed intranuclear inclusions
only after several months of postmitotic ontogeny, suggesting
the relative (if transient) protection of newly generated neurons
from mutant huntingtin-associated pathology.

New Neurons Can Be Generated in the Neostriatum

of the Adult Squirrel Monkey

The ability of AAV4-BDNF/noggin treatment to induce and
sustain the addition of new neurons to the HD neostriatum,
and to extend both motor performance and survival in affected
mice, suggested the potential for using this strategy as a
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Figure 6. Adenoviral BDNF/Noggin Triggered Neuronal Addition to the Adult Monkey Striatum

(A) Sections of a squirrel monkey brain, from an animal killed 8 weeks after intraventricular injection of adenoviral EGFP, revealed EGFP expression limited to the
ependymal cell layer of the lateral ventricle; no parenchymal expression of EGFP was noted.

(B-F) Striatal sections of an ADBDNF/Adnoggin-treated monkey were coimmunolabeled for BrdU (green) together with the neuronal markers Dcx (B), Bl1I-tubulin
(C and D), NeuN (E), and DARPP-32 (F) (red). In (C), many BrdU* apparent neuronal migrants were found abutting the adluminal surfaces of striatal blood vessels.
(G) Newly generated Blll-tubulin* neurons, identified by their incorporation of BrdU, were abundant yet limited to the striata of AABDNF/noggin-treated animals
(mean + SEM). No evidence of striatal neurogenesis was noted in AdNull-treated controls.

LV, lateral ventricle; F, fimbria; Ca, Caudate; Cc, corpus callosum; VAT, ventral anterior thalamus. Scale bars: (A): 500 um, (C): 50 pm, (B), (D), (E), and (F): 10 um.

See also Figure S5.

treatment approach in clinical HD. On that basis, we next asked
whether nonhuman primates might also have sufficient
numbers of accessible subependymal progenitors to similarly
respond to BDNF and noggin with heterotopic striatal neuronal
addition (Bedard et al., 2005). To that end, we injected adult
squirrel monkeys with adenoviral overexpression vectors for
BDNF and noggin. We used adenovirus rather than AAV
for this small study so as to maximize the levels of CSF
BDNF and noggin; our question here was whether we could
induce significant striatal neuronal addition in primates, as
opposed to whether we could sustain it for maximal therapeutic
benefit.

To transduce adult monkeys to overexpress ventricular BDNF
and noggin, we used CT (computed tomography) guidance to
deliver either an AABDNF/AdNoggin mixture (20 pl/injection,
containing AABDNF 1.73 x 10'® particles/ml and AdNoggin
1.9 x 10"® particles/ml, 1:1) or AdEGFP (AdNull, in similar volume
and titer) into each lateral ventricle (n = 3 monkeys). Beginning
1 week later, the animals received BrdU injections (75 mg/kg)
for 15 days. Eight weeks after the viral injection, the monkeys
were sacrificed and their brains were processed for histology.
Control animals injected with AdNull (n = 3) showed marked
expression in the ependymal walls of the lateral ventricles (Fig-
ure 6A). In AdBDNF/noggin-treated animals, CSF BDNF was
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measured by ELISA at 820.7 + 120 pg/ml CSF (0.95 + 0.2 pg/ng
protein; mean + SEM), while noggin measured 1.1 + 0.2 ng/ml
(0.8 + 0.05 pg/ug protein; mean + SEM). These levels are within
the dose range appropriate for eliciting BDNF-induced striatal
neurogenesis, as we have previously shown in rodents (Chmiel-
nicki et al., 2004).

In the AdBDNF/noggin-treated monkey striata, confocal
microscopy demonstrated abundant BrdU-incorporating neu-
rons; these newly generated neurons coexpressed Dcx, Blll-
tubulin, NeuN, and/or DARPP-32, and colabeling for each
marker was confirmed as such by confocal imaging with orthog-
onal views (Figures 6B-6F). Many BrdU*/Dcx* and BrdU™*/BllI-
tubulin* cells in particular were noted as apparent migrants along
striatal blood vessels (Figures 6B and 6C). Importantly, BrdU™*
neurons were found only in the striata of AABDNF/noggin-
treated animals (70.9 = 13.7 Blll-tubulin*/BrdU* cells/mm?®
mean + SEM); no BrdU* neurons were noted in any AdNull-
treated monkey striata (Figure 6G). Thus AABDNF/noggin stimu-
lated the addition of new cells that expressed antigenic markers
of both migrating neuroblasts and mature MSNs, thereby high-
lighting the potential use of BDNF/noggin-induced striatal neuro-
genesis as a therapeutic strategy for HD.

DISCUSSION

In this study, we found that the intraventricular delivery of AAV4-
BDNF and AAV4-noggin was sufficient to induce and sustain
striatal neuronal recruitment from endogenous neural progenitor
cells in R6/2 huntingtin mutant mice, that the newly generated
neurons developed as MSNs and became both anatomically
and functionally integrated into striatopallidal circuits, and that
their production slowed disease progression and extended the
survival of these HD mice. The newly generated neurons
included both enkephalin and substance-P-expressing cells,
which define neurons of the indirect and direct striatofugal path-
ways, respectively; these were added in roughly equal propor-
tions, suggesting the reconstitution of each major pool of striatal
projection neurons. By fate-mapping subependymal neural stem
and progenitor cells using nestin-CreER™2/ROSA26/EYFP
bigenic and nestin-CreERT2/ROSA-EYFP/R6/2 trigenic mice,
we then confirmed that the newly generated MSNs arose from
nestin-derived progeny in both wild-type and HD mice. By
combining this strategy with intrapallidal injection of a retrograde
tracer, and then using two-photon microscopy of striatal slices to
identify adult-generated striatopallidal neurons for patch-clamp
analysis, we further confirmed that AAV4-BDNF/noggin-induced
nestin-CreERT2/ROSA-EYFP-tagged neurons  successfully
extended projections to the globus pallidus and functionally inte-
grated into the existing striatopallidal circuitry. On the basis of
these findings, we then assessed the utility of this strategy in
mediating neuronal addition to the adult primate striatum, using
adenoviral delivery to overexpress BDNF and noggin in the ven-
tricular walls of adult squirrel monkeys. We found that just as in
mice, monkeys harbor a progenitor population able to respond
to local noggin and BDNF overexpression with heterotopic
neuronal addition to the normal adult neostriatum.

AAV4 proved an appropriate and effective long-term expres-
sion vector, with widespread yet phenotype-specific ependymal
transduction in both wild-type and R6/2 mice, as previously
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noted in other systems (Benraiss and Goldman, 2011; Benraiss
et al., 2012; Davidson et al., 2000; Dodge et al., 2010; Liu et al.,
2005). Importantly, AAV4’s restricted tropism toward ependymal
cells permitted the sustained exposure of subependymal neural
stem cells and their progeny to BDNF and noggin, without them-
selves being directly transduced. This exquisite phenotypic and
regional specificity proved critical; indeed, we have observed
that neuronal recruitment to the olfactory bulb falls when BDNF
expression vectors are injected directly into the subependyma
(data not shown), an approach that transduces the progenitors
themselves to overexpress the transgenes of interest (Henry
et al., 2007; Reumers et al., 2008). The distinct results achieved
using ependymal versus subependymal transduction by BDNF
expression vectors suggests that such autocrine expression
may have very different effects on neural stem and progenitor
cell fate than the transient “next-door neighbor” exposure pro-
vided by ependymal transduction.

To directly visualize those neurons generated in res-
ponse to BDNF and noggin, we used tamoxifen-inducible
nestin-CreERT2/ROSA-EYFP reporter mice to label subepen-
dymal neural stem and progenitor cells and their progeny; these
mice exhibit permanent reporter gene expression by all cells
derived from those cells that were nestin-expressing at the
time of tamoxifen exposure. As such, they allow the specific
identification, lineage tracing, and anatomical tracking of those
neurons newly generated in adulthood. By inducing Cre recom-
bination and then treating with BDNF and noggin (delivered by
AAV4, as well as proteins in separate experiments using osmotic
minipump), we found that newly generated striatal EYFP* neu-
rons coexpressed a combination of markers that typify MSNs,
including Blll-tubulin, NeuN, and DARPP-32. Thus, our nestin-
CreERT2/ROSA-EYFP/R6/2 trigenic HD reporter mice con-
firmed that BDNF and noggin treatment induced the striatal
recruitment of new neurons from nestin-expressing neural
stem and progenitor cells.

Our functional data suggest that these newly added neurons
may be able to functionally complement those lost in HD. In
particular, our electrophysiological analysis of newly generated
EYFP* MSNs in both 60-day-old wild-type and R6/2 mice
revealed that these new projection neurons were functionally
competent and integrated, receiving afferent input as well as
generating both spontaneous and stimulus-evoked trains of
action potentials. Interestingly, previous studies have similarly
shown that MSNs of presymptomatic HD mouse models—
including R6/2—have electrophysiological profiles identical to
wild-type mice, although they diverge at terminal stages of
the disease (90 days) (André et al., 2011; Klapstein et al.,
2001). Our analysis confirmed that the electrophysiological
properties and network integration of existing unlabeled
MSNs at 60 days were comparable in wild-type and R6/2
mice. In addition, the identification of striatal nestin-EYFP*
MSNs backfilled by CT-B injected into the globus pallidus
also enabled us to compare the electrophysiological properties
of newly generated neurons with those of their preexisting, sta-
bly resident counterparts. This analysis suggested that newly
generated MSNs in both wild-type and R6/2 mice received
functional inputs—as reflected in their EPSPs—and generated
action potentials in a manner virtually indistinguishable from
that of existing MSNs.
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In this study, we only used R6/2 mice with 105 + 5 CAG
repeats, which we verified in all mice using PCR across the
repeat region. In these mice, symptom onset begins as early
as 8-9 weeks; by 12 weeks, affected mice manifest a resting
tremor and ataxia, startle myoclonus, and seizures, and they
typically die by 16-17 weeks of age. In contrast, our AAV4-
BDNF/noggin-treated mice just began to exhibit deteriorating
motor skills by that age, and lived an average of 33.5% longer
than did their controls, with outliers living as long as twice the
maximal life span of any controls. The survival advantage asso-
ciated with induced neuronal production may be limited by the
effective functional life span of the newly generated neurons,
which also express the polyglutamine expansion of mutant hun-
tingtin. Yet our data indicate that subependymal progenitors do
not express neuronal intranuclear inclusions and that newly
generated neurons only slowly accumulate these markers of
cytopathology. Thus, whereas most resident MSNs manifested
pronounced intranuclear inclusions by 12 weeks of age, less
than one-third of newly generated neurons did so by that point
(Figure 5). These observations suggest that newly generated
neurons have a discrete window of time during which they
may functionally integrate and compensate for impaired resident
neurons before they themselves succumb to HD pathology.
This in turn suggests the potential utility of a long-lasting and/
or repetitive induction of striatal neuronal addition as a means
of long-term disease management. This may be accomplished
through the use of long-term expression vectors, such as
AAV4, or by the intermittent delivery of BDNF and noggin
proteins; in this paper, we have reported examples of both deliv-
ery strategies, each of which effectively stimulated neuronal
recruitment.

Thus, the sustained AAV4-mediated delivery of BDNF and
noggin to the adult R6/2 brain was associated with both
enhanced neurogenesis and delayed disease progression. The
neurons generated from this approach arose from subependy-
mal progenitors and extended axons to their normal develop-
mental targets, achieving electrophysiological network integra-
tion and compensating for the function of neurons lost to the
disease process. The extended functional competence and sur-
vival of the AAV4-BDNF/noggin-treated R6/2 mice thus presents
a unique example of induced compensatory neuronal replace-
ment as a means of treating an adult neurodegenerative disor-
der. R6/2 is but a single model, though, which manifests only
mutant exon 1 expression and may then recapitulate HD pathol-
ogy differently than do full-length mutant huntingtin models. Clin-
ical translation of this approach thus demands its validation in
other models of HD and, in particular, in transgenic models of
full-length mutant huntingtin (Gray et al., 2008; Southwell et al.,
2013; Yu-Taeger et al., 2012), especially those with shorter,
more clinically representative CAG repeat expansions than the
105 CAG repeats borne by the R6/2 mice used in our present
study. Nonetheless, given the persistence of competent neural
stem and progenitor cells in the adult human brain (Kirschen-
baum et al., 1994; Pincus et al., 1998; Sanai et al., 2004), and
the apparent responsiveness to BDNF and noggin of these pro-
genitors in the adult nonhuman primate brain (Figure 6), paired
with the favorable safety profile of AAV vectors in several human
clinical trials (Christine et al., 2009; LeWitt et al., 2011; Mueller
and Flotte, 2008), we believe that our data suggest the feasibility

of induced striatal neuronal addition as a viable therapeutic strat-
egy for HD.

EXPERIMENTAL PROCEDURES

Animals and Viral Injection

This study was approved by the University Committee on Animal Resources of
the University of Rochester. Wild-type females with ovary transplants from
R6/2" (105 CAG) mice were purchased from Jackson Laboratories. Mice
were genotyped after weaning; we analyzed those that were R6/2 transgenic
positive to determine their CAG repeat number by PCR, with primers encoding
a product spanning the repeat region (forward primer 5'-ATGAAGGCCTTC
GAGTCCCTCAAGTCCTTC-3" and reverse 5-GGCGGCTGAGGAAGCTG
AGGA-3'). Only mice with confirmed 105 + 5 CAG repeats were used for this
study.

Adeno-associated viruses (AAV4) expressing BDNF and noggin were
produced at the University of lowa Gene Transfer Vector Core, as described
(Benraiss et al., 2012). For all experiments, R6/2 mice received bilateral intra-
ventricular 1.5 pl injections of a 1:1 mixture of AAV4-BDNF and AAV4-
AB2noggin (referred to as AAV4-BDNF/noggin), AAV4-Null, or saline at
4 weeks of age. Beginning 2 weeks later, mice were treated with BrdU
(75 mg/kg, i.p.) for 30 days, then killed 2 weeks later for histological analysis.
Both our stereotaxic injection and BrdU labeling protocols are further detailed
in the Supplemental Experimental Procedures.

Six male adult squirrel monkeys, weighing between 700 and 1,200 g, were
injected with 20 pl of either an adenoviral-BDNF/adenoviral-noggin mixture
or a control adenoviral-EGFP into the lateral ventricles (n = 3 monkeys
each), using stereotaxic coordinates determined through computerized
tomography scanning of each animal. Beginning 1 week following adenoviral
injection, the monkeys received daily intravenous injections of BrdU
(75 mg/kg, IV) for 15 days, to label newly generated neurons. Five weeks later,
the animals were killed and their brains were dissected, cryosectioned, and
immunostained for analysis.

Identifying Newly Generated Neurons in Nestin-CreER"2/ROSA26-
EYFP Mice

Nestin-CreER™2/ROSA26-EYFP bigenic mice were used experimentally or
bred (Imayoshi et al., 2006, 2008) with females with ovary transplants from
R6/2* (105 CAG) mice. At three weeks of age, the mice received daily injec-
tions of tamoxifen (2.5 mg i.p., or 125 mg/kg) for 10 days. The tamoxifen
stock solution was prepared by suspending 250 mg tamoxifen (Sigma;
T5648) in 1 ml of ethanol followed by the addition of 9 ml peanut oil. The
mice were injected with AAV4 1 day after their last tamoxifen injection,
when 4 weeks old. A subset of these nestin bigenic or trigenic mice (n = 4
each) also received a stereotaxic intrapallidal injection of the fluorescent-
conjugated retrograde tracer CT-B, conjugated to Alexa Fluor 555 (0.5 pl;
Invitrogen; C-34776). The injections were given 1 week prior to sacrifice at
12 weeks, at the following coordinates relative to bregma: AP —0.8 mm;
ML + 2.25 mm; DV —3.6 mm.

Analogous bigenic and trigenic reporter mice established with mEGFP were
established to permit whole-cell visualization of both newly generated and
resident MSNs. The construction of these mice, and of corresponding lentivi-
ral-mEGFP vectors, is described in the Supplemental Experimental
Procedures.

Immunolabeling

Immunophenotyping of newly generated and resident MSNs was accom-
plished using a panel of antigenic markers that included Dcx, BllI-tubulin,
NeuN, DARPP-32, and substance P and enkephalin, typically colabeled with
one another or for BrdU; detailed protocols for each of these immunostains
are provided in the Supplemental Experimental Procedures.

Electrophysiological Assessment

Physiological recordings of newly generated neurons in slice preparations of
nestin-EYFP bigenic wild-type and crossed R6/2 trigenic mice were performed
as described in detail in the Supplemental Experimental Procedures.
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Confocal Imaging

In striatal sections, cells that were double-labeled with BrdU or GFP and
markers described were selected for confocal analysis. Images were acquired
using an Olympus Fluoview confocal microscope and an argon-krypton laser
and analyzed as previously described (Benraiss et al., 2001; Chmielnicki et al.,
2004; Cho et al.,, 2007). More detailed methods and scoring criteria are
described in the Supplemental Experimental Procedures.

Scoring and Quantification

Counts of striatal BrdU* cells were scored by antigenic phenotype using ste-
reological methodology for unbiased estimation across the striatal volume as
detailed in the Supplemental Experimental Procedures.

Rotarod Performance

Motor coordination and balance were measured using rotarod analysis as pre-
viously described (Cho et al., 2007) and as detailed in the Supplemental Exper-
imental Procedures.

Survival

The viabilities of AAV4-BDNF/noggin, AAV4-Null, or saline-treated R6/2 mice
were assessed twice daily throughout the entire length of the experiment. At
least one wild-type littermate was provided in each experimental cage, and
no mice entered into the survival study were subjected to behavioral tests
so as to exclude the possibility of any confounding effects of such tests
upon net life span. Survival data were analyzed by Kaplan-Meier survival
curves.

SUPPLEMENTAL INFORMATION

Supplemental Information for this article includes Supplemental Experimental
Procedures, six figures, and four tables and can be found with this article
online at http://dx.doi.org/10.1016/j.stem.2013.04.014.
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SUMMARY

Human induced pluripotent stem cells (hiPSCs) hold
promise for myocardial repair following injury, but
preclinical studies in large animal models are
required to determine optimal cell preparation and
delivery strategies to maximize functional benefits
and to evaluate safety. Here, we utilized a porcine
model of acute myocardial infarction (Ml) to in-
vestigate the functional impact of intramyocardial
transplantation of hiPSC-derived cardiomyocytes,
endothelial cells, and smooth muscle cells, in combi-
nation with a 3D fibrin patch loaded with insulin
growth factor (IGF)-encapsulated microspheres.
hiPSC-derived cardiomyocytes integrated into host
myocardium and generated organized sarcomeric
structures, and endothelial and smooth muscle cells
contributed to host vasculature. Trilineage cell trans-
plantation significantly improved left ventricular
function, myocardial metabolism, and arteriole den-
sity, while reducing infarct size, ventricular wall
stress, and apoptosis without inducing ventricular
arrhythmias. These findings in a large animal MI
model highlight the potential of utilizing hiPSC-
derived cells for cardiac repair.

INTRODUCTION

Human induced pluripotent stem cells (hiPSCs) are promising
therapeutic agents that can potentially generate an unlimited
range and quantity of clinically relevant cell types that are not re-
jected by the patient’s immune system. Several studies have re-
ported generation of cardiomyocytes from hiPSCs (Burridge

750 Cell Stem Cell 15, 750-761, December 4, 2014 ©2014 Elsevier Inc.

et al,, 2012), and transplantation of these cells into rodent
models of MI have suggested that they may provide functional
benefit (Caspi et al., 2007; Laflamme et al., 2007; Shiba et al.,
2012; van Laake et al., 2008). In a guinea pig model of cardiac
injury, transplanted human embryonic stem cell-derived cardio-
myocytes (hESC-CMs) showed electric coupling to native
myocardium (Shiba et al., 2012). However, preclinical studies
in large animal models of MI are necessary to fully evaluate the
therapeutic potential of this approach and to empirically deter-
mine the optimal combination of cell types, supplementary fac-
tors, and delivery methods to maximize efficacy and stringently
assess safety (Cibelli et al., 2013). To this end, Chong et al. uti-
lized a nonhuman primate model of myocardial ischemia, inject-
ing one billion hESC-CMs into the hearts of macaques with MI
injury, and finding extensive evidence of engraftment, remuscu-
larization, and electromechanical synchronization 2 to 7 weeks
after transplantation (Chong et al., 2014). Despite these prom-
ising findings, telemetric electrocardiographic (ECG) evaluation
demonstrated ventricular arrhythmias in some treated animals,
suggesting further investigation of optimal cell quantities and de-
livery approaches is warranted.

Currently, poor engraftment of transplanted cardiomyocytes
presents a significant barrier to transplantation-based ap-
proaches for myocardial cell therapy. In vitro studies strongly
suggest that myocytes survive better when cocultured with
endothelial cells (ECs) than when cultured alone (Xiong et al.,
2012). Coadministration of ECs could enhance CM survival
and benefit left ventricular (LV) myocardial perfusion, meta-
bolism, and contractile activity through release of signaling
molecules such as nitric oxide, vascular endothelial growth
factor (VEGF), and insulin growth factor (IGF), which has also
been shown to inhibit apoptosis (Davis et al., 2006; Brutsaert,
2003; Hsieh et al., 2006). Consistent with this hypothesis, we
recently demonstrated that transplantation of hiPSC-derived
ECs (hiPSC-ECs) and smooth muscle cells (hiPSC-SMCs)
into ischemic porcine myocardial tissue contributes to
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improvements in perfusion, wall stress, and cardiac perfor-
mance (Xiong et al., 2012); however, myocardial repair and func-
tional improvements may be even more extensive if primary
force-producing myocardial cells are included in the population
of transplanted cells.

In the present study, we injected three hiPSC-derived cell
types (hiPSC-CMs, hiPSC-ECs, and hiPSC-SMCs) directly into
injured hearts in a porcine large animal model of acute myocar-
dial infarction. Cells were coinjected through an epicardial fibrin
patch that provided prolonged release of the prosurvival factor
insulin-like growth factor 1 (IGF-1), and cell engraftment and
functional outcomes were evaluated. Our results show engraft-
ment of cells from all three lineages at the site of injury, for at least
4 weeks after injection. This was accompanied by improvements
in myocardial wall stress, metabolism, and contractile perfor-
mance, and, importantly, did not lead to the development of
ventricular arrhythmias. Together, these findings show that
coadministration of multiple hiPSC-cardiovascular lineage cell
populations promotes myocardial repair in large-animal models
of MI.

RESULTS

Differentiation of hiPSCs into Cardiac-Lineage CMs,
ECs, and SMCs

hiPSCs were reprogrammed from human dermal fibroblasts and
engineered to express eGFP (Figure S1 available online) and
differentiated into CMs via the Sandwich method (Zhang et al.,
2012). Isolated areas of contracting cells typically appeared on
day 7 of differentiation (Movies S1, S2, and S3) and were
collected 1 week later for purification via a microdissection and
preplating method. Expression of cardiac-specific proteins in
differentiated hiPSC-CMs was evaluated on day 30 after cells
started contracting. Nearly all hiPSC-CMs expressed slow
myosin heavy chain, a-sarcomeric actin (Figure 1A), and the car-
diac-specific myofilament c¢TnT (Figure 1B). Approximately
20%-30% of the hiPSC-CMs expressed the 2v isoform of
myosin light chain (MLC2v) (Figure 1B, middle), which is found
only in ventricular CMs, and cardiac connexin-43 was present
at numerous points of contact between adjacent cells (Fig-
ure 1C). The purity of the final hiPSC-CM population was as
high as 93% when evaluated via flow cytometry analysis of
cTnT expression (Figures 1D and 1E) and >90% when evaluated
viafluorescence immunostaining for cTnT expression (Figure 1F).
hiPSC-ECs and hiPSC-SMCs were generated via established
differentiation protocols (Hill et al., 2010; Woll et al., 2008) and
expressed EC- and SMC-specific proteins (Figures 1G-1L).

hiPSC-Derived Cardiac Cells Engraft and Survive after
Transplantation into a Porcine Model of Myocardial
Infarction

We then tested our hypothesis that transplantation of three
hiPSC-derived cardiac cell types would improve recovery after
ischemic myocardial injury in a large-animal model (swine) of
ischemia-reperfusion (IR) injury. A total of 92 pigs underwent
the IR protocol; 89 pigs survived and were divided into five
groups (Table S1). Animals receiving CMs, EC, and SMCs
(Cell group) or CMs, ECs, SMC, and the fibrin/IGF-1 patch
(Cell+Patch group) were injected with two million hiPSC-CMs,

two million hiPSC-ECs, and two million hiPSC-SMCs (six million
cells total) directly into the injured myocardium; for animals in the
Cell+Patch group, the needle was inserted through an IGF-1-
containing fibrin scaffold patch (Figure S2) that had been created
over the site of injury. Animals in the Patch group were treated
with scaffold patch alone, and both the patch and the cells
were withheld from animals in the MI group. Animals in the
Sham group underwent all surgical procedures for induction of
IR injury, except for the ligation step, and recovered without
any experimental treatments.

We then evaluated the engraftment and survival rates of the
transplanted cells. Since the transplanted cells were genetically
male and engineered to express GFP, while the recipient pigs
were female, we performed quantitative PCR (qPCR) assess-
ments for the human Y chromosome. Lineages of surviving cells
were determined by staining for expression of the human-spe-
cific EC marker CD31 (hiPSC-ECs), for coexpression of GFP
and a-smooth-muscle actin (SMA) (hiPSC-SMCs), and for coex-
pression of GFP and cTnT (hiPSC-CMs).

At 4 weeks after injury, 4.2% + 1.1% of transplanted cells sur-
vived in animals in the Cells group while 8.97% + 1.8% survived in
the hearts of Cell+Patch animals. In contrast, 3.2% + 0.4% of the
two million cells administered to the CM group survived. Substan-
tial proportions of all three transplanted cell types were observed
in Cell+Patch hearts: 27.1% + 5% of surviving transplanted cells
were hiPSC-CMs, 34.2% + 10% were hiPSC-ECs, and 40.5% =+
1% were hiPSC-SMCs. These observations suggest that the IGF-
1-containing fibrin patch may have substantially improved the
engraftment of all three hiPSC-derived cell lineages. Furthermore,
GFP-expressing cells were present in cardiac muscle fibers (Fig-
ures 2A), but rarely in fibers composed of porcine cardiomyocytes
(Figures S3A-S3D), suggesting that the transplanted hiPSC-CMs
may have developed into new muscle fibers rather than incorpo-
rating into existing host cardiac muscle. GFP* cells were also
identified in capillaries and arterioles (Figures 2B and 2C),
although the proportion of vessels apparently generated directly
from transplanted cells was less than 0.1%.

Transplantation of hiPSC-Derived Cardiac Cells
Improves Cardiac Function and Bioenergetics after Ml
Measurements of cardiac function were evaluated 1 and 4 weeks
after injury and cell transplantation. Left-ventricular ejection frac-
tion (LVEF) was significantly better in Cell+Patch group animals
than in Ml and Patch animals (Figure 3A) at 4 weeks. Systolic
thickening fractions that reflect regional myocardial contractility
were significantly greater in the infarct zone (1Z) and at the border
zone (BZ) of the infarct in hearts from Cell+Patch animals than in
MI hearts at both week 1 and week 4 time points (Figure 3B).
Infarct size was significantly smaller in Cell+Patch hearts than
in Ml hearts (p < 0.05) at week 1, while the difference between
Cell+Patch and Patch hearts approached statistical significance
(p=0.051) (Figure 3C). Measurements of regional wall stress per-
formed 4 weeks after injury were significantly lower in Cell+Patch
hearts than in Patch hearts (Figure 3D). Together, these results
show that transplantation of multiple hiPSC-derived cardiac lin-
eages, in combination with IGF-1/fibrin patch, improves cardiac
function after MI.

We then determined whether these functional improvements
in Cell+Patch animals were accompanied by improved
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myocardial bioenergetics and efficient ATP utilization. Myocar-
dial ATP hydrolysis rates were measured in vivo with the 5'P
MRS-MST method (Xiong et al., 2013). Measurements were
performed at the BZ of the infarct under both baseline and
elevated cardiac work states in response to catecholamine
stimulation. Myocardial PCr/ATP ratios that reflect mitochon-
drial energetic efficiency, were significantly higher in animals
from the Cell+Patch group than in Ml animals under baseline
conditions (Figure 3E), while the rate of ATP hydrolysis was
significantly higher in Cell+Patch group hearts than in Ml and
Patch hearts during high cardiac workload (Figure 3F); mea-
surements in Patch and MI animals were similar under both
conditions. Collectively, these observations indicate that the
transplantation of hiPSC-derived cardiovascular cells improved
LV pump function and myocardial energy metabolism while
reducing infarct size.

Combined hiPSC-CM and Patch Treatment Does Not
Induce Ventricular Arrhythmias

Arrhythmogenesis is a primary risk associated with pluripotent
cell-derived CM therapy for treatment of cardiac disorders. In a
recent study, significant ventricular arrhythmias were detected
after transplantation of hESC-CMs in a nonhuman primate model
of MI (Chong et al., 2014). Thus, we examined whether the
hiPSC-CM patch transplantation protocol used here might be
associated with onset of cardiac arrhythmia. Ischemia-reperfu-
sion injury was induced in 16 pigs who then received the fibrin/
IGF-1 patch alone (Patch group), the patch and ten million
hiPSC-CMs (Patch+CMs), or neither experimental treatment
(Table S1). ECGs were recorded continuously for 4 weeks after-
ward using an implantable loop recorder. Severe arrhythmias
and ST elevations were observed in all animals during coronary
artery occlusion and reperfusion, but no animal in any treatment
group developed spontaneous arrhythmia during the 4-week
follow-up period. Furthermore, no evidence of ventricular tachy-
cardia (VT) or ventricular fibrillation (VF) was induced in response
to programmed electrical stimulation (PES) in hearts of Patch+
CM group animals, even when the most aggressive stimulation
protocol was applied. Thus, the combined Patch+hiPSC-CM
administration protocol used for the experiments described in
this report does not appear to impair the electromechanical sta-
bility of swine hearts.

Transplantation of hiPSC-Derived Cardiac Cells
Reduces Cardiomyocyte Apoptosis and Stimulates
Nkx2.5 Expression after IR Injury

We next assessed how Cell+Patch treatment improves cardiac
function. One possibility is through induction of cytoprotective

mechanisms. To evaluate this possibility, we measured
apoptosis in the hearts of animals sacrificed 3 days after IR
injury and treatment (Figures 4A-4G). At the BZ of the infarct,
apoptotic (i.e., TUNEL") cells were significantly less common in
animals from the Cell+Patch group than in Ml and Patch animals,
both in the total cell population (Figure 4F) and specifically
among CMs (i.e., cTnl* cells) (Figure 4G). Furthermore, the pro-
portion of CMs that expressed Nkx2.5 (Figures 4H-4N), which
has been shown to protect CMs from oxidative stress (Toko
et al.,, 2002), was significantly greater in Cell+Patch animals
than in Ml animals at week 4 (p < 0.05), and the difference
between Cell+Patch and Patch animals approached statistical
significance (p = 0.056), at week 1 after IR injury (Figure 4N).
Nkx2.5 expression in M| hearts increased at week 4 but re-
mained significantly lower than in Cell+Patch hearts. Thus, trans-
plantation of hiPSC-derived cells increased cell survival during
the first few days after IR injury and is associated with upregula-
tion of Nkx2.5 expression. The decline in apoptosis could also
result from improvements in wall stress and decreased fibrosis.
Consistently, examination of Masson-Trichrome-stained heart
sections from animals sacrificed at week 4 showed thicker
subepicardium in the region where the patch was applied
(~2.44 mm) than in animals from the Sham (0.16 mm) or Ml
(0.88 mm) groups (Figure S4).

Transplantation of hiPSC-Derived Cardiac Cells
Enhance the Vasculogenic Response to IR Injury
Increased angiogenesis could also contribute to improved ven-
tricular function. We therefore assessed whether transplantation
of hiPSC-derived cardiac cells promotes angiogenesis in peri-
infarct border zone (BZ) of MI hearts. Four weeks after injury,
CDS31+vascular structures and arterioles that coexpressed
CD31 and SMA were significantly greater in the BZ of Cell and
Cell+Patch hearts than in the corresponding regions of Ml and
Patch hearts (Figure 5). Additionally, vascular density was
significantly greater in the CM group than in the MI group.
Thus, transplantation of the hiPSC-derived cardiac cells pro-
moted neovascularization, probably by inducing paracrine
mechanisms in recipient myocardial tissue (Table S2).

The cell and patch treatments may also have delayed the
immune response to IR injury. While infiltration of cells ex-
pressing the inflammatory marker CD11b (Figures S5A-S5F)
peaked 3 days after injury in the MI group, this was sig-
nificantly delayed in the 1Z and BZ regions of hearts from
Cell+Patch animals (Figure S5G). CD11b* cells were sig-
nificantly more common in Cell+Patch hearts than in Ml
hearts at week 1 but not at week 4, while the CM, Cells,
and Patch groups showed a statistically nonsignificant

Figure 1. Differentiation of Human iPSCs into Cardiomyocytes, Endothelial Cells, and Smooth Muscle Cells

(A-C) hiPSCs were differentiated into CMs via the Sandwich method (Zhang et al., 2012), and the lineage of the differentiated hiPSC-CMs was confirmed via the
expression of (A) slow myosin heavy chain (SMHC) and a-sarcomeric actin (a-SA); (B) cardiac troponin T (cTnT) and the ventricular- specific cardiomyocyte
protein myosin light chain 2v (MLC2v); and (C) cTnT and the gap-junction protein connexin-43 (Con-43); nuclei were counterstained with DAPI. The boxed region

in the second panel of (C) is shown at higher magnification.

(D-F) The purity of the hiPSC-CM population was evaluated via flow cytometry analysis of cTnT expression in (D) isotype controls and (E) purified hiPSC-CMs, and
by (F) immunofluorescence analysis of cardiac troponin | (cTnl) expression; nuclei were counterstained with DAPI. Scale bar represents 100 um in (A) and (B) and
200 umin (C) and (F). (See also Movies S1, S2, and S3.) hiPSCs were differentiated into ECs and SMCs as described previously (Hill et al., 2010; Woll et al., 2008).
(G-L) The lineage of the differentiated hiPSC-ECs was confirmed via the expression of (G) CD31, (H) CD144, and (I) vWF-8; and (J-L) the lineage of the differ-
entiated hiPSC-SMCs was confirmed via the expression of (J) smooth-muscle actin (SMA), (K) SM22, and (L) calponin. Nuclei were counterstained with DAPI.

Magnification (G)—(L) = 200x. (See also Figure S1.)
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Figure 2. hiPSC-Derived Cardiac Cells Engraft and Survive after
Transplantation into the Hearts of Swine with Ml

(A) Engraftment of the injected cells was evaluated in sections stained for the
presence of GFP; muscle fibers were visualized via fluorescentimmunostaining
for cTnT, and nuclei were counterstained with DAPI. The sections displayed in
the first three panels were imaged with a phase-contrast microscope.

(B) Engrafted cells were identified in arterioles via immunofluorescent staining
for the coexpression of GFP and SMA; muscle fibers were visualized via
immunofluorescent staining for cTnl and nuclei were counterstained with
DAPI.

(C) Engrafted cells were identified in blood vessels (i.e., capillaries and arte-
rioles) viaimmunofluorescent staining for the human-specific isoform of CD31;
muscle fibers were visualized via cTnT staining and nuclei were counterstained
with DAPI. Scale bar represents 100 um. (See also Figure S3.)
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increase at weeks 1 and 4, suggesting a delayed host immune
response following cell transplantation, possibly reducing im-
mune rejection and increasing engraftment and survival of
hiPSC-derived cells.

Paracrine Factor Release from the hiPSC-Derived Cells
This increase in angiogenesis observed after Cell+Patch treat-
ment could be due to release of paracrine factors, as suggested
by studies showing that endothelial cells promote cardiomyo-
cyte survival (Xiong et al., 2012). To determine whether hiPSC-
derived vascular cells possess cytoprotective effects similar
to those previously reported in similar cell types, we cultured
hiPSC-CMs under hypoxic conditions in media collected from
the hiPSC-derived vascular cells (i.e., conditioned media) or
with unconditioned (basal) media. hiPSC-CMs tended to shrink
when cultured with unconditioned media but not when cultured
with the conditioned media (Figures 51 and 5J). Culture in condi-
tioned media was also associated with significant declines in
hiPSC-CM apoptosis (Figures 5K, 5L, and 5N) and in the amount
of cytoplasmic leakage of lactate dehydrogenase (LDH) from
hiPSC-CMs (Figure 5M). Thus, hiPSC-derived vascular cells
appear to release paracrine factors that protect hiPSC-CMs
from hypoxic injury.

We then performed protein array analysis to identify paracrine
factors that may be responsible for these in vitro cytoprotective
effects and that might induce repair mechanisms in injured
myocardial tissue. A total of 21 factors were detected, and their
expression was confirmed in hiPSC-CMs, as well as hiPSC-
derived vascular cells (Table S2). Several of the identified factors
are known to impede apoptosis (angiogenin, angiopoietin, IL-6,
MMP-1, PDGF-BB, TIMP-1, uPAR, and VEGF), induce cell
migration or homing (angiogenin, angiopoietin, IL-8, MCP-1,
MCP-3, MMP-9, uPAR, and VEGF), and promote cell division
(angiogenin, angiopoietin, PDGF-BB, and VEGF), suggesting
multiple paracrine mechanisms through which hiPSC-ECs and
hiPSC-SMCs could promote CM survival and cardiac repair.

Myocardial Protein Expression after IR Injury and Cell
Therapy

Understanding changes in the expression profile of myocardial
proteins will help reveal the molecular mechanisms underlying
improvements in left ventricular function associated with cell
therapy. To provide further insights into these mechanisms, we
performed a quantitative proteomics analysis on LV tissues
from SHAM hearts and from MI hearts that were treated with
or without hiPSC-derived vascular cells (which have both
hiPSC-ECs and hiPSC-SMCs) after IR injury (Figure S6). We
confidently identified 66 proteins whose expression pattern
was altered in Ml hearts but fully or partially restored to normal
after cell transplantation (Figure 6). Thus, the functional benefits
associated with cell therapy appear to be accompanied by a
recovery of the myocardial protein expression profile of the
recipient hearts.

DISCUSSION
The present study is among the first to evaluate the combined

administration of three hiPSC-derived cardiovascular lineage
cells in a large-animal model of ischemic myocardial injury. Our
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Figure 3. Transplanted hiPSC-Derived Cardiac Lineage Cells Improve Cardiac Function
) LV ejection fractions were evaluated at week 1 and week 4 after Ml injury and treatment.
) LV wall systolic thickening fractions in the infarct zone (1Z) and at the border zone (BZ) of ischemia were evaluated at week 4.

D) LV wall stress in the 1Z, in the BZ, and in uninjured regions of the myocardium (i.e., the remote zone [RZ]) was evaluated at week 4.

A
B
(C) Infarct sizes were evaluated at week 1 and week 4 and expressed as a percentage of the LV surface area.
(
(

E and F) Four weeks after Ml injury and treatment, (E) PCr/ATP ratios and (F) the ATP hydrolysis rate were determined in the BZ under both baseline conditions
and after a high cardiac workload was induced via catecholamine administration; measurements were obtained via a double-saturation 3'P MRS-MST protocol.
For (B), (D), (E), and (F), measurements in Sham animals were performed in regions that corresponded to the site of injury in the other experimental groups. Data
are presented as mean + SEM, *p < 0.05 versus MI; #p < 0.05 versus Patch. (See also Figures S2 and S4 and Table S1.)

results indicate that when hiPSC-CM, hiPSC-SMC, and hiPSC-
EC injection is performed through a fibrin patch that has been
created over the injection site and contains gelatin microspheres
that release IGF-1 into the surrounding tissue, the engraftment
rate of the transplanted cells can be as high as 8.97% + 1.8%
4 weeks after transplantation, which is ~20-fold greater than
the engraftment rate observed when adult swine progenitor cells
were evaluated in the same animal model (Zeng et al., 2007). Our
results also demonstrate that the transplanted cells developed
into functioning CMs and vascular cells and that the combination
of hiPSC-CM, hiPSC-EC, and hiPSC-SMC injection with patch

application led to significant improvements in LV wall stress,
infarct size, systolic thickening fraction, vascular density, and
ATP turnover rate. These findings are consistent with the
concept that the severity of LV functional decline and structural
remodeling is proportional to scar size (Pfeffer and Braunwald,
1990) and that LV dilatation and hypertrophy are exacerbated
as increases in systolic wall stress propagate from the 1Z and
BZ to the adjacent myocardium (Pfeffer and Braunwald, 1990).

Previous attempts to isolate hiPSC- or hESC-derived CMs
have been only moderately successful. Xu et al. (2006) used a
method based on Percoll separation and cardiac body formation
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Figure 4. Transplantation of hiPSC-Derived Cardiac Cells Reduces Cardiomyocyte Apoptosis and Enhances Endogenous Cell Survival
(A-G) Apoptotic cells were identified in sections from the border zone of infarct in hearts from animals in the (A) M, (B) Patch, (C) CM, (D) CM+EC+SMC, and (E)
Cell+Patch groups with the TUNEL assay. Muscle fibers were visualized via fluorescent immunostaining for cTnl, and nuclei were counterstained with DAPI; the
boxed regions toward the left of (A), (B), (C), (D), and (E) are displayed at higher magnification in the boxes at the right of the images. (F) Apoptosis was quantified
as the percentage of cells that were positive for TUNEL staining. (G) Cardiomyocyte apoptosis was quantified as the percentage of cTnl-positive cells that were
also positive for TUNEL staining.

(H-N) NkX2.5 expression was evaluated in sections from the border zone of infarct hearts that compared to Sham operated-normal hearts: (H) Sham, (I) MI,
(J) Patch, (K) CM, (L) CM+EC+SMC, and (M) Cell+Patch. The immunofluorescent staining positives with anti-Nkx2.5 antibody are shown in green; muscle
fibers were visualized via fluorescent immunostaining for cTnl, and nuclei were counterstained with DAPI. (N) The percentage of cardiomyocytes that ex-
pressed Nkx2.5 was determined at week 1 and week 4 after injury. Data are presented as mean + SEM. *p < 0.05; scale bar represents 100 um. (See also
Table S2.)

to obtain hESC-CMs, but just 35%-66% of the isolated cells ex-  pressed cTnT, and the purity was subsequently increased to
pressed slow myosin heavy chain or cTnT, suggesting that the  >90% via microdissection and preplating, yielding a total of three
purity of the obtained population would not be sufficient for  to four million hiPSC-CMs per well. This yield and purity is suffi-
use in large-animal models. With the differentiation protocol cient for experiments in large animal models and supports the
(Zhang et al., 2012) used here, 68% of the differentiated cells ex-  feasibility of potential clinical trials.
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Figure 5. The hiPSC-Derived Cardiac Cells Enhance the Angiogenic Response and Inhibit Apoptosis

Vascular density and arteriole density at week 4 after Ml were evaluated in sections from the border zone of infarct in the hearts of animals from the (A) Sham, (B)
MI, (C) Patch, (D) CM, (E) CM+EC+SMC, and (F) Cell+Patch groups via immunofluorescent staining for CD31 and SMA; muscle fibers were visualized via cTnT
staining. (G) Vascular density was determined by counting CD31+ vascular structures, and (H) arteriole density was determined by counting vascular structures
that expressed both CD31 and SMA. *p < 0.05; scale bar represents 200 um.

(I-N) hiPSC-CMs were cultured under hypoxic conditions in () basal media (Basal MEM) or (J) media collected from the hiPSC-derived vascular cells
(Conditioned MEM) for 48 hr; then, (K and L) apoptotic cells were identified via the TUNEL assay, (M) cytotoxicity was quantified via the intensity of
lactate dehydrogenase fluorescence observed in the media, and (N) apoptosis was quantified as the percentage of cells that were positive for TUNEL staining.
*p < 0.05 versus basal MEM; magnification: 100x for (I) and (J); scale bar represents 100 um. Data are presented as mean + SEM. (See also Figure S5 and

Table S2.)

One of the primary factors limiting the effectiveness of cell
therapy is the low proportion of transplanted cells that survive
in the recipient heart a few weeks after transplantation (Beau-
champ et al., 1999; Qu et al., 1998; Tang et al., 2010; Zeng
et al., 2007). Coadministration of a cytoprotective agent, such
as IGF-1, can improve cell survival rate (Davis et al., 2006; Li
et al., 1997; Wang et al., 1998), but the administered cells may
still be lost after reestablishment of blood flow or be forced out
of the myocardium along the needle track by high pressure dur-
ing systolic contraction. Notably, a considerably higher rate of
engraftment was observed in hearts from the Cell+Patch group,
which was 2-fold greater than the rate observed in Cell group
hearts, ~2.5-fold greater than observed in CMs hearts, and
~4-fold greater than when only hiPSC-derived ECs and SMCs

were incorporated into a growth-factor-enriched patch (Shimizu
et al., 2002; Xiong et al., 2013). This can be partially attributed to
the fibrin patch itself, as the patch forms a physical barrier pre-
venting ejection of the cells into the epicardial space while
providing a prolonged IGF-1 supply to promote cell survival.
The overall engraftment rate for the three cell populations
administered to Cell+Patch animals was ~9% and the proportion
of cells that expressed EC-, SMC-, or CM-specific markers are
~34%, ~40%, and ~27 %, respectively. Substantial engraftment
of stem cell-derived CMs has also been observed in a primate
model of postinfarction LV remodeling (Chong et al., 2014):
~2% of the LV was composed of engrafted cells, but the
precise engraftment rate could not be calculated because the en-
grafted cells were not counted. However, macaque hearts are
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Figure 6. Protein Expression Levels Are
Significantly Altered in Ml and Partially
Restored by Cell Transplantation

Myocardial protein expression profiles were eval-
uated in animals that had been treated with
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approximately one-sixth the size of human hearts (37-52 g
versus ~300 g), which contain approximately three billion CMs,
and ~70% of cardiac mass is contained in the LV; thus, the
LVs of the animals used in the primate study probably contained
~350 million CMs, approximately seven million of which (i.e., 2%
of 350 million) were the transplanted hESC-CMs. Since one
billion hiPSC-CMs were administered to each macaque, the
engraftment rate appears to have been ~0.7%, which is consis-
tent with other rates reported in the literature (Zeng et al., 2007)
and ~10-fold lower that the rate of hiPSC-CM engraftment
observed in the Cell+Patch animals in the present study.

One of the most critical concerns associated with cardiac cell
therapy is the development of arrhythmogenic complications.
The study by Chong et al. (2014) illustrates that transplantation
of human CMs to large animal post-MI models can unmask poten-
tial arrhythmic complications that are not observed in comparable
small animal models (Shiba et al., 2012). All the monkeys studied
by Chong et al. (2014) that received hESC-CMs developed spon-
taneous arrhythmia during the EKG follow-up evaluations. In the
present study, we used a strategy of a smaller cell dose and aim-
ing at mobilization of the endogenous cardiac progenitors, which

we have reported earlier (Zeng et al., 2007; Xiong et al., 2013). We
used a 100-fold lower dose of hiPSC-CMs compared to Chong’s
report and found no increase of spontaneous or PES-induced
arrhythmia in any of the animals that received cell therapy. The
remarkably better electrical stability achieved with our approach
may be attributable, in part, to the smaller cell dose used (ten
million versus one billion) and targeting the cytokine-associated
mobilization of the endogenous progenitors (Xiong et al., 2013;
Zeng et al., 2007). Electromechanical connectivity may be more
extensive between native tissues and tissues generated through
endogenous repair mechanisms than between native tissues
and large piece of cardiac tissue that develop directly from the
engrafted cells. Coadministration of ECs has been linked to the
regulation of cardiovascular physiology (Brutsaert, 2003; Hsieh
et al., 2006) and could have further improved myocardial recovery
primarily through the enhancement of cytokine-associated mech-
anisms. These data also indicate that strategies designed to pro-
mote the paracrine effect of transplanted CMs and ECs maybe be
more desirable in cardiac cell therapy.

Transplantation of hiPSC-derived cells was also associated
withincreases in the expression of Nkx2.5 in host cardiomyocytes,
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which is known to protect cardiomyocytes from oxidative damage
(Toko et al., 2002). Furthermore, myocardial perfusion is main-
tained by the regulatory activity of small resistant vessels (Frame
and Sarelius, 1993), so the significant increase in myocardial arte-
riole density observed in the BZ of Cell+Patch-treated hearts also
probably contributed to declines in apoptosis and to the preserva-
tion of contractile function. The increase in arteriole density ap-
pears to have occurred through the sprouting of preexisting
microvessels in the BZ of the treated hearts, because nearly all
of the vessels were GFP negative. The increase in arteriole density
was also accompanied by a significant improvement in the
myocardial ATP turnover rate (Figure 3F). The calculated rate,
which incorporates the rates associated with all enzymatic pro-
cesses that support contraction and relaxation as well as the rates
generated by rapid near-equilibrium enzymes, was markedly
reduced at the BZ of infarction in M| hearts, while measurements
under high workload conditions were significantly greater in Cell+
Patch animals than in animals from either the Ml or Patch group.

Cyclosporine was administered to animals from all treatment
groups to reduce the likelihood of immune rejection in animals
treated with the hiPSC-derived cells. Nevertheless, assessments
of CD11b* cell density suggest that the immune response was
both elevated and delayed in Patch, CM, CM+EC+SMC, and
Cell+Patch animals (though the increase was significant in only
the Cell+Patch group). Both the patch and the transplanted cells
could have contributed to this increase, because the patch was
created by combining fibrin with thrombin, which is known to
amplify the inflammation induced by ischemia (Chen and
Dorling, 2009), and because the transplanted cells released
inflammatory cytokines such as MCP-1 and IL-6. Notably, IL-6
production was 8-fold and 20-fold higher in hiPSC-ECs than in
hiPSC-CMs or hiPSC-SMCs, respectively. Future study may
be required to find an optimal dosage of cyclosporine or addition
of other immunosuppression regimen, such as FK506, to
minimize the immune rejection and achieve higher cell engraft-
ment rate.

In conclusion, the studies described in this report evaluate the
combined use of hiPSC-ECs, hiPSC-SMCs, and hiPSC-CMs ina
porcine model of ischemia reperfusion myocardial injury. Our re-
sults demonstrate that when the enhanced cell delivery was
achieved by an IGF-1-containing fibrin patch, the engraftment
rate was remarkably greater than achieved with any other deliv-
ery method used in the porcine IR model (Zeng et al., 2007).
Furthermore, the combination of all three cell types with
extended, patch-mediated IGF-1 administration was associated
with significant improvements in myocardial wall stress,
apoptosis, arteriole density, metabolism, and contractile func-
tion. Collectively, these observations support the feasibility of
future mechanistic studies of hiPSC-derived cardiac cells in
large animal models. Studies with longer follow-up periods will
also be needed to ensure that the benefits of treatment are main-
tained and to fully characterize any potential adverse effects that
may be associated with this promising therapeutic modality.

EXPERIMENTAL PROCEDURES
Generation and Characterization of hiPSC-Derived Cardiac Cells

The hiPSC-CMs, hiPSC-SMCs, and hiPSC-ECs used in this study were gener-
ated from two hiPSC lines: DriPS16 (Cell+Patch group) and GRiPS (for the CM

and CM+EC+SMC groups). Both hiPSC lines were reprogrammed from male,
human, neonatal, dermal fibroblasts by transfecting cells with either lentivirus
(DriPS16) or Sendai virus (GRiPS) coding for OCT4, SOX2, KLF4, and C-MYC
and then engineered to constitutively express GFP. Cells were cultured in
hiPSC growth medium with irradiated mouse embryonic fibroblasts and
passaged every 6-7 days (Wilber et al., 2007).

hiPSCs were differentiated into ECs and SMCs as described previously (Hill
et al., 2010; Woll et al., 2008). hiPSC-ECs were characterized via the expres-
sion of CD31, CD144, and vVWF-8 (Xiong et al., 2012). hiPSC-SMCs were char-
acterized via the expression of a-smooth muscle actin (SMA), SM22, and
calponin.

In vitro cytoprotection assays are detailed in Supplemental Experimental
Procedures

Paracrine Factor Release from Cultured hiPSC-CMs, ECs, and SMCs
hiPSC-CMs (3.5 x 10° and hiPSC-SMCs (3.5 x 10°%) were cultured in 6-well
plates, washed three times with DPBS, and then cultured in 1 ml RPMI basal
medium; hiPSC-ECs (4 x 10°% were cultured in 1 ml EBM2 basal medium.
The medium was collected 48 hr later and analyzed with the Human Angiogen-
esis Antibody Array G1 Array (RayBiotech). Measurements were corrected for
background signals via control assessments with basal media that had been
exposed to identical conditions.

Synthesis of IGF-containing microspheres and patch manufacture are
detailed in Supplemental Experimental Procedures.

Porcine IR Injury Model and Treatment

Experiments were performed in female Yorkshire swine (~13 kg, 45 days of
age, Manthei hog farm, Elk River, MN) (Xiong et al., 2012). The experimental
protocol was approved by the IACUC of the University of Minnesota, and all
experimental procedures were performed in accordance with the Animal
Use Guidelines of the University of Minnesota and consistent with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH pub-
lication No 85-23).

A total of 108 pigs underwent the ischemia reperfusion (IR) protocol (Table
S1). Ninety-two pigs were used in the first part of the study: two pigs died of
ventricular fibrillation during occlusion, and one died of cardiac arrhythmia
1 week after IR injury while the MRI data were being collected. The remaining
89 pigs were divided into six groups. Animals in the CM+EC+SMC and
Cell+Patch groups were treated by injecting two million hiPSC-CMs, two
million hiPSC-ECs, and two million hiPSC-SMCs (six million cells total) directly
into the injured myocardium; for animals in the Cell+Patch group, the needle
was inserted through an IGF-1-containing fibrin patch that had been created
over the site of injury. Animals in the Patch group were treated with the patch
alone, and both the patch and the cells were withheld from animals in the Ml
group. Animals in the SHAM group underwent all surgical procedures for the
induction of IR injury except for the ligation step and recovered without any
of the experimental treatments. Sixteen pigs were used in loop recorder study.
The Patch+CM group used in the arrhythmogenesis experiments exposed to a
protocol of fibrin patch enhanced delivery of ten million hiPSC-CMs on surface
of the injured myocardium (Table S1).

Patch application was performed by suspending 5 mg of microspheres
(loaded with 2.5 pg IGF-1) in 1 ml fibrinogen solution (25 mg/ml); then, the
fibrinogen solution was coinjected with 1 ml thrombin solution (80 NIH units/
ml, supplemented with 2 pl 400 mM CaCl, and 200 mM €-aminocaproic
acid) into a 2.3-cm-diameter plastic ring that had been placed on the epicar-
dium of the infarcted region to serve as a mold for the patch; the mixture usu-
ally solidified within 30 s (Xiong et al., 2012). Cells were suspended in 1 ml MEM
and administered via ten intramyocardial injections (0.1 ml/injection).

Cardiac MRI and MR Spectroscopy are detailed in Supplemental Experi-
mental Procedures

The ECG Monitoring and Programmed Electrostimulation

Physiology Studies

The implantable loop recorders (Medtronic-Reveal) were placed in the left par-
aspinal area inferior to the angle of the scapula in the subcutaneous plane. It
was sutured in the place where the best electrograms were obtained and
there was no evidence of myopotential noise. It was programmed in the
conventional manner to document VT and asystole. The loop recorder was
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interrogated at the time of explantation when the animals were sacrificed
4 weeks after the cell therapy.

The programmed electrostimulation physiology studies (PES study) were
done at the time of sacrifice in 4 weeks. The PES study was done from the
epicardium in an open-chest fashion. The PES study was done from two sites:
one close to the infarct and one remote from the infarct. The study was done
with a Medtronic screw lead in the epicardium and the Bard system was used
for stimulation. It was done at two cycle lengths at 400 ms and 300 ms drive
trains. Four additional stimuli were given till effective refractory period (ERP)
was reached or 160 ms.

hiPSC-EC, hiPSC-SMC, and hiPSC-CM engraftment rate and immunohisto-
chemical evaluations are detailed in Supplemental Experimental Procedures.

Experimental Procedures for proteomics are detailed in Supplemental
Experimental Procedures.

Statistical Analysis

Results are presented as mean + SEM. Comparisons among groups were
analyzed for significance with one-way ANOVA. A value of p < 0.05 was
considered significant. Results identified as significant via ANOVA were rean-
alyzed with the Tukey correction. Statistical analyses were performed with
SPSS software (version 20).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, two tables, and three movies and can be found with this article
online at http://dx.doi.org/10.1016/j.stem.2014.11.009.
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SUMMARY

Neonatal engraftment by oligodendrocyte progenitor
cells (OPCs) permits the myelination of the congeni-
tally dysmyelinated brain. To establish a potential
autologous source of these cells, we developed
a strategy by which to differentiate human induced
pluripotent stem cells (hiPSCs) into OPCs. From
three hiPSC lines, as well as from human embryonic
stem cells (hESCs), we generated highly enriched
OLIG2"/PDGFRa*/NKX2.2°/SOX10* human OPCs,
which could be further purified using fluorescence-
activated cell sorting. hiPSC OPCs efficiently differ-
entiated into both myelinogenic oligodendrocytes
and astrocytes, in vitro and in vivo. Neonatally en-
grafted hiPSC OPCs robustly myelinated the brains
of myelin-deficient shiverer mice and substantially
increased their survival. The speed and efficiency
of myelination by hiPSC OPCs was higher than
that previously observed using fetal-tissue-derived
OPCs, and no tumors from these grafts were noted
as long as 9 months after transplant. These results
suggest the potential utility of hiPSC-derived OPCs
in treating disorders of myelin loss.

INTRODUCTION

A number of strategies have been developed for the cell-based
repair of demyelinated lesions of both the brain and spinal cord
(Ben-Hur and Goldman, 2008; Franklin and Ffrench-Constant,
2008; Goldman et al., 2012). In particular, human glial progenitor
cells capable of oligodendrocytic maturation and myelination
have been derived from both fetal and adult human brain tissue
(Dietrich et al., 2002; Roy et al., 1999; Windrem et al., 2004), as
well as from human embryonic stem cells (hESCs) (Hu et al.,
2009b; lzrael et al., 2007; Keirstead et al., 2005), and have
proven effective in experimental models of both congenitally dys-
myelinated (Simetal., 2011; Windrem et al., 2004; Windrem et al.,
2008) and adult demyelinated (Windrem et al., 2002) brain and
spinal cord. Yet these successes in immunodeficient mice

252 Cell Stem Cell 12, 252-264, February 7, 2013 ©2013 Elsevier Inc.

notwithstanding, immune rejection has thus far hindered the
use of allogeneic human cells as transplant vectors. Concern
for donor cell rejection has been especially problematic in re-
gards to adult demyelinating diseases such as multiple sclerosis,
in which the inflammatory processes underlying the disorders
can present an intrinsically hostile environment to any allogeneic
graft (Keyoung and Goldman, 2007).

To address this issue, we sought to develop a robust protocol
for the scalable production of myelinogenic oligodendrocytes
(OLs) from skin-derived human induced pluripotent stem cells
(hiPSCs). By constructing hiPSCs from skin or blood derived
from a particular patient, one may hope to generate sufficient oli-
godendrocyte progenitor cells (OPCs) to provide that patient
with myelinogenic autografts largely, though perhaps not com-
pletely, free of rejection risk. To this end, in this study we devel-
oped protocols by which we have generated highly enriched
populations of human OPCs from multiple lines of both hiPSCs
and hESCs. These cells reliably progress through the serial
stages of neural stem cell, glial progenitor cell, and both oligo-
dendrocytic and astrocytic differentiation in vitro. On that basis,
we assessed the myelination competence of the hiPSC-derived
OPCs (hiPSC OPCs) in a genetic model of congenital hypomye-
lination, the shiverer mouse, and established their ability to effi-
ciently and robustly myelinate the hypomyelinated shiverer brain
with no evidence of either tumorigenesis or heterotopic nonglial
differentiation. The transplanted animals survived significantly
longer than their untreated counterparts, and many were spared
early death, a striking clinical rescue from a fatal hereditary
disorder via an iPSC-based strategy. These data thus strongly
support the utility of hiPSCs as a feasible and effective source
of both OPCs and their derived myelinogenic central OLs and
suggest the potential of these cells as therapeutic vectors in
disorders of central myelin.

RESULTS

Human iPSCs Can Be Efficiently Directed to Glial
Progenitor Cell Fate

We used four different iPSC lines from three different sources
for this study; these included WAQ09/H9 hESCs (Thomson
et al., 1998); keratinocyte-derived K04 hiPSCs (Maherali et al.,
2008); and fibroblast-derived C14 and C27 hiPSCs (Chambers
et al., 2009). We selected specific features of several published
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Figure 1. hiPSCs Can Be Directed into OPC Fate

(A) A schematic protocol for directed differentiation of hiPSCs into OPCs. Embryoid bodies (EBs) were differentiated from undifferentiated hiPSCs (stage 1) from
DIV 0-5. EBs were then differentiated as neuroepithelial (NE) cells in neural induction media (NIM; see Experimental Procedures) with bFGF.

(B-D) Undifferentiated hiPSCs (stage 1) and hiPSC colonies expressed the pluripotency markers SSEA4 and OCT4. (B) Phase contrast. (C) SSEA4 (red); DAPI
(blue). (D) OCT4 (green); DAPI (blue).

(E-G) EBs (E) and neuroepithelial cells (F and G) could be generated from hiPSCs (stages 2 and 3). hiPSC-derived neuroepithelial cells at this stage expressed the
neuroepithelial markers PAX6 and SOX1. (E) Phase contrast. (F) PAX6 (green). (G) SOX1 (red).

(Hand 1) OLIG2* and NKX2.2™ early glial progenitor cells appeared under the influence of retinoic acid (RA) and purmorphamine, a small-molecule agonist of sonic
hedgehog signaling. By stage 4, OLIG2 was expressed in early pre-OPCs, which then serially developed NKX2.2 expression. (H) OLIG2 (red). () NKX2.2 (green).
(J) OLIO2*/NKX2.2~ early pre-OPCs were differentiated into later-stage OLIG2*/NKX2.2" pre-OPCs when RA was replaced by bFGF at stage 5. OLIG2 (red);
NKX2.2 (green).

(K-M) Pre-OPCs were further differentiated into bipotential OPCs in GIM (glial induction media; see Experimental Procedures) supplemented with PDGF-AA, T3,
NT3, and IGF. Stage 6 was extended as long as 3-4 months for maximization of the production of myelinogenic OPCs. By the time of transplant, these cells
expressed not only OLIG2 and NKX2.2 (K), but also SOX10 (L) and PDGFRa. (M). By the end of stage 6, hiPSC OPCs could be identified as OLIG2*/NKX2.2*/
SOX10*/PDGFRa.*. (K) OLIG2 (red); NKX2.2 (green). (L) SOX10 (red); NKX2.2 (green). (M) PDGFRe. (red), OLIG2 (green).

(N=P) In vitro terminal differentiation of hiPSC OPCs into hiPSC-derived OLs (hiOLs), identified by O4* (N) and MBP* (O). OLs and GFAP* astrocytes (P) arose with
reduction in glial mitogens. (N) O4 (green). (O) MBP (red). (P) GFAP(green); DAPI (blue).

Scale: 100 um (B-N, P) and 25 um (O). See also Figure S1.

protocols for the production of glial progenitor cells from hESCs  human OPCs (hOPCs) as well as their mature progeny, including

(Hu et al., 2009b; Izrael et al., 2007) and then optimized the
resultant hybrid protocol for use with WAQ09/H9 hESCs. We
then modified the resultant protocol to further optimize its effi-
ciency with the three hiPSC lines, which were derived in different
labs, from different cell sources, and using different reprogram-
ming protocols (Chambers et al., 2009; Maherali et al., 2008)
(Figure S1 available online). We found that the resultant six-stage
OPC differentiation protocol, which spans a range of 110-
150 days in vitro as detailed in the Supplemental Experimental
Procedures and schematized in Figure 1, efficiently generated

both astrocytes and OLs, from hESCs and hiPSCs alike (Figures
1B-1P). lts efficiency of OPC production, as defined by the inci-
dence of OLIG2*/NKX2.2" gliogenic (Qi et al., 2001; Zhou et al.,
2001; Zhou et al., 2000) cell clusters in stage 6, ranged from
45.4 + 20.3% in WAQ9/H9-derived hESCs to 73.8 + 8.7%,
78.9 + 6.1%, and 79.5 + 8.5% in K04-, C14-, and C27-derived
OPCs, respectively (all data are provided as means + SEM;
Figures 2A and S2). Thus, each of the hiPSC and hESC lines
could be directed into highly enriched preparations of OLIG2*/
PDGFRo"/NKX2.2*/SOX10* OPCs. Indeed, the efficiencies of

Cell Stem Cell 12, 252-264, February 7, 2013 ©2013 Elsevier Inc. 253
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Figure 2. Both Astrocytes and OLs Are Effi-
ciently Generated from hiPSC OPCs
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OPCs’ differentiation from hiPSCs, whether induced from kerati-
nocytes (K04 cells) or fibroblasts (C14 and C27 cells), were con-
sistently higher than that of WA09/H9 hESCs.

Both Astrocytes and OLs Are Efficiently Derived from
hiPSC-Derived hOPCs

Both in vitro and in vivo, hiPSC OPCs readily differentiated into
astrocytes as well as OLs. GFAP-defined astroglia first appeared
by 70 days in vitro (DIV), significantly earlier than OLs did. By late
stage 6, at 120 DIV, GFAP* astrocytes were found to be abun-
dant when gliogenic spheres were plated onto a polyornithine/
laminin-coated surface (Figures 2B-2D). By that time, GFAP*
cells comprised 40%-50% of cells in OPC-induced cultures,
across all cell lines (Figure 2D). Quantitative RT-PCR (qRT-

and K04-derived (C) astrocytes are shown here.
(D) Proportion of GFAP* astrocytes among all
cultured cells at 95 DIV; the remainder expressed
oligodendroglial lineage markers (means + SEM;
see Figure S2l). ICC, immunocytochemistry.
(E-J) Later in stage 6 (160 DIV), hiPSC-derived
OPCs differentiated as both O4* (F and G) and
MBP™ (G) OLs. (H-J) When cocultured with human
fetal cortical neurons, hiPSC OPCs derived from
C27 (H), C14 (1), and K04 (J) hiPSCs all generated
MBP* myelinogenic OLs that engaged NF* axons
(MBP, red; NF, green).

Scale: 50 um. See also Figure S2.

ICC:GFAP

PCR) confirmed the upregulation of
GFAP messenger RNA (mRNA) expres-
sion during OPC differentiation in all cell
lines (Table S1A).

The production of OLs from hESC-
and hiPSC-derived OPCs was triggered
by the withdrawal of gliogenic growth
factors to half-normal levels (see Experi-
mental Procedures). When hiPSC OPCs
were exposed to those conditions for
2 weeks, a proportion matured into O4*
and/or myelin basic protein (MBP)* OLs
(Figures 2E-2G). According to flow cy-
tometry, O4* OLs in C27, C14, and K04
hiPSC-derived OPC cultures respectively
comprised 11.9 + 3.8%, 4.1 + 0.9%, and
7.6 +1.5% of all cells (at 194 + 15, 186 + 14, and 205 + 14 DIV,
respectively; means + SEM) (Figure 3A; Table S1B). Of note, our
culture conditions favored initial oligodendrocytic differentiation,
but not postmitotic oligodendrocytic survival, because our focus
was on preparing populations of transplantable lineage-biased
progenitors and immature oligodendroglia rather than more
mature —but less transplantable —process-bearing OLs.

OPCs Could Be Isolated from hiPSC Cultures by
CD140a- and CD9-Directed Fluorescence-Activated

Cell Sorting

Flow cytometry for A2B5, CD140a/PDGFaR, and the tetraspanin
CD9 (Berry et al., 2002; Terada et al., 2002) was next used
for identifying and quantifying hiPSC OPCs in stage 6 culture
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Figure 3. OPCs Can Be Isolated from Mixed hiPSC Culture by CD140a- and CD9-Directed FACS
(A) hiPSC OPC-derived OLs were recognized and isolated by FACS using monoclonal antibody O4, which recognizes oligodendrocytic sulfatide. The incidence

of O4* oligodendroglia varied across different hiPSC lines, from 4% to 12% (see Table S1; n =

4-7 experiments).

(B) OPCs derived from hiPSCs (C27 and K04) were readily recognized with the cell-surface marker A2B5.
(C) OPCs derived from either hiPSCs (C27 and K04) or hESCs (WA09/H9) were readily recognized with cell-surface markers, PDGFRa (CD140a), and CD9 by
FACS analysis. The relative proportions of CD140a, CD9, and CD140a/CD9 double-labeled cells varied across the different cell-line-derived OPCs (n = 4-7

experiments).
See also Tables S1A and S1B.

(Figures 3B and 3C). CD140a* OPCs derived from C27, C14,
and K04 hiPSCs respectively comprised 33.0 + 10.3%, 32.8 +
12.0%, and 41.1 = 6.1% of all cells, compared to 37.5 =
10.2% of H9-derived cells (Figure 3C; Table S1C). The CD9*
fraction of CD140a* cells, which defined a later-stage pool of
OPCs, comprised 24.0 + 8.0% and 12.4 + 2.3% of cells in stage
6 C27 and K04 hiPSC cultures, respectively; matched cultures of
H9-derived OPCs included 15.0 + 4.9% CD9*/CD140a* cells
(Figure 3C; Table S1C; n = 4-7 repeats each). Thus, hiPSC
OPCs could be identified and isolated at different stages of

lineage restriction, which were serially represented by A2B5,
CD140a, CD9, and O4. Selection based on these epitopes
permits the isolation of relatively pure populations of hiPSC
OPCs while removing residual undifferentiated cells from the
isolate.

hiPSC-Derived OLs Generated MBP in Contact with
Human Axons In Vitro

We next sought to examine the ability of hiPSC OLs to myelinate
axons in vitro. hiPSC OPCs from each cell line were cocultured
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with human fetal cortical neurons isolated from 20 week gesta-
tional age (g.a.) fetal brain using polysialyted neural cell adhesion
molecule (PSA-NCAM)-directed selection (Windrem et al., 2008).
The neurons were cultured on laminin for 10-14 days to allow
phenotypic maturation and fiber extension and were confirmed
to be free of tissue-derived OLs by O4 immunolabeling. hiPSC
OPCs were then prepared as clusters of 50-100 pum in diameter
and cocultured with the fetal neurons for 4 weeks; the cultures
were then immunolabeled for MBP and neurofilament (NF).
Confocal imaging revealed abundant MBP* processes that
contacted axons and initiated ensheathment (Figures 2H-2J),
though unambiguous myelin formation was not noted at the
time points imaged. Thus, to better assess myelinogenesis by
hiPSC OPCs, we next evaluated their engraftment and myelina-
tion in vivo.

hiPSC OPCs Efficiently and Functionally Myelinated the
Shiverer Brain

To definitively establish the myelination competence of hiPSC
OPCs, we transplanted them into newborn homozygous shiverer
(shi/shi) x rag2~'~ immunodeficient mice. For this experiment,
the mice were implanted with 100,000 hiPSC-derived OPCs
bilaterally into the corpus callosum (n = 4-7 mice per hiPSC
line for K04, C27, and C14 hiPSC-derived OPCs), using previ-
ously described methods (Windrem et al., 2008). At 3 or
4.5 months of age, the mice were killed and their brains were
analyzed in terms of donor cell distribution and density, myelin
production and the proportion of myelinated axons, and nodal
reconstitution. All three of the hiPSC line-derived OPCs were
able to robustly myelinate the recipient brains; from each line,
high donor cell densities and widespread dispersal were ob-
served throughout the forebrain white matter (Figures 4A and
4B). C27, C14, and K04 hiPSC OPC-derived oligodendrocytic
differentiation and myelination were analogous in extent, with
robust myelination of the corpus callosum and capsules (Figures
4C, 4E, 4H, 5B, 5G, and 5J). As a result of the superior initial neur-
alization of these two lines relative to C14, we achieved higher
net yields of OPCs with C27 and K04 hiPSCs and hence only
pursued quantitative assessment of myelination in recipients of
C27 or K04 hiPSC OPCs.

Quantitative histology revealed that within the corpus callosa
of 3 month (13 week)-old shiverer recipients, C27 and K04
hiPSC-derived OPCs and oligodendroglia, defined as human
nuclear antigen (hNA)*/OLIG2*, achieved densities of 29,498 +
13,144 and 37,032 + 8,392 cells/mm?®, respectively. Among
these, 7,298 + 2,659 (C27) and 2,328 + 650 (K04) cells/mm? ex-
pressed MBP; these comprised 10.9 + 5.1% (C27) and 4.7 +
1.1% (KO04) of all donor cells within the sampled midline of
the corpus callosum at the 13 week time point. To assess the
myelination efficiency in terms of the proportion of axons
myelinated, we next used confocal analysis to quantify the
fraction of callosal axons ensheathed by hiPSC oligodendroglia
in the three mice engrafted with C27 hiPSC-derived OPCs. At
the 13 week time point analyzed, 17.2 + 7.2% of host mouse
axons were ensheathed within the three sampled callosa
(Figure 5B). Remarkably, the density of hiPSC-OPC donor-
derived myelination and the proportion of ensheathed axons
at 13 weeks proved as high as, and perhaps exceeded, those
achieved by OPCs derived from second-trimester fetal brain
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tissue, whether isolated as A2B5*/PSA-NCAM~ or CD140a*
cells (Sim et al., 2011; Windrem et al., 2004; Windrem et al.,
2008).

hiPSC OPCs Efficiently Generated Astrocytes and OLs

In Vivo

Besides the large numbers of hiPSC OPCs that differentiated as
myelinogenic OLs in the shiverer mouse brain, large numbers
also remained as resident OLIG2* and NG2* progenitor cells,
and many OPCs of all three hiPSC lines differentiated as astro-
cytes as well, particularly as fibrous astrocytes of the white
matter (Figures 4D, 4F, and 4l). When hiPSC-OPC-transplanted
mice were assessed at 13 weeks after neonatal graft, most donor
cells persisted as progenitors or had initiated oligodendroglial
differentiation; by that time point, the net proportion of OLIG2*
cells, which included both OPCs and oligodendroglia, arising
from all KO4 and C27 transplanted cells was 78.7 + 2.4%,
whereas the remainder were largely donor-derived GFAP* astro-
glia (Table S2).

Interestingly, despite the widespread infiltration of the recip-
ient brains by hiPSC OPCs, substantial astrocytic differentiation
was noted by those cells within the presumptive white matter,
within which the donor cells differentiated as morphologically
apparent fibrous astrocytes, in close association with hiPSC-
derived OLs. These hiPSC-derived astrocytes might have been
generated from lineage-restricted hiPSC-derived astrogliogenic
precursors or by astrocytic differentiation in situ from still-
bipotential hOPCs. In either case, by 3 months after neonatal
transplant, the callosal and capsular white matter of shiverer
recipients of OPC grafts derived from all three hiPSC lines man-
ifested human astrocytic scaffolds harboring densely engrafted
myelinogenic OLs, in each case yielding substantially recon-
structed and densely myelinated central white matter (Figures
4D, 4F, and 4l).

Neonatal Engraftment with hiPSC OPCs Could Rescue
the Shiverer Mouse

We next asked whether the robust engraftment and myelina-
tion noted in transplanted shiverer mice were sufficient to
ameliorate neurological deterioration and prolong the survival
of shiverer mice, which typically die by 20 weeks of age. To
this end, we transplanted a set of 22 neonatal homozygous
shiverer x rag2 nulls with 300,000 C27-derived hiPSC OPCs
using a five-site forebrain and brainstem injection protocol that
achieves whole-neuraxis engraftment via transplanted OPCs
(Figures 6A-6D) (Windrem et al., 2008). A matched set of 19
littermate controls were injected only with saline, and both
sets were housed without further manipulation. Predictably,
the 19 unimplanted shiverer controls died before 5 months of
age, with a median survival of 141 days. In contrast, 19 of the
22 implanted mice lived longer than the longest-lived control
mouse. The transplanted mice exhibited greatly prolonged
survival (Figure 6E), with reduced death over our 9 month period
of observation, after which the experiment was terminated so
that surviving mice could be processed for both immuno-
histochemical assessment of late-stage myelination and nodal
reconstitution and for ultrastructural analysis (see next section).
Comparison of the Kaplan-Meier survival plots of transplanted
and control mice revealed a highly significant difference (chi
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Figure 4. hiPSCs Migrate Widely and Differentiate as Astroglia and Myelinogenic OLs

hiPSC OPCs generated from all three hiPSC lines migrated throughout the shiverer brain, engrafting most densely in white matter. Distributions of C27 (A) and K04
(B) hiPSC-derived OPCs are shown (hNA*, red, mapped in Stereo Investigator). By 13 weeks of age, C27 hiPSC OPCs (C), K04 hiPSC OPCs (E and G), and C14
hiPSC OPCs (H) matured into MBP-expressing oligodendroglia (green) throughout the subcortical white matter, including callosal and capsular (C, E, and H) as
well as striatal (G) tracts. In these 13-week-old shiverer mouse recipients, C27 (D), K04 (F), and C14 () hiPSC-derived OPCs also differentiated as astroglia
(human-specific GFAP, green), especially as fibrous astrocytes in the central white matter.

Scale: 100 um (C-I). See also Table S2.

square = 17.95 by the Gehan-Breslow-Wilcoxon test; p <
0.0001) (Figure 6E). Those transplanted mice that survived
beyond 6 months uniformly exhibited substantial myelination
of the brain, brainstem, and cerebellum (Figures 6A-6D and
S3). Remarkably, the time-point-matched degree of cerebral

myelination, as well as the proportion of shiverers alive at any
given time point, was greater in hiPSC-OPC-engrafted mice
than in mice previously engrafted with fetal-human-tissue-
derived, A2B5-sorted OPCs (Windrem et al., 2008), which had
otherwise been treated identically.
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Figure 5. hiPSC OPCs Robustly Myelinate In Vivo
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Confocal images of the callosal and capsular white matter of mice engrafted with hiPSC OPCs derived from all three tested hiPSC lines demonstrate dense donor-
derived myelination: (A and B) C27-derived, (E-G) KO4-derived, and (I and J) C14-derived. (A), (G), and (J) show abundant, donor-derived MBP expression (green)
by C27, K04, and C14 hiPSC OPCs (hNA, red), respectively. Representative z stacks of individual hNA* OLs are shown as asterisks in (A) and (E). By the 19 week
time point assessed here, C27 (B), K04 (F and G), and C14 (J) hiPSC oligodendroglia robustly myelinated axons (NF, red). hiPSC-derived oligodendroglial
morphologies are exemplified in panels (F) (K04) and (I) (C14); (F) shows multiaxon myelination by single OLs in the striatum.

hiPSC OPCs also generated astroglia (C, C27; H, K04), which exhibited the complex fibrous morphologies typical of human astrocytes (human-specific GFAP,
green). Many cells also remained as progenitors, immunostaining for NG2 (D, C27) and human-specific PDGFRa. (K, C14).

Scale: 50 um (A-C, G, J); 20 um (C-F, H, K); and 10 um (I, insets to A and E).

hiPSC OPCs Generated Ultrastructurally Mature Myelin
with Nodal Reconstitution

In light of the markedly extended survival of hiPSC-OPC-trans-
planted mice, we next sought to confirm that this was associated
with the formation of ultrastructurally compact myelin around
host axons by hiPSC OLs. To this end, we used electron micros-
copy on samples of corpus callosum derived from 22- to 36-
week-old engrafted shiverers (n = 3). These mice comprised
animals that had been subjected to the five-site injection
protocol and survived significantly longer than their unengrafted
controls; these apparently rescued mice were killed after rela-
tively long survival time points to permit assessment of their
myelin integrity and quality. We found that their recipient callosa
were densely myelinated by mature compact myelin character-
ized by concentrically organized major dense lines (Figures
7A-7E) and interlaminar tight junctions (Figures 7F, 7G, and

S4C); the engrafted callosa were quite unlike those of their un-
transplanted shiverer controls, which failed to exhibit major
dense lines or any other evidence of myelin compaction (Figures
S4B, S4D, and S4E).

Anatomic reconstitution of nodes of Ranvier was also noted
in these mice, as determined by immunolabeling of Caspr
and BIV spectrin, which respectively identified paranodal and
nodal segments of newly myelinated axons (Figures 7H and
71). In past studies, we correlated the anatomic and antigenic
reconstitution of nodal architecture with the restoration of
both rapid conduction and functional competence (Windrem
et al., 2008). The rapid and robust reacquisition of nodal archi-
tecture in these mice suggests that hiPSC-derived OLs
generate the cues necessary for the nodal organization of
axonal proteins, upon which the formation of functional nodes
of Ranvier depends.
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Percent Survival

Figure 6. hiPSC OPCs Myelinate Widely to
Greatly Extend the Survival of Hypomyeli-
nated Mice

(A) Dot map indicating the distribution of hiPSC-
derived donor cells (C27) at 7 months of age, fol-
lowing neonatal engraftment in a shiverer mouse
brain. Widespread dispersal and chimerization by
hiPSC OPCs is evident (hNA, red).

(B) hiPSC-OPC-derived myelination in a shiverer
forebrain at 7 months; section 1 mm lateral
to (A). MBP immunoreactivity (green) is all donor
derived.

(C and D) Myelination in sagittal sections taken at
different mediolateral levels from two additional
7-month-old mice, each engrafted with C27 hiPSC
OPCs at birth.

(E) Kaplan-Meier plot of the survival of C27
iPSC-OPC-implanted (n = 22) versus saline-in-
jected (n = 19) control mice. Remaining engrafted
mice sacrificed for electron microscopy at
9-10 months (>270 days).

Scale: 2 mm (A and B). See also Figure S3.
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Together, these data indicate that hiPSC-derived OPCs can
efficiently generate OLs, which in turn can robustly myelinate
the hypomyelinated shiverer forebrain, and that the myelin
thereby generated is able to restore nodal architecture as well
as to ensheath axons as efficiently as purified isolates of fetal-
tissue-derived OPCs.

hiPSC OPCs Were Nontumorigenic In Vivo

The persistence of undifferentiated pluripotent stem cells may
cause either teratomas or neuroepithelial tumors in graft recipi-
ents (Roy et al., 2006). To assess whether any pluripotent or
incompletely differentiated hESCs or hiPSCs remained in nomi-
nally fully differentiated OL cultures, we used both immunolabel-
ing and gRT-PCR to assess the expression of pluripotent
markers by late-stage hiPSC-derived OPCs. By 100 DIV, no
detectable OCT4, NANOG, or SSEA4 protein could be found
in OPCs derived from any of the hESC and hiPSC lines used
in this study. Similarly, gRT-PCR revealed that transcripts of
OCT4 and human telomerase reverse transcriptase (hTERT)
were downregulated to essentially undetectable levels by 95 or
more DIV (Figures S2J and S2K). We also examined the in vivo
expression of OCT4, NANOG, and SSEA4 by engrafted OPCs
3 months after transplantation. As noted, only a small minority
of hNA™ donor cells were unstained by OLIG2, MBP, or GFAP.
Many donor-derived cells expressed nestin or SOX2, suggesting
their persistence as neural progenitors, but no persistent expres-
sion of OCT4, NANOG, or SSEA4 was detectable in any of these
cells, from any of the lines assessed.

Accordingly, we found no evidence of teratoma formation in
any of the 16 shi/shi x rag2~’~ mice examined for this purpose,
which included mice transplanted neonatally with 100,000 cells
and killed either 3 (n = 11) or 4.5 (n = 5) months later. We also
examined available mice in our survival series, all of whom had

been transplanted at five sites with a total

of 300,000 cells and had died between

4 and 9 months of age (n = 10); none

had any evidence of teratomas, hetero-
topias, or any type of tumor formation. In addition, we trans-
planted hiPSCs into normally myelinated rag2-null mice to
assess tumorigenicity in the wild-type myelin environment as
well. Of five mice examined 6 months after transplantation,
none showed any evidence of tumor formation, heterotopias,
or even foci of undifferentiated expansion. Of note, persistent
expression of SOX2, KLF4, and c-MYC mRNA was noted by
gPCR in the hiPSC-derived cells, reflecting some level of unsi-
lenced expression of the lentivirally inserted reprogramming
genes; nonetheless, the expression of the these transcripts
was not associated with tumorigenesis by cells transplanted at
the end of stage 6.

The lack of tumor formation in hiPSC-OPC-engrafted mice
was associated with a significant decrease in the mitotic fraction
of the implanted hiPSC OPCs as a function of time after graft.
hiPSC OPC proliferation in vivo was measured as Ki67 expres-
sion by all human donor cells, which was noted to decrease line-
arly from 3 months (13.6 + 0.6%) to 6 months (4.3 + 0.04%) of
age (R®=0.9; p =0.001; n=7).

To establish the role of our differentiation protocol in diminish-
ing the risk of tumorigenesis, we also transplanted rag2-null mice
with both C27 and K04 hiPSCs at the end of stages 1 and 3. This
was also done as a positive control for tumor detection, given our
lack of observed tumors in the hiPSC OPC (stage 6)-engrafted
mice, as much as 9 months after transplant. Yet in contrast to
the hiPSC-OPC-engrafted mice, which were entirely tumor-
free, every animal engrafted with earlier-stage hiPSCs mani-
fested histologically overt tumor formation by 3 months (n = 8
mice engrafted with stage 1 hiPSCs; n = 6 with stage 3 cells).
Thus, our differentiation protocol appeared to effectively deplete
the donor cell pool of persistent undifferentiated cells; the resul-
tant grafts of hiPSC OPCs proved uniformly nontumorigenic
when studied as long as 9 months after transplant.
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Figure 7. hiPSC-Derived OLs Produce Compact Myelin and Induce Nodes of Ranvier

Representative electron microscopic images of sections through the corpus callosum (A and B) and ventral pons (C) of a 40-week-old shiverer mouse neonatally
engrafted with C27 hiPSC OPCs, showing donor-derived compact myelin with evident major dense lines, ensheathing mouse axons.

(D-G) Higher-power images of donor-derived myelin in the corpus callosum, also at 40 weeks. (D and E) The alternating major dense (arrowheads) and intraperiod
lines, characteristic of mature myelin, are evident. (F and G) Myelin sheaths in the corpus callosum ensheathing central axons are shown, their maturation
manifested by parallel arrays of tight junctions (F, arrowhead) and major dense lines (G, arrowhead).

This mature myelination permitted the organization of architecturally appropriate nodes of Ranvier by hiPSC oligodendroglia. In (H) and (1), nodal reconstitution in
transplanted shiverers is demonstrated by immunostaining of oligodendrocytic paranodal Caspr protein (red), seen flanking nodes of Ranvier identified here by
BIV spectrin (green). An isolated node is shown in confocal cross-section in (l).

Scale: 200 nm (A-E); 100 nm (F and G); and 5 um (H and I). See also Figure S4.
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DISCUSSION

In this study, we established the feasibility of using hiPSCs to
generate highly enriched populations of both astrocytes and
myelinogenic central OLs, with high efficiency and yield. The
success of our protocol in all four lines used in this study, which
include WAQ9/H9 hESCs and K04, C14, and C27 iPSCs,
suggests its broad applicability, and the highly efficient gliogen-
esis afforded by this strategy indicates its robust nature. Most
importantly, the robust myelination that we noted in vivo, which
compared favorably to that previously demonstrated by tissue-
derived fetal human glial progenitors, suggested the probable
functional integration and utility of these grafts. Accordingly,
we noted that myelination-deficient shiverers engrafted neona-
tally with hiPSC OPCs survived substantially longer than did
both their untransplanted and saline-injected controls; indeed,
over three-fourths of hiPSC-OPC-transplanted mice survived
over 6 months, long after all untreated control mice had died.
As a result, we can now reliably produce hiPSC OPCs from
single-patient skin samples in sufficient numbers to provide
myelinogenic autografts largely, though perhaps not completely
(Zhao et al., 2011), free of rejection risk.

Importantly, the myelination efficiency of the implanted iPSC-
derived OPCs, defined as the proportion of central axons myelin-
ated as a function of time after graft, proved as high as that which
we had previously achieved using tissue-derived, CD140a-
sorted OPCs (Sim et al., 2011). Indeed, it was remarkable to
note that the proportion of axons ensheathed was as high in en-
riched but unsorted hiPSC-OPC grafts as in fetal-tissue-derived
OPC grafts that had been sorted for CD140a™ cells prior to trans-
plant. Indeed, the hiPSC-OPCs grafts myelinated more axons
more rapidly than did A2B5/PSA-NCAM-sorted fetal-tissue-
derived cells, probably reflecting the higher proportion of bipo-
tential glial progenitor cells in the hiPSC-OPC populations by
the time of their harvest and transplantation.

In light of the robust myelination afforded by hiPSC-OPC
grafts, we asked whether neonatal transplantation of hiPSC
OPCs might be sufficient to rescue the phenotype and survival
of recipient shiverer homozygotes, as we had previously ob-
served in a minority of shiverers transplanted with fetal-human-
brain-derived OPCs. We found that the hiPSC-OPC-trans-
planted mice indeed exhibited markedly improved survival;
death was both delayed and reduced overall in the transplanted
group over the 9 month period of observation. As we had previ-
ously documented with fetal-brain-tissue-derived OPC grafts,
the rescued mice manifested progressive resolution of their
neurological deficits (Windrem et al., 2008). Remarkably,
however, the proportion of animals whose survival benefitted
from hiPSC-OPC transplantation was substantially higher than
that which we previously reported using tissue-derived human
OPCs: whereas we had observed that only one-quarter of
shiverer mice transplanted with tissue-derived OPCs survived
beyond 6 months of age (Windrem et al., 2008), in our present
study over half of the hiPSC-OPC-engrafted mice did so (Fig-
ure B6E). Nonetheless, some later deaths beyond 7 months
of age were still noted; this may reflect an inhomogeneous
dispersal of hiPSC OPCs that we observed in some animals,
the nature of which we continue to investigate. Those late deaths
notwithstanding, at least one-fifth of the mice appeared to repre-

sent outright clinical rescues, though we sacrificed these survi-
vors at > 9 months for histological and ultrastructural analysis.
These provocative data suggest the superiority of hiPSC OPCs
as therapeutic vectors, perhaps by virtue of their more rapid
myelinogenesis, which may be a function of the prolonged differ-
entiation conditions that we employed in our OPC induction
protocol.

Interestingly, we observed no evidence of tumorigenesis from
implanted hiPSC-derived glial progenitors, at time points as long
as 9 months after transplant. This was surprising, given that
previous studies had provided ample evidence for the risk of
tumor formation from either residual undifferentiated cells (Prus-
zak et al., 2009) or from partially differentiated neuroepithelial
cells in hESC-derived transplants (Roy et al., 2006). It is possible
that the prolonged differentiation protocols that we employed to
produce OPCs are robust enough to effectively eliminate any
residual undifferentiated cells prior to transplantation. It is simi-
larly possible that epigenetic marks persisting in reprogrammed
hiPSCs effectively lowered the later risk of tumorigenesis by their
differentiated derivatives. In any case, even longer survival time
points will be needed, with more animals and an intensive search
for any residual undifferentiated and/or potentially tumorigenic
cells in vivo, before we can confidently state the safety of these
grafts. Should tumorigenesis at any point be a concern, then
hiPSC OPCs may be sorted to purity before transplantation, on
the basis of the high incidence of definitively pro-oligodendro-
cytic CD9*/CD140a™ cells in our cultures, and our ability to iso-
late these cells by fluorescence-activated cell sorting (FACS)
based upon these coexpressed epitopes (Sim et al., 2011).

These findings indicate that high-efficiency in vivo oligoden-
drocytic differentiation and myelination can be achieved from
hiPSCs, suggesting the potential utility of iPSC-derived auto-
grafts in treating acquired disorders of myelin. Yet it is also
important to note the efficient, context-dependent generation
of both fibrous and protoplasmic astrocytes from engrafted
hiPSC OPCs. Besides the importance of astroglia in effecting
the structural and physiological reconstitution of dysmyelinated
tracts, astrocytic engraftment may be of particular importance
in correcting dysmyelinating disorders of enzyme deficiency,
given that astrocytic lysosomal enzymes have been found to
readily transit from wild-type to deficient glia within brain tissue,
in a manner potentially sufficient to rescue enzyme-deficient
hosts (Lee et al., 2007). In addition, hiPSC-derived astrocytes
may prove to be critically important therapeutic vectors for
diseases of primarily astrocytic pathology (Krencik et al., 2011),
such as Alexander disease and the vanishing white-matter disor-
ders (Bugiani et al., 2011), in which myelin loss occurs but may
be secondary to astrocytic dysfunction. In each of these cases,
however, the therapeutic use of iPSC-derived astroglia will need
to be paired with methods for the ex vivo correction of the
genetic defects characteristic of these disorders.

Human iPSC OPCs might thus be attractive vectors for
restoring or replacing glial populations in a variety of disease
settings. Most critically, our data suggest the preferential use
of hiPSC-derived OPCs to restore lost myelin in disorders such
as multiple sclerosis and traumatic demyelination, in which no
genetic abnormalities might complicate the use of a patient’s
own somatic cells as the iPSC source. iPSC OPCs may similarly
prove of great therapeutic value in genetic disorders of myelin,
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such as Pelizaesus-Merzbacher disease, recognizing that the
underlying genetic defect must first be repaired in the donor
somatic cells before glial progenitor induction and implantation.
Our present study thus establishes the technical feasibility and
efficacy of generating myelinogenic OLs from hiPSCs and
suggests the clinical situations in which this approach might be
most appropriate. We may now reasonably contemplate the
clinical application of patient-specific, somatic cell-derived glial
progenitor cell transplants for the treatment of acquired disor-
ders of myelin, as well as of the broader spectrum of human glial
pathologies.

EXPERIMENTAL PROCEDURES

hESC and hiPSC Culture

We used four distinct lines of pluripotent cells in this study. These included
hESCs (WAQ09/H9; WiCell, Madison, WI, USA) and hiPSCs of both keratinocyte
(K04; K. Hochedlinger) and fibroblast origin (C14 and C27 hiPSCs; L. Studer).
The experiments described were approved by the University of Rochester
Embryonic Stem Cell Research Oversight committee.

OPC Production

OPCs were induced from hESCs and iPSCs using our modifications of pub-
lished protocols (Hu et al., 2009a; Hu et al., 2009b; Izrael et al., 2007), as sche-
matized in Figure 1 and described in detail in the Supplemental Experimental
Procedures.

Directed Astrocytic or Oligodendrocytic Maturation

hiPSC- or hESC-derived gliogenic spheres at 120-170 DIV were cultured in
suspension in GIM supplemented with platelet-derived growth factor-AA
(PDGF-AA; 10 ng/ml), insulin growth factor-1 (IGF-1; 10 ng/ml) and Neurotro-
phin-3 (NT3; 10 ng/ml). To differentiate these OPCs into mature OLs or
astrocytes, the spheres were dissected into small cell clusters (around 50—
100 um in diameter) mechanically with a Sharpoint blade (Surgimed-MLB).
The dissected OPC clusters were plated onto polyornithine/laminin-coated
12-well plates and cultured in GIM for 1-2 weeks. For induction of astrocytes,
the OPC clusters were cultured either in GIM supplemented with PDGF-AA
(10 ng/ml), IGF-1 (10 ng/ml), and NT3 (10 ng/ml) or in GIM supplemented
with 10% fetal bovine serum (FBS; HyClone) for 1-2 weeks. For directing the
maturation of OLs, the cultures were switched to half GIM supplemented
with PDGF-AA (5 ng/ml), IGF-1 (5 ng/ml), and NT3 (5 ng/ml) plus half neuro-
basal (NB) media (Invitrogen) supplemented with B27 (1X) and brain-derived
neurotrophic factor (BDNF; 10 ng/ml) and grown for 2-4 weeks. The mature
astrocytes were recognized with immunostaining of anti-GFAP or anti-CD44.
Oligodendroglia were identified using O4 and MBP antibodies.

In Vitro Immunocytochemistry
All in vitro fixation and immunolabeling protocols are detailed in the Supple-
mental Experimental Procedures.

Isolation of Human Fetal Neuronal Progenitor Cells for Coculture

Human fetal forebrain tissue was obtained from second-trimester aborted
fetuses of 20 weeks g.a. Tissues were obtained as deidentified tissue, as
approved by the Research Subjects Review Board of the University of Roches-
ter Medical Center. The tissue samples were washed 2-3 times with sterile
Hank’s balanced salt solution with Ca®*/Mg?* (HBSS*/*). Cortical plate tissue
was separated from the ventricular zone/subventricular zone, then dissociated
with papain (Worthington Biochemical) as described (Keyoung et al., 2001;
Wang et al., 2010). The cells were resuspended at 2-4 x 10° cells/ml in Dul-
becco’s modified Eagle’s medium (DMEM)/F12 supplemented with N-2
supplement (Life Technologies) and basic fibroblast growth factor (bFGF;
20 ng/ml) and plated in suspension culture dishes. A day later, the cells were
recovered and neurons isolated by magnetic-activated cell sorting (Windrem
et al., 2008). In brief, the recovered neural progenitor cells were incubated
with PSA-NCAM (Chemicon) at 1:100 for 30 min, then washed and labeled
with rat anti-mouse immunoglobulin M microbeads (Miltenyi Biotech). The
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bound PSA-NCAM* neurons were eluted, spun, washed with DMEM/F12,
and then cultured in DMEM/F12 with N2, 0.5% PD-FBS, and bFGF
(20 ng/ml) for 4-6 days. For coculture with hiPSC OPCs, the fetal cortical
neurons were dissociated into single cells and then plated onto either poly-
L-ornithine/laminin-coated 24-well plates or poly-L-ornithine/fibronectin-
coated coverslips (50,000-100,000 cells per well or coverslip). The replated
neurons were then switched to NB media with B27 (1X) and BDNF
(10 ng/ml; Invitrogen) for an additional 6-10 days prior to coculture.

Coculture of hiPSC-Derived OPCs with Human Fetal Cortical
Neurons In Vitro

Gliogenic OPC spheres derived from either K04 or C27 hiPSCs were induced
up to 130 DIV prior to coculture. These were dissected into small pieces
of <1 mm®and cultured for 2-3 weeks to allow the OPCs to expand as a mono-
layer surrounding the core clusters. The OPC clusters and their monolayer
surrounds were then recollected with cold HBSS ™~ from the culture dishes
and manually dissected into smaller fragments of 100-200 um in diameter.
Small aliquots were fully dissociated into single cells with Accutase (Chemi-
con) for 5 min at room temperature, then assessed by hemocytometry. For
coculture, the hiPSC OPCs were then seeded at 200,000 cells/ml, either
with or without human cortical neurons, and cultured in a 1:1 mixture of NB/
B27/BDNF and GIM/NT3/IGF-1/PDGF-AA media. The cultures of cortical
neurons alone, hiPSC OPCs alone, or both populations together were allowed
to grow 2-4 additional weeks before fixation and immunolabeling for 04, MBP,
GFAP, and BllI-tubulin.

Flow Cytometry

Flow-cytometric methods, by which hESC- and hiPSC-derived OPCs were
analyzed for A2B5, CD140a, CD9, and O4 immunoreactivities, as well as the
cell preparation methods antecedent to cytometry and sorting, are described
in detail in the Supplemental Experimental Procedures.

RNA Extraction and RT-PCR

Total RNA was extracted from undifferentiated hESCs and hiPSCs, or hESC-
and hiPSC-derived OPCs, using RNeasy mini kit (QIAGEN). The first of strand
of complementary DNA was transcribed using the TagMan Reverse Tran-
scription kit (Roche #N808-0234). The primer sequences are given in the
Supplemental Experimental Procedures. The relative abundance of transcript
expression of mMRNAs was measured with the ABI PRISM 7000 system. The
resultant expression data were normalized to the expression level of glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) mRNA. Statistical analysis
was performed on transformed data. The means and SEM were calculated
following a paired t test.

Neonatal Xenograft into Shiverer Mice

Homozygous shiverer mice (The Jackson Laboratory, Bar Harbor, ME, USA)
were crossed with homozygous rag2-null immunodeficient mice (Shinkai
et al., 1992) on the C3H background (Taconic, Germantown, NY, USA) for
generation of shi/shi x rag2~'~ myelin-deficient, immunodeficient mice. The
hiPSC-derived OPCs were prepared for transplantation as described for
in vitro coculture. Neonatal pups were either transplanted bilaterally in the
corpus callosum with a total of 100,000 cells, as described in Windrem
et al., 2004, or with 300,000 cells, using the procedure described in Windrem
et al., 2008. At 3 months of age, transplanted mice were anesthetized with
pentobarbital, then perfusion fixed with cold HBSS*/* followed by 4% parafor-
maldehyde. All procedures were approved by the University Committee on
Animal Resources. Brains were extracted and postfixed for 2 hr in cold para-
formaldehyde. Brains processed for electron microscopy were perfused in 4%
paraformaldehyde and 0.25% glutaraldehyde.

Immunohistochemistry of Tissue Sections

Human cells were identified with mouse anti-hNA, clone 235-1 (MAB1281
at 1:800; Millipore, Billerica, MA, USA). Phenotypes were identified with
human-specific NG2 (MAB2029 at 1:200; Millipore), rat anti-MBP (Ab7349 at
1:25), rabbit anti-OLIG2 (Ab33427 at 1:1000; Abcam, Cambridge, MA, USA),
human-specific mouse anti-GFAP (SMI-21 at 1:500), mouse anti-NF (SMI-
311 and SMI-312 at 1:1,000; Covance, Princeton, NJ, USA), and rabbit
anti-Ki67 (RM-9106 at 1:200; Thermo-Fisher, Freemont, CA, USA). Alexa Fluor
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secondary antibodies, including goat anti-mouse, -rat, and -rabbit antibodies
conjugated to 488, 568, 594, and 647 nm fluorophores, were used at 1:400
(Invitrogen, Carlsbad, CA, USA). PAX6, NKX2.2, OCT4, NANOG, and SOX2
antibodies were employed using the same conditions as in vitro.

Morphometrics

Myelinated Axon Counts

Regions of dense engraftment with human cells were selected for NF and
MBP staining; a 1 um stack of ten superimposed optical slices taken at
0.1 pm intervals (Olympus FluoView 300) was made for each of three fields
of view in the corpus callosum. Three parallel, equidistant lines were laid
over the images perpendicular to the axons. Axons were scored at intersec-
tions with the lines as either myelinated (closely apposed to MBP on both
sides) or unmyelinated.

Mapping of Human Cell Engraftment

The positions of all anti-human nuclei* cells were mapped on 20 um coronal
sections at 160 pm intervals from —3.2 to 1.2 bregma anterior-posterior.
Cell Counting

Three unilateral, equally spaced samples of corpus callosum, from —0.4 to 1.2
bregma, were counted for cells expressing hNA together with either MBP,
hGFAP, OLIG2, or Ki67. White matter was also assessed for the presence of
any hNA* cells coexpressing HUC/HuD, OCT4, or NANOG. All data are
provided as means + SEM.

Electron Microscopy

Samples of human iPSC-derived glial chimeric white matter were taken from
mice killed at 22-40 weeks of age, perfused with half-strength Karnovsky’s
fixative, then processed for ultrastructural analysis of myelin morphology
and quality using previously described techniques (Windrem et al., 2008).

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, two tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.stem.2012.12.002.
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SUMMARY

The donor-dependent supply of platelets is fre-
quently insufficient to meet transfusion needs. To
address this issue, we developed a clinically appli-
cable strategy for the derivation of functional plate-
lets from human pluripotent stem cells (PSCs). This
approach involves the establishment of stable
immortalized megakaryocyte progenitor cell lines
(imMKCLs) from PSC-derived hematopoietic pro-
genitors through the overexpression of BMI1 and
BCL-XL to respectively suppress senescence and
apoptosis and the constrained overexpression of
c-MYC to promote proliferation. The resulting
imMKCLs can be expanded in culture over extended
periods (4-5 months), even after cryopreservation.
Halting the overexpression of c-MYC, BMI1, and
BCL-XL in growing imMKCLs led to the production
of CD42b* platelets with functionality comparable
to that of native platelets on the basis of a range of
assays in vitro and in vivo. The combination of robust
expansion capacity and efficient platelet production
means that appropriately selected imMKCL clones
represent a potentially inexhaustible source of
hPSC-derived platelets for clinical application.

INTRODUCTION

Platelets generated from megakaryocyte (MK) precursors are
vital for the treatment of many hematological diseases and
traumas. Currently, platelets can only be obtained through blood
donation. Fresh single-donor platelets have a short shelf life and
must be maintained with plasma at 20°C -24°C; they readily lose
clotting activity when pooled from multiple donors and frozen or
warmed to 37°C (Bergmeier et al., 2003; Nishikii et al., 2008).
Moreover, repeated transfusion induces the production of anti-

@ CrossMark

bodies against allogenic human leukocyte antigen (HLA) or
human platelet antigen (HPA) on the transfused platelets
(Schiffer, 2001), which renders the patient unresponsive to
platelet transfusion therapy. These supply logistics and practical
limitations represent barriers to the widespread application of
platelets as a resource for patients. In that context, human
induced pluripotent stem cells (hiPSCs) (Takahashi et al., 2007)
could represent a potent alternative source of platelet produc-
tion. Because platelets do not contain nuclei, gamma irradiation
before transfusion could be used to eliminate any residual
contaminating hiPSCs and their derivatives, reducing the risk
of tumorigenesis. Thus, the application of iPSC-based technol-
ogy could potentially yield a consistent supply of HLA- and/or
HPA-matched or even autologous platelets in a way that would
address some of the major roadblocks in the current clinical
approaches to platelet-based therapy.

Our group and another recently demonstrated that hiPSCs
derived from human skin fibroblasts or blood cells or from human
embryonic stem cells (hESCs) can be used to generate platelets
in vitro and that these platelets appeared to function normally
when transfused into mouse models (Takayama et al., 2010;
Lu et al., 2011). However, the yield of platelets was still far below
what would be required to generate even 1 u of platelet concen-
trate for patient transfusion. Recent studies have shown that
self-replicating MK progenitors can be directly generated from
murine hematopoietic stem cells (HSCs) within bone marrow
(BM) in vivo (Yamamoto et al., 2013), but there was no evident
way to sustain long-term self-replication of MK progenitors
in vitro. We previously showed that the activation of c-MYC to
a restricted level below that associated with senescence and
apoptosis induction appears to lead to an increase in platelet
generation (Takayama et al., 2010). In the present study, we
show that co-overexpression of c-MYC and BMI1, a polycomb
complex component that represses the INK4A/ARF gene locus
(Oguro et al., 2006), enables megakaryocytic cell lines (MKCLs)
derived from hiPSCs or hESCs to grow continuously for up to
2 months. A destabilization domain (DD) vector system (Banas-
zynski et al., 2006) enabled us to control exogenous c-MYC
within the appropriate range, leading to successful induction of
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Figure 1. Induction of a Megakaryocyte Progenitor Cell Line from Human Embryonic Stem Cells and Induced Pluripotent Stem Cells Was
Induced by Restricted Range of c-MYC Overexpression along with BMI1 Overexpression

(A) Scheme for inducing megakaryocyte progenitor cell lines (MKCLs) from human PSCs. The targets for gene transduction are hematopoietic progenitors,
including the CD34* population.

(B) Representative photomicrograph of cells transduced with vector alone, c-MYC alone, BMI1 alone, or a combination of c-MYC and BMI1 (200 x). The scale bar
represents 100 pm.

(C) Numbers of CD41a™ cells after gene manipulation. Hematopoietic progenitor cells (HPCs) within human embryonic stem cell (hRESC; KhES-3 clone) sacs were
collected and transduced with noninducible retroviral vectors with vector alone (GFP alone), c-MYC alone, BMI1 alone, or combinations of c-MYC plus p53
knockdown, c-MYC plus ARF knockdown, c-MYC plus BCL-XL, c-MYC plus INK4A/ARF knockdown (blue), or c-MYC plus BMI1 (orange). The combinations of
¢c-MYC plus BMI1 and c-MYC plus INK4A/ARF knockdown induced exponential growth in CD41a* megakaryocytes (MKs). Results are expressed as means from
two to three independent experiments.

(D) Representative image of May-Giemsa-stained MKCLs. The scale bar represents 20 um.

(legend continued on next page)
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MKCLs. The addition of BCL-XL made it possible to obtain
immortalized MKCLs (imMKCLs) that can be grown for more
than 5 months and thus function as candidate cell banks.
When the expression of c-MYC, BMI1, and BCL-XL is turned
off, imMKCLs produce functional CD42b (glycoprotein Ib o
[GPIba] and receptor for von Willebrand factor [VWF])* platelet
particles. The expression of CD42b on platelets is required for
the initiation of clotting (Ware et al., 2000) and bacterial clearance
in vivo (Wong et al., 2013). Although previous studies have re-
ported that CMK, Meg01, and K562 cells, three well-known
MK lineage leukemia cell lines, can become polyploid and
release CD41a" particles in the presence of agonist stimulation,
they do not provide a suitable source for a platelet supply
because the particles are CD42b™~ (Isakari et al., 2009; Sato
etal., 1989; Terui et al., 1998). In this report, we describe a strat-
egy that involves MKCLs with long-term self-renewal capacity
and the potential to provide an inexhaustible supply of CD42b*
platelets; in that respect, they resemble endogenous self-repli-
cating MK progenitors identified in vivo (Yamamoto et al.,
2013). Clinical application of this technology could provide a
plentiful supply of platelets from suitably screened and selected
imMKCL clones to serve as cell bank stocks with minimal risk of
adverse side effects.

RESULTS

Induction of Expandable MK Progenitor Cells from
Human PSCs with c-MYC and BMI1

We previously showed that, when expressed at an appropriate
level, c-MYC acts as a growth mediator in normal megakaryo-
poiesis and thrombopoiesis from hESCs or hiPSCs, whereas
excessive c-MYC expression in hematopoietic progenitor cells
(HPCs) induces the activation of the INK4A and ARF pathways,
leading to senescence and apoptosis (Takayama et al., 2010).
Therefore, we hypothesized that c-MYC activation might con-
tribute to self-replication at the MK progenitor stage. When we
assessed the effects of c-MYC overexpression alone, BMI1
overexpression alone, c-MYC overexpression plus p53 knock-
down, ¢c-MYC plus BCL-XL overexpression, and c-MYC plus
BMI1 overexpression in CD34*CD43*-containing HPCs derived
from the KhES-3 hESC line, we found that c-MYC over-
expression alone or the combination of c-MYC and BMI1 over-
expression increased numbers of large cells expressing
megakaryocytic CD41a*CD42a (GPIX)*CD42b*CD9* markers
over a 2-week period (Figures 1A-1C; Figure S1A available
online). With c-MYC and BMI1 overexpression (Figure 1C,
orange triangles) or c-MYC overexpression and INK4A/ARF
knockdown (Figure 1C, blue triangles), but none of the other
aforementioned conditions, proliferation of this cell population
was maintained at an exponential level for 2 months (MK progen-
itor cell line; Figure 1C, orange triangles) and was dependent
upon the presence of thrombopoietin (TPO) with the help of

stem cell factor (SCF). This suggests that the effect of BMI1
may be to at least inhibit INK4A/ARF-dependent senescence
and apoptosis during the initiation of self-replication, as con-
firmed by quantitative PCR (gPCR) analysis, which revealed
BMI1 represses c-MYC-induced the upregulation of INK4A/
ARF (Figure S1B). The CD41a* MKCLs derived from hESCs
showed monoblastic morphology with basophilic cytoplasm
(Figure 1D) and generated aberrant platelet-like particles ex-
pressing normal levels of CD41a but reduced levels of CD42b
(Figure S1C). This is consistent with the requirement for the
downregulation of c-MYC for maturation of MKs (Takayama
et al., 2010).

A Defined c-MYC Expression Level Is Important for
MKCL Induction and Robust Expansion

Our ability to induce MKCLs with c-MYC and BMI1 overexpres-
sion and then grow the cells for more than 2 weeks varied among
individual PSC clones (data not shown). Therefore, we sus-
pected that individual PSC clones require different levels of
c-MYC. When we prepared an inducible all-in-one vector
harboring c-MYC and BMI1 (Ohmine et al., 2001) (Figure S1D),
we obtained clearer evidence that c-MYC levels are crucial for
the sustained growth of MKCL, given that we saw different
results with c-MYC-2A-BMI1 and BMI1-2A-c-MYC gene se-
quences in this vector (Figures S1E and S1F). Furthermore, to
confirm the hypothesis that, in some individual PSC clones, the
effective c-MYC expression level may be restricted to a specific
range (Figure 1E), we used a vector tagged with a DD (Banaszyn-
ski et al., 2006) in order to reduce the level of c-MYC protein (Fig-
ure 1F). This system regulates protein stability, and thus the level
of c-MYC expression, in a manner that depends on the Shield1
concentration (NIH 3T3 cells in Figure S1G). When we used
this DD-tagged vector system to establish iPSC (692D2)-derived
MKCLs, we found that 692D2 iPSCs showed no self-replication
when transduced with c-MYC-2A-BMI1 overexpression without
a DD tag, but transduction of the DD tag vector without the addi-
tion of Shield1 allowed clone 692D2 to grow for up to 50 days in
culture (Figure 1G). This self-replication was inhibited by 100 or
1,000 nM Shield1 (Figure 2Ai), suggesting the total c-MYC level
most likely blocked stable self-replication. This result was not
due to nonspecific cell toxicity (Figure S2A) or activation of the
INK4A/ARF gene locus by the high level of c-MYC, given that
levels of p74 and p76 mRNA (derived INK4A/ARF locus gene)
did not differ in the presence or absence of 1,000 nM Shield1
(Figure S2B).

Given that BMI1, which is also overexpressed in our system,
represses the INK4A/ARF gene locus, the mechanism underly-
ing the MYC-dependent failure of continuous self-replication
was unclear. However, the well-known involvement of c-MYC
in caspase-dependent apoptosis (Juin et al., 2002) prompted
us to assess caspase activity in the MKCL clone. Caspase
assays revealed that the activation of caspases 3 and 7 in DD

(E) Schematic diagram illustrating the hypothesis that there is an association between c-MYC levels and MK self-replication. Individual human PSC clones (hESCs
or hiPSCs) define the c-MYC activation window (restricted range) needed to induce MK self-replication.

(F) Scheme for a c-MYC regulation system using a destabilization domain (DD). Proteins with a DD are rapidly destroyed via the ubiquitin-proteasome pathway.
Administration of Shield1 putatively inhibits DD-mediated degradation in a concentration-dependent manner.

(G) Numbers of CD41a* MKs determined by flow cytometry. MKs were derived from iPSCs (692D2) transduced with inducible c-MYC-DD-2A-BMI1 (with [w] DD)
or inducible c-MYC-2A-BMI1 retroviral vector (without [w/o] DD; see Figure S2A).
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self-replicable MKCLs derived from iPSC clone 692D2 was
2-fold higher in the presence of 1,000 nM Shield1 than in its
absence. This increased caspase activation was also associated
with reduced cell viability (Figures 2Ai and 2Aii), confirming that
restricting caspase activation may be key to successfully estab-
lishing expandable MKCLs (Figure S2B). Notably, caspase acti-
vation in the absence of Shield1 was still 12.2x higher than in
Jurkat cells (Figure 2Aii). Some apoptotic events are transcrip-
tionally determined (Chen et al., 2007; Kumar and Cakouros,
2004). Therefore, to further address the mechanism by which
excessive c-MYC represses self-replication and induces apo-
ptosis, we carried out a microarray analysis with iPSC-derived
MKCLs treated with or without 1,000 nM Shield1. Gene ontology
classification of genes differentially expressed in the presence
and absence of Shield1 indicated a correlation between higher
levels of c-MYC (1,000 nM Shield1) and the expression of the
proapoptotic factors BMF and BBC3 (PUMA), which can
contribute to the release of cytochrome-c from mitochondria
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via mitochondrial outer membrane per-
meabilization. High levels of c-MYC also
influenced cell-cycle-related genes, in-
creasing the expression of cyclin-depen-
dent kinase inhibitors (CDKN1B, p27, and
Kip1), which could arrest MKCL growth.
These changes were also confirmed by
gPCR analysis (Figures S2C and S2D). Thus, high ¢c-MYC
expression can lead to caspase-dependent MKCL apoptosis
(Figure 2A), despite the suppression of the INK4A/ARF pathway
by BMI1 (Figure S2B). These data again indicate that alternative
apoptosis pathways, as well as the INK4AA/ARF pathways, are
independently induced by excessive c-MYC in individual PSC-
derived MKCL clones.

Suppression of Caspase Activation through BCL-XL
Expression Promotes Immortalization

We noticed that MKCLs obtained from either ESC clone KhES3
or iPSC clone 692D2 with c-MYC plus BMI1 (Figure 2B, bottom
line) exhibited limited growth potential and discontinuous cell
growth that ceased at about 60 days, potentially reflecting an
increase in caspase activation (692D2 cell growth in Figure 2C;
KhES3 cell growth in Figure 2D; 0 nM Shield1for 692D2 in
Figure 2Ai and KhES-3 in Figure S2E). Thus, it appears that
the expression of c-MYC and BMI1 alone are not suitable for
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generation of an immortalized cell line. We therefore sought to
examine the effect of BCL-XL on days 14-21 after transduction
of c-MYC plus BMI1 (Figure 2B). We found that BCL-XL overex-
pression induced exponential growth of CD41a™ cells derived
from either 692D2 or KhESS3 cells. This growth persisted for
over 5 months, and we therefore deemed these cells to be
self-renewing imMKCLs (Figures 2C and 2D for 692D2 [imMKCL
clone 1, CI-1], and Figure 2D for KhES-3 ESCs [CI-2]; yellow
circles). These two imMKCLs also showed comparable growth
after cryopreservation (Figure 2E) as well as somewhat larger
cell size and expression of CD41a, CD42a, CD42b, and CD9
(Figure S2F). Growth of these imMKCLs was sustained even
with higher c-MYC expression in the presence of 100 or
1,000 nM Shield1 (Figures S2G-S2I), and the cells exhibited
comparatively low levels of caspase 3 and 7 activation, similar
to that of Jurkat cells (Figure S2I).

To further validate the function of BCL-XL in caspase regula-
tion, we tested the effect of the caspase inhibitor Z-VAD FMK
on proliferation. Caspase inhibition increased proliferation about
21-fold, whereas BCL-XL expression elicited a 64-fold increase.
In contrast, the vehicle control (DMSO) enhanced apoptosis (Fig-
ures S3A-S3C). Altogether, these findings again confirm that
BCL-XL inhibits apoptosis through caspase 3 and 7 inactivation
and that c-MYC, BMI1, and BCL-XL are all required for the in-
duction of iImMMKCLs from PSC clones. In addition, because it
is well known that activation of p53 and p21 is also associated
with c-MYC-dependent apoptosis (Hotti et al., 2000), we
assessed the effect of inhibiting p53 on cell growth with imMKCL
CI-1. Our results show no involvement of p53 in cells expressing
c-MYC, BMI1, and BCL-XL (Figure 2F), and a similar result was
obtained with KhES-3-imMKCL (CI-2; data not shown).

Next, we asked whether the simultaneous overexpression of
c-MYC, BMI1, and BCL-XL was more suitable for establishing
imMKCLs than overexpression of c-MYC plus BMI1 followed
by later expression of BCL-XL. To address that question, we
used four individual PSC clones to compare two protocols:
simultaneous overexpression of all three genes or overexpres-
sion of c-MYC and BMI1 followed by BCL-XL 14-21 days later,
counting from the HPC stage (days 28-35 from the hESC or
iPSC stage; Figure 2B, top). Simultaneous addition of all
three genes promoted maximal proliferation for only up to
40-50 days, whereas stepwise addition of c-MYC and BMI1 fol-
lowed by BCL-XL consistently showed more sustained prolifer-
ation with all clones examined (Figure S3D-S3G).

One potential caveat to this approach is that long-term cultiva-
tion might lead to iImMKCLs becoming oncogenic. Interestingly,
after cultivation for 5 months, two of three imMKCLs, CI-1 and
CI-2 but not CI-7, consistently showed a specific karyotypic
abnormality: chromosomal translocation that included chromo-
some +1 or —5 (Figure S4A). When these two clones were
separately infused into immunodeficient mice, one (n = 5)
displayed leukemogenesis contributing to early death, but the
other did not (Figure S4B). These results highlight the importance
of transplantation studies with imMKCLs for clone selection.
Interestingly, CI-7 exhibited no karyotypic abnormality (Fig-
ure S4A) and consistently showed no abnormalities in transplan-
tation studies (up to 16 weeks; Figure S4B). Therefore, we
suggest that combined analysis, including both karyotypic ex-
amination and transplantation of individual imMKCL clones,

would be useful for selecting imMKCLs as cell bank stock
candidates.

Differentiation Phase of imMKCLs for Upregulation of
CD42b during Maturation

The GPIb-V-IX complex, particularly CD42b (GPlba), on platelets
is a key binding site for VWF and is required for the initial adhe-
sion of platelets to an injured vessel wall (Ware et al., 2000) as
well as normal circulation after transfusion (Leytin et al., 2004).
Platelets lacking CD42b expression are quickly cleared from
the circulation in vivo, leading to insufficient numbers of circu-
lating platelets after transfusion (Nishikii et al., 2008). Assuming
that the downregulation of c-MYC would be required for the gen-
eration of CD42b* platelets (Takayama et al., 2010), we turned
off the expression of all three inducers (c-MYC, BMI1, and
BCL-XL). Five days after these genes were turned off under
serum-free conditions (Figure 3A), the iPSC-derived imMKCLs
had changed to exhibit MK polyploidization (Figure 3B; on,
5.5% [left]; off, 20.2% [right]) as well as proplatelet formation
(Figure 3C and Movie S1) with increased CD42b expression.
This is exemplified by the two imMKCL clones in Figure 3D.
Along with those changes, after turning off the expression
of the exogenous inducing genes, both endogenous and
exogenous c-MYC, BMI1, and BCL-XL expression declined (Fig-
ure S5A), and transcription factors associated with MK matura-
tion, GATAT1, FOG1, NFE2, and B1-tubulin increased to levels
comparable to or higher than those seen in cord blood (CB)-
derived MKs (Figure 3E).

Induction of Efficient Yield of CD41a*CD42b* Platelets
Turning c-MYC, BMI1, and BCL-XL off with a doxycycline-regu-
lated system increased the CD42b™ platelet yield from imMKCLs
and upregulated CD42b expression in CD41a* platelets (Figures
4A and 4B), in comparison to maintaining the overexpression of
the three factors or BCL-XL alone (Figure S5B). In addition,
whereas imMKCLs generated significant numbers of CD41a™
CD42b* particles that closely resembled endogenous platelets,
the well-known MKCLs Meg01, CMK, and K562, produced
mostly CD41a*, but CD42b ™, platelet-like particles (Figure S5C).
We estimated production to be three CD42b* platelets per CI-2
imMKCL-MK and 10 platelets per Cl-7 imMKCL-MK after the in-
duction of differentiation (5 days after exogenous expression
was turned off; Figure S5D) under serum-free conditions, which
is a suitable level for clinical application. In a 10-cm dish scale
(10 ml), 4 x 10° and 2 x 10° platelets per ml were obtained
from imMKCL CI-7 and CI-2, respectively (Figure 4C). Therefore,
our proposed system could theoretically yield 10'" platelets
(equivalent to one transfusion) within 5 days with 25-50 |
medium.

Characterization of platelet yields using flow cytometry re-
vealed that the expression levels of platelet-functional mole-
cules, including CD42b, CD61 (B3 integrin), protease-activated
receptor 1 (PAR1; thrombin receptor), CD49b (22 integrin), and
CD29 (B1 integrin), were mostly comparable to those seen in
fresh human peripheral blood (PB)-derived platelets and higher
than in human endogenous pooled platelets, although the
expression of GPVI (GP6) was a little weaker than it was in fresh
PB (Figure 4D), possibly because of receptor shedding at 37°C
(Gardiner et al., 2012). At the ultrastructural level, transmission
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electron microscopy revealed frequent generation of platelets
through cytoplasmic fragmentation (Figure S6A) and proplate-
lets in the culture dish (Figure 3C and Movie S1). Individual
imMKCL-derived platelets showed normal microtubules but
fewer granules when compared to fresh human donor platelets
(Figure 5A and S6A). To explore the functionality of imMKCL-
derived platelets, we used flow cytometry to examine integrin
«lIB3 activation (inside-out signaling) or platelet aggregation after
stimulation with platelet agonists (De Cuyper et al., 2013).
Agonist stimulation increased PAC-1 binding mean fluorescent
intensity, given that this antibody binds to the activated form of
allbB3 integrin (Figures 5B and 5C) as well as platelet aggrega-
tion (Figure 5D), clot retraction (Figure 5E), actin cytoskeletal
changes (Figure S6B), and vVWF or ADP secretion (Figure S6C).
Collectively, most in vitro functional parameters indicated that
imMKCL platelets gave less robust responses than fresh human
platelets, but, comparison to pooled human endogenous plate-
lets (Figures 5C and 5D) or iPSC-derived platelets generated
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dent binding of fresh human platelets,

and human CD42b blocking antibody
reversed this adhesion (Figure 5F). With our current protocol,
final platelet collection takes place during the final 5 days in
the absence of serum at 37°C. Altogether, these two conditions
may account for the relatively low granule content (Figure S6C)
and diminished aggregation (Figure 5D).

imMKCL-Derived Platelets Show Thrombogenic Activity
in Mouse Models of Thrombocytopenia

Next, we evaluated the in vivo circulation of iImMKCL platelets
with previously optimized transfusion models (Takayama et al.,
2010). Using NOD/SCID/IL-2Rg-null (NOG) mice with irradia-
tion-induced thrombocytopenia, flow cytometric analyses were
carried out 30 min, 2 hr, and 24 hr after transfusion (1 or 6 x
10® platelets per mouse). The posttransfusion kinetics of
imMKCL-derived platelets were nearly the same as those ob-
tained with fresh human platelets (n = 4 individual groups in
two independent experiments; Figures 6A and 6B). To further
assess the functionality of imMKCL platelets in vivo, we used
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Figure 4. imMKCL-Derived Mature MKs Generated CD41a*CD42b* Platelets upon Turning Off 3F Transgenes
(A) Representative contour plots for human peripheral blood (PB)-, CB-CD34*HS/PC-, and imMKCL (3F on and off)-derived platelets (platelet population are
shown in side and forward scatter contour plots).
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black bars, genes off. Results are expressed as means+ SE from three independent experiments. The mean value of the samples with genes on is assigned as 1.0.
(legend continued on next page)
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thrombocytopenic NOG mice and high-spatiotemporal-resolu-
tion confocal laser microscopy to visualize the initial adhesion
of individual platelets to laser-exposed vessel walls and the sub-
sequent thrombus formation under flow conditions without
apparent endothelial disruption (Takizawa et al., 2010; Nishimura
et al., 2012). Using fresh human platelets or imMKCL-derived
platelets labeled with carboxyfluorescein diacetate and succini-
midyl ester, along with injection of Texas Red dextran to visu-
alize blood cell kinetics, we calculated the numbers of platelets
adhering to the endothelium after laser injury in the NOG sys-
tem (Movie S2). We confirmed that single imMKCL-derived
platelets adhere to the vessel without forming aggregates
with host platelets. AK4 antibody (antihuman P-selectin) partly
reversed the platelet adhesion (i.e., >60% for Cl-2 platelets;
Figure 6C), indicating that P-selectin contributed to the initial
adhesion of the iImMMKCL platelets and that endothelial-derived
VWF and P-selectin are relevant in our mouse models (Nishi-
mura et al., 2012). We also confirmed the contribution of these
platelets to thrombi in vivo. We found that platelets from four
different imMKCL clones differentially contributed to the devel-
oping thrombi to a degree that was at a minimum better than
human endogenous pooled platelets (n = 40 vessels from three
to five animals individually, p < 0.0001; Figures 6D and 6E and
Movie S38), suggesting that transfer to in vivo conditions may
further improve the functionality of inMKCL platelets, perhaps
through rejuvenation via endocytosis of granules. Accordingly,
our results suggest that, although imMKCL platelets display a
smaller capacity for adhesion and aggregation than fresh donor
platelets in vitro and in vivo, the functional capacity observed is
at a useful level and could potentially be improved by further
optimization of the culture conditions and/or the collection
method.

DISCUSSION

For successful clinical application of hiPSC technology to
platelet transfusion, it will be necessary to produce very large
quantities of platelets. To achieve this goal, we will need to boost
production efficiency at two stages: the transition from HSCs or
myeloid lineage HPCs to MKs and the transition from MKs to
platelets (Fuentes et al., 2010; Lu et al., 2011; Takayama et al.,
2010; Lambert et al., 2013; Yamamoto et al., 2013). In the pre-
sent report, we focused on a strategy of generating self-renew-
ing immortalized MKs (Yamamoto et al., 2013), and we have
succeeded in establishing imMKCLs with in vitro long-term
expansion capacity from human ESCs or iPSCs with three
defined factors (c-MYC, BMI1, and BCL-XL) with a temporally hi-
erarchical overexpression protocol (Figures 2 and S3D-S3G).
Sustained expansion of these imMMKCLs relied on carefully regu-
lated expression of the inducing genes to balance proliferative
and apoptotic signals and optimize consistent proliferation.
These self-replicating MKs may be applicable in the clinic as a
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source for a continuous and virtually inexhaustible supply of
platelets.

We also showed that the INK4A/ARF and caspase 3 and 7
pathways are activated at the MK progenitor stage when
c-MYC levels are too high. The DD derived from mutant human
FKBP12 contributes to instability of the tagged protein, but the
effect is attenuated by addition of Shield1 (Banaszynski et al.,
2006). By using a DD tag vector system as a tool for investigating
the impact of restricted c-MYC levels (Figures 1E-1G and S1G),
we confirmed the importance of reducing caspase activity during
immortalized self-replication of the MK lineage in the presence of
TPO and SCF, which suggests that caspase activity plays a role
in the previously observed unstable proliferation of MKs in vitro
(Figures 7A-7C). This “constrained protein expression” system
could also be useful for studying genes that must be strictly regu-
lated. These findings also suggest the existence of a regulatory
pathway distinct from the INK4A/ARF and p53 pathways that ex-
erts a protective effect against oncogenic stress in the MK line-
age (Figure 2F).

Exogenous overexpression of BCL-XL contributed to long-
term self-replication by attenuating caspase 3 and 7 activation,
even in the presence of higher c-MYC levels (Figure 7C), and
endogenous BCL-XL may be required for the survival of
imMKCLs yielding platelets (Figures S5A and S5B). Consistent
with that idea, results obtained with BCL-XL-deficient mice indi-
cate that this protein is required for MK survival and platelet
release (Josefsson et al., 2011). By contrast, sustained BCL-XL
overexpression reportedly has a negative effect on the develop-
ment of demarcation membranes in MKs and on platelet produc-
tion (Kaluzhny et al., 2002). However, c-MYC-dependent MK
proliferation was also TPO-dependent and required BMI1 to be
present prior to BCL-XL (Figures 1C, 2C, 2D, and S3D-S3G).
Interestingly, we recently showed that the combination of
¢c-MYC and BCL-XL overexpression in CD34*CD43*-containing
HPCs leads to stable erythroblast self-replication induced by
erythropoietin (Hirose et al., 2013) but not MK lineage growth
(Figure 1C). Thus, distinct combinations of c-MYC and BCL-XL
and c-MYC and BMI1 appear to provide context-dependent
expansion capacity for erythroblast or MK lineages, respectively
(Hirata et al., 2013; Yamamoto et al., 2013). It has also been
reported that BMI1 directly binds to RUNX1 and core binding
transcriptional factor § and acts as a regulator during megakar-
yopoiesis (Yu et al., 2012), suggesting that BMI1 may have
an alternative function in imMKCL development. The MK pro-
liferation program may be disrupted when the effects of BCL-
XL dominate before the MK proliferation program is fully
established.

For clinical application, the quality of expandable imMKCLs
must be strictly validated, and they must be cryopreserved as
master cell banks (MCBs) matched to the required HLA and
HPA type. After thawing, MCB-derived working cells would be
expected to grow within an appropriate and sufficient term and

(C) Numbers of CD41a*CD42b™* platelets generated from imMKCL CI-2 (KhES3) and CI-7 (DN-SeV2) in a 1 ml culture volume. White bars, genes on; black bars,
genes off. Results are expressed as means + SE from three independent experiments.

(D) Histograms show CD42b, CD49b, CD61, PAR1, GPVI, and CD29 expression on platelets (fresh and pooled) derived from normal donors (two different donors)
and imMKCL CI-2 and CI-7. Donor-derived pooled platelets were pooled at 37°C for 5 days. Fresh human platelets were from donors 1 (purple) or 2 (green).
Pooled platelets were from donor 1. imMKCL platelets were from CI-2 (yellow) and CI-7 (red). Black lines in all panels indicate IgG control. x axes, MFI (log scale);

y axes, counts.
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Figure 5. Characterization of inMKCL-Derived Platelets In Vitro
(A) Transmission electron micrographs of an imMKCL CI-7-derived platelet 5 days after genes off (left) and two fresh donor platelets (right). The iImMKCL platelet
shows fewer a-granules and dense granules than fresh platelets. The scale bar represents 1 pm.
(B) Representative contour plots for imMKCL platelets showing CD42a (GPIX) and PAC1 bound in the absence or presence of thrombin (1 u/ml).
(C) PAC1 binding to human fresh platelets, human pooled platelets, orinMKCL platelets was quantified by flow cytometry. Data depict means (+ SEM) from three
independent experiments. y axis indicates AMFI calculated as agonist (+) minus no agonist (—). The MFI of agonist (—) was 1.0 in individual samples. ADP (200 uM)
or thrombin (1 u/ml) was the agonist.

(legend continued on next page)
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generate large numbers of platelets. In this context, continuous
culture after cryopreservation (Figure 2E) may enable a contin-
uous supply of platelets through gene manipulation (i.e., a
drug-induced genes-off condition). Furthermore, after we had
established stably expandable imMKCLs in the presence of
serum, we identified two clones that were capable of growing
well in liquid culture after adaptation to serum- and feeder-free
conditions (Figure S6D). This development suggests that it
may well be feasible to use this type of system to generate plate-
lets on the type of industrial scale that can be achieved with
tanks.

We compared our current imMKCL/MCB system with our
earlier strategy (Takayama et al., 2010). Figure S7 depicts the ad-
vantages of the current strategy and its feasibility in terms of
three parameters: manipulation, duration, and culture scale.
For each parameter in the figure, the top panels show our current
protocol, and the bottom panels show the earlier protocol (Ta-
kayama et al., 2010). It is important to consider the need to pre-
pare and provide more than 10" platelets, given that 3 x 10"
platelets are required for 1 u of platelet concentrate for transfu-
sion in the United States. We suggest using 108 imMKCL cells
per vial as a MCB-derived working cell stock, which will produce
2.5 x 10" MKs in around 14 days (Figures 2C, 2D, and S3D-
S3G). In addition, much less medium is required in the current
system (Figure S7), and there might be no requirement for mouse
feeder cells or serum (Figure S6D). However, when looking at the
similarity between human endogenous platelets and imMKCL
platelets, there were several discrepancies between the func-
tional parameters in vitro and in vivo (Figures 6C and 6D). In gen-
eral, platelet concentrate is supplied in highly concentrated
serum for transfusion. This suggests that supplementing with
serum or a serum replacement could help to increase the func-
tional capacity of inMKCL-derived platelets. Our data already
suggest that this approach could be helpful; for example, serum
supplementation improved clot retraction with imMKCL-derived
platelets (Figure 5E). This is in contrast to endogenous pooled
platelets, which did not form clots at all, even with serum supple-
mentation. Therefore, although further optimization of this final
step is needed (e.g., through the induction of differentiation at
room temperature (20°C —24°C) before imMKCL platelets are
clinically useful, we conclude that an imMKCL system could
potentially provide useful platelets in large quantities.

As mentioned, another area for further optimization is the
platelet yield per MK, the improvement of which would
contribute to further reducing the volume. Several earlier reports
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on in vitro platelet production systems documented similarly
limited efficiency of platelet production from single MKs (Ono
et al., 2012; Takayama et al., 2008, 2010). In contrast, it is
thought that each MK generates several thousand platelets
in vivo (Patel et al., 2005). One approach could be to use a biore-
actor that mimics the conditions within BM (Patel et al., 2005),
where shear stress from blood flow might accelerate platelet
biogenesis from MKs (Junt et al., 2007). On the basis of that
idea, we recently demonstrated the feasibility of an artificially
produced bioreactor with 2D microfluid circulation and biode-
gradable scaffolds, which increased platelet yield from hESC-
and hiPSC-derived MKs (Nakagawa et al., 2013).

In conclusion, the technology outlined in this study sheds light
on an exciting avenue for potential iPSC-based platelet supply.
This protocol is also being developed for an Investigational
New Drug Application to the United States Food and Drug
Administration. To achieve that, further optimization of MK matu-
ration and the efficiency of platelet release in a liquid culture sys-
tem will help to improve the technology as it develops toward
clinical application. Ultimately, we believe that, through the inte-
gration of a broad range of technologies, it will be feasible
through to achieve clinically effective platelet transfusion without
a requirement for donor blood.

EXPERIMENTAL PROCEDURES

Ethical Review

KhES-3 hESC clone (Institute for Frontier Medical Science, Kyoto University)
was used with approval from the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan. Collection of PB from healthy volunteers
was approved by the ethics committee of the Institute of Medical Science at
the University of Tokyo and the Kyoto University Committee for Human Sam-
ple-Based Experiments. All studies involving the use of human samples were
conducted in accordance with the Declaration of Helsinki.

Cells, Reagents, and Mice

KhES-3 hESCs from H. Suemori (Suemori et al., 2006) and human iPSC clones
(585A1, 585B1, 606A1, 648B1, 692D2, and DNSeV-2) were used (Okita et al.,
2013). Six-week-old NOG mice were purchased from the Central Institute for
Experimental Animals. The mice were irradiated at 2.4 Gy in order to induce
thrombocytopenia 9 days before transfusion. Then, selected mice (platelets =
5-20 x10%/ul) were used for studies of posttransfusion platelet kinetics and
in vivo imaging of thrombogeneity.

The following vectors were used: pMXs retroviral vector, pGCDNsam retro-
viral vector, modified pMXs Tet off-inducible retroviral vector (Ohmine et al.,
2001), and CSllI-based all-in-one inducible lentiviral vector (Ai-LV) (Takayama
et al., 2010). Retrovirus production with a 293 Gag, Pol, VSV-G (vesicular sto-
matitis virus G) system and lentiviral production were as described previously

(D) Flow cytometric detection of aggregated platelets as a double-positive population among human fresh donor platelets stained with CD9-APC or among
human fresh donor platelets (top panel in the dot plot) or with imMKCLs platelets (bottom panel in the dot plot) stained with CD9 Pacific Blue after agonist
stimulation. In the absence of agonist stimulation, the double-positive population was small. The lower graph contains summarized results showing the percent
double-positive platelets (human fresh platelets, pooled platelets, or iInMKCL platelets). y axis indicates D-aggregated percentage calculated as agonist (+)
minus agonist (—).Results are expressed as means + SE from seven independent experiments for ADP&TRAP (left) or four independent experiments for collagen
(right).

(E) Pictures of clot retraction. Human endogenous pooled or imMKCL (CI-7) platelets were suspended in 20% platelet-depleted human plasma containing Is-
cove’s modified Dulbecco’s medium (1.6 x 10° platelets/ml). Even when supplemented with human plasma, pooled platelets stored without serum showed no
clot retraction, whereas inMKCL platelets did.

(F) Ex vivo flow chamber system within which human vWF (10 pg/ml) was immobilized, and the shear rate was 1,600 s~ '. Human and mouse PB platelets and
imMKCL CI-2 and CI-7 platelets were stained with carboxyfluorescein diacetate, succinimidyl ester (CSFE) and analyzed. Top: representative immunofluo-
rescence micrograph of the chamber. Bottom: relative number of CSFE" platelets adhering to human vWF. HIP-1, human CD42b antibody. The scale bar
represents 100 um. Results are expressed as means + SE of a total of 20 trials from three independent experiments. The mean value of human platelets is
assigned as 1.0.
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Figure 6. imMKCL-Derived Platelets Show Circulation Potential and Intact In Vivo Functionality in a Thrombocytopenic Mouse Model

(A) Platelet transfusion model in which NOG mice were irradiated (2.4 Gy) in order to induce thrombocytopenia. Nine days later, iImMKCL-derived platelets (6 x
108 or 1 x 108 and human PB-derived platelets (1 x 108) were injected via the tail vein. Shown are representative contour plots of samples from a transfused
mouse. Detected are mouse CD41" and human CD41a" cells 30 min, 2 hr, and 24 hr after transfusion.

(B) Platelet chimerism was quantified by flow cytometry. Circulation of injected platelets was evaluated after 30 min, 2 hr, and 24 hr. N = 4 individual groups from
two independent experiments.

(legend continued on next page)
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Figure 7. Models of MKCL Self-Replication Systems

(A) Excessive c-MYC induces strong activation of caspase 3 and 7 and
apoptotic pathways, despite the suppression of INK4A/ARF by ectopic BMI1,
leading to no self-replication.

(B) Appropriate activation of c-MYC induces a relatively low level of caspase 3
and 7 activation, leading to limited self-replication.

(C) Added BCL-XL acts in concert with BMI1 to suppress c-MYC-related
apoptotic pathways, leading to MKCL immortalization.

(Eto et al., 2007; Takayama et al., 2010). We amplified the DD-encoding
sequence from pPTunerC vector and Shield1 (Clontech and Takara Biotech-
nology) to generate the cMYC-DD construct. Shield1 was used to block DD-
domain-mediated protein degradation. The use of viral vectors was approved
by committees at the University of Tokyo or Kyoto University.

Cell Culture

On day 14 of culture, during hematopoietic differentiation from hESCs and
hiPSCs (Takayama et al., 2008), HPCs were collected and transferred
onto irradiated C3H10T1/2 cells in the presence of 50 ng/ml human SCF
(R&D Systems) and 50 ng/ml human TPO (R&D) (Takayama et al., 2010).
Gene expression was controlled by the presence or absence of 2 uM
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B-estradiol or 1 ug/ml doxycycline (Clontech) for modified pMXs inducible
vector or the presence of 1 ng/ml doxycycline for Ai-LV, respectively. MK differ-
entiation from CB CD34" cell was accomplished as described previously
(Proulx et al., 2004).

In Vitro Analysis of inMKCLSs, imMKCL Platelets, and Human
Platelets

qRT-PCR, cell-surface markers of inMKCLs and platelets, electron micro-
scopy, and PAC-1 binding were examined as described previously
(Takayama et al., 2010). Flow-cytometry-based platelet aggregation assays
were performed as described previously (De Cuyper et al., 2013). Clot retrac-
tion assays were carried out as described previously (Takizawa et al., 2010).
An ex vivo flow chamber precoated with human vWF (10 pg/ml, provided by
K. Soejima, Kaketsuken) was utilized to observe shear (1,600 s~ ')-dependent
thrombus formation under an inverted microscope equipped with fluores-
cence (Nikon A1R) and microfluid systems (Ibidi Products). Platelets were
stained with CFSE dye (5 uM, Invitrogen) and used in the presence of
CD42b (HIP1; Abcam; 10 png/ml) or isotype-matched antibodies (BioLegend).
Human pooled platelets were prepared by 5-day culture at 37°C under
serum-free conditions.

In Vivo Analysis in Mice

Nine days later, irradiation in NOG mice, fresh or pooled human platelets
from a donor, or iImMKCL-derived platelets were intravenously administered
(100 pl). Then, blood samples (50-100 pl) were collected from the retro-
orbital plexus in the mice 30 min, 2 hr, and 24 hr after transfusion. The sam-
ples were labeled with human CD41a-APC and mouse CD41-PE antibodies
(EMFRET Analytics), after which chimerism was analyzed. Similar NOG mice
with thrombocytopenia were also used for in vivo imaging studies. To visu-
ally analyze thrombus formation in the microcirculation of the mesentery in
living animals, we used in vivo laser- and reactive-oxygen-species-induced
injury with a visualization technique developed through modification of con-
ventional methods (Nishimura et al., 2012; Takizawa et al., 2010). Some ex-
periments were performed with AK4 (human P-selectin antibody; Abcam;
20 pg/ml). Additional details of the methods and other information for imag-
ing are presented in the Supplemental Information.

Statistical Analysis

All data are presented as means + SEM. The statistical significance of the
observed differences was determined with one-way ANOVA followed by
Tukey’s multiple comparison test and two-tailed Student’s t tests for pairwise
comparisons. Values of p < 0.05 were considered significant.

ACCESSION NUMBERS

Raw and normalized microarray data have been deposited in the NCBI Gene
Expression Omnibus database under accession number GSE54168.

SUPPLEMENTAL INFORMATION

Supplemental Information contains Supplemental Experimental Procedures,
seven figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.stem.2014.01.011.

(C) Time-lapse confocal microscopy showing potential in vivo platelet function. Mice were transfused with 1 x 108 platelets derived from different groups. Top:
representative sequential images showing initial adhesion by inMKCL-derived platelets onto injured vessel walls. CSFE-labeled imnMKCL platelets (CI-2 and CI-7;
green) along with dextran (Texas Red) are shown. Bottom: the number of initially attached platelets per 100 um vessel length were counted. Actual results are
shown in Movie S2. The results are averaged data from 40 vessels from three to five animals in each group. N.S., not significant; “**p < 0.001, ***p < 0.0001. AK4;

human P-selectin antibody. The scale bar represents 10 um.

(D) Representative sequential images showing thrombus formation by imMKCL-derived platelets within a small capillary and artery. CSFE-labeled imMKCL
platelets (green) along with dextran (Texas Red) are shown. Hematoporphyrin was administrated in order to induce thrombus formation prior to laser-induced
injury. Platelets adhered to the site of laser injury, finally contributing to the complete occlusion of vessels. Original videos are available as Movie S3. The scale

bars represent 10 pm.

(E) Fresh donor platelets, pooled donor platelets, and imMKCL-derived platelets incorporated into thrombi were quantified. Pooled platelets were stored for
5 days at 37°C. Platelets from imMKCL CI-1, CI-2, CI-3, and CI-7 were used. The results summarize four independent experiments (n = 40 vessels from three to

five animals for each group). N.S., not significant; ***p < 0.001, ****p < 0.0001.
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SUMMARY

Spermatogonial stem cells (SSCs) maintain sper-
matogenesis throughout a man’s life and may
have application for treating some cases of male
infertility, including those caused by chemotherapy
before puberty. We performed autologous and
allogeneic SSC transplantations into the testes of
18 adult and 5 prepubertal recipient macaques
that were rendered infertile with alkylating chemo-
therapy. After autologous transplant, the donor
genotype from lentivirus-marked SSCs was evi-
dent in the ejaculated sperm of 9/12 adult and
3/5 prepubertal recipients after they reached matu-
rity. Allogeneic transplant led to donor-recipient
chimerism in sperm from 2/6 adult recipients.
Ejaculated sperm from one recipient transplanted
with allogeneic donor SSCs were injected into 85
rhesus oocytes via intracytoplasmic sperm injec-
tion. Eighty-one oocytes were fertilized, producing
embryos ranging from four-cell to blastocyst with
donor paternal origin confirmed in 7/81 embryos.
This demonstration of functional donor spermato-
genesis following SSC transplantation in primates
is an important milestone for informed clinical
translation.

INTRODUCTION

In 1994, Ralph Brinster and colleagues transplanted mouse
spermatogonial stem cells (SSCs) into the seminiferous tubules
of infertile recipient mice and observed donor-derived spermato-
genesis that was competent to produce viable progeny (Brinster
and Avarbock, 1994; Brinster and Zimmermann, 1994). SSC
transplantation has since become the gold standard bioassay
for experimental assessment of SSC activity (Phillips et al.,
2010) and may also have application in the human fertility clinic.
One potential clinical application of SSC transplantation is to
preserve and restore the fertility of male cancer patients
(Kubota and Brinster, 2006; Geens et al., 2008; Schlatt et al.,
2009; Wyns et al., 2010; Hermann and Orwig, 2011).
Chemotherapy and radiation treatments for cancer or other
conditions can permanently damage fertility (Mitchell et al.,
2009). Adult male patients have the option to preserve their
future fertility by cryopreserving sperm. Unfortunately, there
are no standard-of-care options to preserve the fertility of prepu-
bertal boys who are not yet producing mature sperm. For these
patients, it may be possible to isolate and freeze SSCs obtained
via testicular biopsy prior to gonadotoxic therapy and have these
cells reintroduced into their testes after cure (Brinster, 2007;
Clark et al., 2011). If results in animal models translate to the
clinic, this autologous transplantation paradigm may perma-
nently restore natural fertility. The feasibility of this approach is
supported by observations in lower animal models that SSCs
from donors of all ages, newborn to adult, can regenerate
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spermatogenesis (Shinohara et al., 2001; Ryu et al., 2003) and
that SSCs can be cryopreserved and retain spermatogenic func-
tion upon thawing and transplantation (Dobrinski et al., 1999,
2000; Brinster, 2002).

Large animal models are critical for examining the safety and
feasibility of experimental therapies before they are translated
to the clinic. SSC transplantation has been reported in seven
previous large animal studies (Table S1 available online). All of
those studies, except for one in the boar (Mikkola et al., 2006),
employed irradiation to destroy spermatogenesis and cause
infertility. There is a dearth of information on the efficacy of
SSC transplantation in chemotherapy-treated large animals,
probably due to the significant challenges associated with
clinical management of animals treated systemically with high-
dose chemotherapies that cause severe hematopoietic deficits
(Hermann et al., 2007). However, the importance of this experi-
mental paradigm should not be overlooked because high-dose
alkylating chemotherapies are used routinely for conditioning
prior to hematopoietic stem cell (HSC) transplantation and are
associated with high risk of infertility (Wallace et al., 2005; Lee
et al., 2006; Mitchell et al., 2009; Green et al., 2010).

The first large animal SSC transplants were performed in
monkeys by Schlatt and colleagues (see Table S1), who
described autologous transplants into irradiated monkey recipi-
ents in 2002 and again in 2011 (Schlatt et al., 2002; Jahnukainen
et al., 2011). Each study reported that the transplanted right
testis was larger than the untransplanted left testis in one animal,
but presence or function of donor sperm was not evaluated.
Thus, the question of whether SSC transplant can be translated
to the primate system and produce functional sperm still
remains. The translational significance of this question is high
because clinics around the world (Keros et al., 2007; Wyns
et al., 2008; Ginsberg et al., 2010; Sadri-Ardekani et al., 2011;
Oktay, 2011; Orwig et al., 2011; Schlatt and Kliesch, 2012) are
already cryopreserving testicular tissue for boys in anticipation
that SSCs in that tissue can be used to restore fertility via
autologous SSC transplantation, autologous tissue grafting,
xenografting, or in vitro germ cell differentiation (Brinster, 2007;
Rodriguez-Sosa and Dobrinski, 2009; Sato et al., 2011; Clark
et al., 2011). Establishing the feasibility of SSC transplantation
in the primate model will have important implications for how
testicular tissue should be processed and for educating patients
and physicians about the potential downstream applications.

We previously described a nonhuman primate model of
cancer survivorship in rhesus macaques where infertility was
caused by alkylating chemotherapy (busulfan) (Hermann et al.,
2007). We employed that model in the current study to examine
the feasibility of SSC transplantation in prepubertal and adult
rhesus macaques, which have testis biology, endocrine regula-
tion, and immune function that is similar to that of humans (Plant
and Marshall, 2001; Hermann et al., 2010; Messaoudi et al.,
2011). Prophylactic autologous peripheral blood stem cell
(PBSC) transplant (Donahue et al., 2005; Kang et al., 2006) was
used to counteract the hematopoietic deficits in all animals.
This complex experimental design involving HSC and SSC trans-
plantation models the clinical scenario of HSC (bone marrow or
PBSC) transplant patients who are at high risk for infertility (Wyns
et al.,, 2010). Our results indicate that transplanted SSCs can
regenerate spermatogenesis in busulfan-treated primates and
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produce functional sperm capable of fertilizing oocytes and
leading to preimplantation embryo development.

RESULTS

SSC Transplantation by Ultrasound-Guided Rete Testis
Injection in Monkeys

Schlatt and coworkers pioneered ultrasound-guided rete testis
injection into monkey testes in 1999 (Schlatt et al., 1999) and
this technique has now been applied to introduce testis cell
suspensions into the seminiferous tubules of several large animal
species (Schlatt et al., 1999, 2002; Honaramooz et al., 2003;
Izadyar et al., 2003; Mikkola et al., 2006; Kim et al., 2008; Herrid
et al., 2009). In contrast to a typical rodent SSC transplant where
the testis efferent ducts and/or rete testes are accessed surgi-
cally through an abdominal incision (Ogawa, 2001), ultrasound-
guided rete testis injection does not require surgery. Briefly,
ultrasound is used to visualize the rete testis and guide the
injection needle through the scrotal skin and into the rete testis
space, which is contiguous with all seminiferous tubules (Figure 1
and Movie S1). With this approach, we introduced an average
of 1,041 + 82 pl of cell suspension into the rete testis and
seminiferous tubules of adult recipients and 222 + 26 pl into
juvenile recipients. Cell concentrations ranged from 58 to
232 x 10° viable cells/ml; an average of 88 x 10° viable cells
were injected per adult testis and 45.8 x 10° viable cells were
injected per juvenile testis (Table S2).

Transplanted Autologous SSCs Produce
Spermatogenesis in Busulfan-Treated Macaques

To assess the regenerative capacity of primate SSCs, we
performed a series of autologous transplant experiments in
busulfan-treated macaques (Hermann et al., 2007). Because
the doses of busulfan required to deplete endogenous sper-
matogenesis are also myelosuppressive, all animals received
autologous PBSC transplants to support rapid hematopoietic
recovery (Figure 2). Testis cells were obtained via hemicastration
or biopsy of one testis and were cryopreserved prior to busulfan
chemotherapy.

In order to distinguish transplanted SSCs and their progeny
from endogenous cells, we treated donor cells with lentiviral
vectors containing Ubiquitin-C (UBC)-eGFP, elongation factor
1a (EF12)-GFP, or EF1a-mCherry transgene inserts (Table S2)
prior to transplant. This approach permanently marks donor cells
and allows detection of the labeled donor cells in tissue or ejacu-
lated sperm by their genotype (e.g., a specific lentiviral DNA
sequence).

Approximately 10-12 weeks after busulfan treatment (corre-
sponding to the time when sperm counts reach 0 in adults), cells
were thawed, treated with lentivirus, and transplanted back into
the other testis of the same animal (Figure 2). Lentivirus-treated
autologous SSCs were transplanted into the seminiferous
tubules of 12 adult and 5 prepubertal recipient macaques by
ultrasound-guided rete testis injection. Polymerase chain reac-
tion (PCR) was used to detect sperm produced from lentivirus-
marked SSCs in the ejaculates of recipient animals. Overall,
spermatogenesis was evident in 11/12 adult and 5/5 prepubertal
(after puberty) recipients after transplant (Figure 3A and Tables
S2, S3, and S4).
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Figure 1. Rhesus SSC Transplantation by Ultrasound-Guided Rete
Testis Injection

Donor testis cells (including SSCs) are introduced into recipient seminiferous
tubules via injection into the rete testis space. (A) The rete testis in rhesus can
be visualized by ultrasound as a linear echo-dense structure and (B) ultrasound
is used to guide an echo-dense injection needle into the rete testis space,
allowing cells to be injected by slow, positive pressure. (C) After this injection,
presence of dye in the ductules of the caput epididymis (inset), which is
contiguous via the efferent ducts with the rete testis, confirmed successful
injection. (D) Bisection of the transplanted testis revealed that blue dye radi-
ated from the rete testis into approximately 60%-80% of seminiferous tubules.
(E and F) Subsequent evaluation of intact seminiferous tubules confirmed
the presence of blue dye in the lumen of seminiferous tubules. Scale bar=1cm
(C and D), 500 um (E), and 100 um (F). See also Movie S1.

The duration of spermatogenesis, from SSC to sperm, is
roughly 42-44 days, followed by 10.5 days of epididymal trans-
port time (Amann et al.,, 1976; Clermont and Antar, 1973;
Hermann et al., 2010). Recovery of spermatogenesis to normal
levels (>15 x 106 was observed in adult autologous recipients
an average of 40.1 + 4.9 weeks after busulfan treatment (11 of 12
adults; ranged from 15 to 63 weeks; Table S3). In our previous
study, recovery of spermatogenesis from endogenous SSCs
occurred by 24 weeks after a low dose of busulfan (4 mg/kg)
that did not eliminate endogenous SSCs; spermatogenic
recovery was not observed in animals treated with the higher
busulfan doses (8 and 12 mg/kg) employed in this study
(Hermann et al., 2007). The time to spermatogenic recovery in
this study can likely be attributed to the substantial depletion
of the endogenous SSC pool, which is not completely replen-
ished by transplanted SSCs. Thus, spermatogenesis originates
from sporadic foci of individual endogenous and/or transplanted
SSCs that must expand laterally to repopulate the seminiferous
tubules as well as differentiate to produce sperm. These factors
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Figure 2. Experimental Timeline for Recipient Preparation and SSC
Transplantations

This cartoon shows relative timing of experimental procedures for recipient
animals, including autologous transplants of peripheral blood stem cells
(PBSCs) used to restore the hematopoietic system after busulfan chemo-
therapy. Indwelling central venous catheters were placed in the right internal
jugular vein at the time of testicular tissue harvesting or approximately 5 weeks
before PBSC harvest via apheresis. Autologous blood was collected for
5 weeks (red triangles) and pooled to prime the apheresis tubing set. Animals
received daily subcutaneous injections with the cytokine G-CSF (and in some
cases, SCF) (green triangles) for 6 days to mobilize hematopoietic stem cells
from the bone marrow into the general circulation. PBSCs were collected on
day 0 by apheresis using the indwelling central line for venous access. Twenty-
four hours after completing apheresis, animals were treated with busulfan
(labeled arrow). Approximately 42 hours after completing apheresis (~18 hr
after busulfan treatment), animals were transfused with autologous PBSCs
collected by apheresis. Two days later, animals received one subcutaneous
injection of neulasta (long-acting G-CSF) to stimulate rapid expansion of
engrafted stem cells and hematopoietic recovery. Animals were monitored
closely for hematopoietic deficits with weekly (or more frequent) complete
blood count (CBC, orange triangles). Approximately 10-12 weeks after
busulfan treatment, animals received SSC transplants (when sperm counts
were 0 for 2 consecutive weeks). Weekly ejaculated sperm counts (blue
triangles) measured the effect of busulfan on spermatogenesis and the
progression of spermatogenic recovery after transplant. See also Figure S1
and Table S2.

apparently prolong the time required to reach a steady state
threshold sufficient to produce normal sperm counts in the
ejaculate.

PCR genotyping for the lentiviral backbone indicated stable
donor signal in the ejaculates of 9/12 adult and 3/5 prepubertal
autologous recipients (Figure 3B and Tables S2, S3, and S4).
Donor signal was considered stable when lentiviral genotype
was observed in at least four separate semen samples
collected over the course of at least three months. Results
from autologous recipient M037 are shown in Figure 3 where
sperm reappeared in the ejaculate between 20 and 30 weeks
after transplant (Figure 3A). Donor lentiviral sequence was
detected by PCR coincident with the appearance of sperm
(Figure 3B). Overall, PCR signal from lentivirus marked SSCs
decayed over time (see Tables S3 and S4), suggesting a low effi-
ciency of virus-marked SSC engraftment. Histological compar-
ison of the testis and cauda epididymis from M037 (Figure 3C)
clearly demonstrates more spermatogenic recovery (60% of
seminiferous tubule cross-sections contained spermatogenesis)
compared with a transplant recipient that failed to exhibit
sperm in the ejaculates after transplant (M214; Figure 3D) and
had spermatogenesis in only 24% of tubule cross-sections.
For reference, all seminiferous tubules were devoid of germ cells
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in a busulfan-treated animal that received no transplant 26 weeks
after busulfan treatment (M104; Figure 3E). We were unable to
observe fluorescent segments of seminiferous tubules (i.e.,
those marked by the lentivirus and those that regenerated sper-
matogenesis) after systematic evaluation of each autologous
recipient testis at necropsy by epifluorescence microscopy.
The failure to observe lentiviral reporter expression may result
from epigenetic silencing of the transgene, insufficient expres-
sion for this detection mode, or both.

The best way to demonstrate that transplanted SSCs produce
functional sperm is to demonstrate their ability to fertilize
oocytes. Unfortunately, our autologous transplant approach
was not amenable to fertilization studies because the efficiency
of marking SSCs was very low (data not shown). In addition, we

Cauda Epididymus

e

based on presence of sperm in the ejaculate (60%
of tubule cross-sections contained spermatogen-
esis; necropsied 80 weeks after busulfan), and (D)
transplant recipient M214, which never exhibited
sperm in the ejaculate after transplant (24% of
tubule cross-sections contained spermatogen-
esis; necropsied 67 weeks after busulfan). (E)
Histology from the testis and epididymis of an
untransplanted animal, M104 (no spermatogen-
esis evident; necropsied 26 weeks after busulfan),
illustrates the appearance of an azoospermic
(empty) testis after busulfan treatment. Scale
bars = 50 um. See also Tables S2, S3, and S4.

Po§t-Busquan

were not able to distinguish fluorescence
from lentivirus-marked sperm from auto-
fluorescence that was observed in most
ejaculates (data not shown). Fertilizing
oocytes from a random population of
sperm of which only a very small percent-
age were genetically marked was not
practical. Therefore, we performed addi-
tional experiments using an allogeneic
recipient approach in which all donor
sperm had unique DNA microsatellite
allele profiles that could be distinguished from those of endoge-
nous recipient sperm.

Transplanted Allogeneic SSCs Regenerate
Spermatogenesis and Produce Functional Sperm

We utilized an allogeneic transplant paradigm where donor testis
cells from unrelated individual animals were transplanted into
recipient testes. While some previous reports demonstrated
that transplanted allogeneic testis cells were tolerated in large
animal models allowing engraftment of unrelated donor SSCs
(Honaramooz et al., 2002, 2003; Kim et al., 2008), SSCs from
unrelated donors failed to regenerate spermatogenesis in bull
testes (Izadyar et al., 2003) (Table S1). Thus, the potential for
immune effects on SSC engraftment is unclear. Therefore, donor
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and recipient pairs were matched based on low recipient T cell
reactivity to donor antigens using multiple lymphocyte reaction
(MLR; data not shown) analysis (Ezzelarab et al., 2008). In addi-
tion, five of six allogeneic recipients were treated with an immune
suppression regimen (anti-CD154; Table S2) (Kirk et al., 1999).
We discriminated sperm originating from donor and recipient
SSCs using microsatellite fingerprinting, as described previ-
ously, to detect donor sperm production in SSC-transplanted
dogs (Kim et al., 2008).

All six allogeneic recipients exhibited low levels of spermato-
genic recovery in the posttransplant period of evaluation (Fig-
ure 4A and Tables S2 and S3). Microsatellite DNA fingerprinting
revealed donor/recipient chimerism in sperm from two of the six
allogeneic recipients (M212 and MO027, Tables S2 and S3).
Sperm retrieved from the left cauda epididymis at necropsy
from animal M212 exhibited a minor peak of donor signal (donor
M214; 236 bp and 244 bp alleles at locus DS11S2002; 194 bp
and 244 bp alleles at locus D12S67) amidst a background of
recovering endogenous spermatogenesis (Figures 4B-4D).
Donor signal was not detectable in ejaculated sperm from
M212 likely due to inflammation in the left epididymis evident
in the posttransplant period and confirmed at necropsy, prevent-
ing donor sperm transit to the ejaculate (data not shown). A
second allogeneic recipient, M027, produced ejaculated sperm
exhibiting donor signal (donor M092; 187 bp allele at locus
D3S1768; 263 bp allele at locus D17S1300) for more than
17 months (50 total samples) (Figure 4E-4G). Thus, these data
show that transplanted allogeneic SSCs produce sperm in
recipient testes. To quantify the degree of donor sperm produc-
tion as a function of time, we identified single nucleotide poly-
morphisms (SNPs) that distinguish donor sperm from recipient
sperm essentially as described previously (Alizadeh et al.,
2002; Kim et al., 2008). We screened 23 SNPs reported in the
Monkey SNP database at Oregon National Primate Research
Center (Khouangsathiene et al., 2008), but none distinguished
donor and recipient and/or were suitable for qPCR. How-
ever, while screening one reported SNP (rs4543622) within the
class Il major histocompatibility complex transactivator (CIITA)
locus, we identified a previously unreported SNP for which the
recipient (M027) was homozygous for one allele (G) and the
donor (M092) heterozygous both alleles (A/G). Standard
curves for the relative abundance of each allele as previously
described were used to determine the percent of donor
chimerism in DNA isolated from recipient M027 following
monthly semen samples collected between 3 and 17 months
after transplant (Figure 4H). We observed a consistent level of
donor (M092) chimerism (ranging from 1.7 to 17.2%) in M027
sperm samples for the duration of the 14 months analyzed
(Figure 4H).

To assess function of donor (M092) sperm, ejaculated sperm
from recipient M027 (collected 30 weeks after transplant) were
used to fertilize rhesus oocytes by intracytoplasmic sperm injec-
tion (ICSI) (Hewitson et al., 1999; Mitalipov et al., 2006). Of 85
oocytes injected, 81 (95%) were fertilized (formed male and
female pronuclei) and subsequently cleaved (Figure 5 and Table
S5). Upon in vitro culture, 23% of embryos reached the blasto-
cyst stage with normal morphology (Table S5). To determine
sire by microsatellite DNA fingerprinting, all blastocysts and
arrested embryos were individually harvested and used for

whole-genome DNA amplification. Genotyping was done for
the gender marker AME to determine sex of embryo and for eight
microsatellite loci, two of which (DXS2506 and D15S823) defin-
itively discriminate the genotype of the SSC donor (M092) from
the transplant recipient (M027) and oocyte donors (Figure 5
and Table S6). In this genotyping paradigm, the 286 bp allele
at the X-linked locus DXS2506 and the 337 bp allele at locus
D15S823 were both unique to M092 and their presence in an
embryo could only arise from M092 paternal contribution (Fig-
ure 5 and Table S6). Of the 81 embryos genotyped, 7 exhibited
definitive donor (M092) sire, 3 of which advanced to the morula
stage of preimplantation development (Figure 5 and Table S6).
Since DXS2506 is an X-linked marker, male (XY) embryos,
including three XY M092-sired embryos (embryos 1, 8 and 63;
Figures 5L and 50 and Table S6), displayed only the maternal
allele at this locus. M092 donor paternal contribution in these
embryos was confirmed by the presence of the 337 bp allele at
locus D15S823. These results indicate that sperm generated
from transplanted primate SSCs are competent for fertilization
and preimplantation embryo development.

DISCUSSION

Adult stem cell transplantation for homologous tissue regenera-
tion was first described for primates in the 1950s when bone
marrow stem cells were used to reconstitute the hematopoietic
systems of monkeys and humans treated with chemotherapy
or radiation (Crouch and Overman, 1957; Thomas et al.,
1957). Large animals, primarily the dog and monkey, were instru-
mental for establishing the safety, feasibility, and range of
applications for bone marrow transplantation. Today, approxi-
mately 50,000 bone marrow or HSC transplant procedures are
performed worldwide each year for diseases ranging from
cancer to thalassemia, sickle cell anemia, and autoimmune
and immune-deficiency disorders (Appelbaum, 2007; Powell
et al., 2009).

Like hematopoiesis, spermatogenesis is a highly productive
stem-cell-based system that produces millions of sperm per
gram of tissue each day (Sharpe, 1994). This productivity is
possible because a relatively small stem cell pool generates
progeny that undergo several rounds of transit-amplifying
divisions before producing the terminally differentiated sperm
(Potten, 1992). Two sequelae of highly productive stem-cell-
based systems are (1) that they can become targets of chemo-
therapy or radiation treatments that damage rapidly dividing
cells (Potten, 1995; Meistrich, 1993; Mauch et al., 1995) and (2)
that transplantation of a small number of stem cells is adequate
to functionally reconstitute the dependent systems (e.g., hema-
topoiesis and spermatogenesis) (Potten et al., 1979; Potten,
1992; Osawa et al., 1996; Ogawa et al., 2000; Shinohara et al.,
2001; Copelan, 2006). Here we demonstrate the feasibility of
SSC transplantation in a nonhuman primate model that is infertile
due to alkylating chemotherapy (busulfan) and suggest that this
technique has application for restoring the fertility of cancer
survivors or bone marrow transplant recipients.

SSC transplantation has now been reported in mice, rats,
monkeys, goats, bulls, pigs, sheep, and dogs (Brinster and
Avarbock, 1994; Brinster and Zimmermann, 1994; Ogawa
etal., 1999; Schlatt et al., 2002; Honaramooz et al., 2003; Izadyar
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(A) Weekly sperm counts (total sperm per ejaculate) from two allogeneic recipients treated with 8 mg/kg busulfan (M212; treated with busulfan on week —11, dark
blue arrow) or 11 mg/kg busulfan (M027; treated with busulfan on week —9, light blue arrow); sperm from M027 (inset) are shown as examples. DNA from each
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et al., 2003; Mikkola et al., 2006; Kim et al., 2008; Herrid et al.,
2009). Among the seven other large animal SSC transplant
studies reviewed in Table S1, four reported evidence of donor
sperm in the ejaculate (goat, boar, dog, and sheep) and two
reported functional sperm (goat and sheep) that produced
donor-derived progeny. Although the first large animal SSC
transplants were performed in monkeys in 2002 (Schlatt et al.,
2002), evidence of donor sperm from transplanted SSCs was
lacking until the present study. It is important to demonstrate
that transplanted SSCs can produce sperm in higher primate
models that have the greatest relevance to human testis
anatomy and physiology. It is equally important to demonstrate
in primates that the testicular environment is competent to
support spermatogenesis from transplanted SSCs following
chemotherapy or radiation. Schlatt and colleagues previously
reported SSC transplant in nonhuman primates that were
rendered infertile by testicular irradiation (Schlatt et al., 2002;
Jahnukainen et al., 2011). To date, SSC transplantation into a
chemotherapy-treated large animal recipient has been reported
only in the pig (Mikkola et al., 2006). Our results indicated that
SSCs from prepubertal or adult rhesus macaques could engraft
chemotherapy-treated recipient testes and generate spermato-
genesis, including the production of donor sperm that were
competent to fertilize rhesus oocytes resulting in preimplantation
embryo development.

We found evidence of donor spermatogenesis from both
autologous and allogeneic transplant recipients and donor
sperm function was evaluated in one allogeneic recipient
(M027, the recipient of transplanted SSCs from M092). Donor
spermatogenesis in autologous recipients was generally tran-
sient in recipient semen samples, appearing several times during
posttransplant follow-up and sometimes in a cyclic manner. This
result could be linked to a low efficiency of engraftment from
virus-marked donor SSCs. Allogeneic recipient M027, on the
other hand, demonstrated steady donor spermatogenesis that
did not decline over time. The function of donor (M092) sperm
in the ejaculates of recipient M027 (which contained a mixture
of M092 and M027 sperm) was assessed by ICSI of rhesus
oocytes and was conducted in the Assisted Reproductive
Technology/Embyronic Stem Cell Support Core of the Oregon
National Primate Research Center (by K.M, C.R., and S.M).
In vitro fertilization (IVF) is an alternative approach to test sperm
function that would also assess the ability of donor sperm to
penetrate the zona pellucida. The efficiency of IVF is similar to
ICSI when using sperm from proven male donors. However,
since the males used in this study were not proven breeders,
ICSI was selected as the approach most likely to produce

a definitive outcome with donor-derived embryos. The ICSI
approach also eliminated the potential for contamination of
genotyping results with a mixture of donor and endogenous
recipient sperm. The ability of M092 SSC-derived donor sperm
to fertilize rhesus oocytes by ICSI and stimulate early embryo
development suggests that they were functionally normal.

In future studies it will be important to demonstrate that donor-
derived embryos can be transferred to surrogate females for the
production of viable donor-derived offspring. This was consid-
ered premature in the current study because only 7/81 embryos
(8.6%, Tables S5 and S6) had the donor genotype. Embryo
biopsy to select only donor type embryos for transfer was not
considered feasible and pregnancy rates after transfer are about
25% (Bavister et al., 1984; Wolf et al., 1989, 2004; Chan et al.,
2001). Therefore, the chances of achieving donor type progeny
would be about 2.15% (8.6% donor embryos X 25% pregnancy
rate). Besides the prohibitive cost, there were an insufficient
number of recipient females available to reasonably expect
donor offspring in this study. These challenges were less
onerous in herd animal species where a single SSC transplant
recipient could be used to fertilize a herd of females by natural
breeding (Honaramooz et al., 2003) or artificial insemination
(Herrid et al., 2009). Improvements in recipient preparation to
more completely eliminate endogenous spermatogenesis,
combined with development of donor SSC enrichment strate-
gies (Hermann et al., 2009, 2011), should substantially increase
the proportion of donor sperm and enhance the opportunity to
produce donor offspring in future nonhuman primate studies.

Due to concerns about immune rejection of cells from unre-
lated animals, five out of six allogeneic transplant recipients in
this study were treated with antibodies against CD154 (Kirk
et al., 1999), which blocks the T cell costimulatory pathway.
Donor spermatogenesis was observed in 2/5 immune-sup-
pressed recipients, but not in the one nonsuppressed recipient
(Table S2). Beginning in meiosis, spermatocytes and their
progeny express novel autoantigens that are tolerated by the
immune system, allowing production of genetically divergent
gametes. Multiple mechanisms regulate immune privilege in
the testis including the blood-testis barrier that limits access of
immune components to the differentiated germ cells via Sertoli
cell tight junctions, and somatic cell production of soluble factors
(e.g., FAS ligand) that suppress the rejection of immunologically
disparate cells (Fijak and Meinhardt, 2006). Testicular immune
privilege has been used to explain the success of allogeneic
SSC transplants between unrelated, immune-competent indi-
viduals that were previously reported in several large-animal
species (Honaramooz et al., 2002, 2003; Mikkola et al., 2006;

ejaculate containing sperm was genotyped by microsatellite DNA fingerprinting to determine the presence of donor genotype. Both of these allogeneic recipients

showed evidence of donor spermatogenesis.

(B-D) Epididymal sperm obtained at necropsy from recipient M212 contained a mixture of M212 recipient and M214 donor signal at the two microsatellite loci

examined.

(E-G) Ejaculated sperm from M027 (collected 14 weeks after transplant) also demonstrated a mixture of M027 recipient and M092 donor signal at the two
microsatellite loci examined. This result persisted for at least 17 months after transplant with analysis ongoing. Microsatellite loci are noted above each column of
electropherograms and alleles for each animal or sample are indicated at the bottom right of each electropherogram panel. Discriminating alleles for donor are

noted by bold/colored text.

(H) Allelic discrimination gPCR (TagMan probes) was used for SNP genotyping to determine the degree of M092 donor spermatogenesis in M027 sperm samples
between 3 and 17 months after transplant. Shown is the degree of M092 genotype (%) in each sperm DNA sample based on presence of SNPs in the rhesus CIITA
locus. Percent donor genotype was determined by standard curve with known amounts of donor and recipient gDNA.

Additional information about the specific samples used for SNP analysis is indicated in Table S3. See also Table S2.
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Figure 5. Donor-Derived Sperm in Allogeneic Recipient Rhesus Macaques Are Functional

Ejaculated sperm from allogeneic recipient M027 (collected 30 weeks after transplant) were used to fertilize rhesus oocytes by intracytoplasmic sperm
injection (ICSI).

(A) Pronuclear stage zygote produced using sperm from M027 (see Figure 4).

(B-G) Subsequent in vitro culture resulted in embryos ranging from two-cell to blastocysts.

(H-O) Following whole-genome amplification, microsatellite DNA fingerprinting at two tetranucleotide repeat loci (DXS2506 and D15S823) confirmed SSC
transplant donor (M092) paternity in 7 of 81 embryos generated from M027 sperm. Microsatellite profiles of four M092 donor-derived embryos are shown in
panels (L)-(O). Embryo 1 (L) was from dam 28510 and embryos 49, 51, and 63 (M-O) were from dam 25168. Microsatellite loci are noted above each column of
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Kim et al., 2008). Although animal numbers in this study were not
sufficient to demonstrate that immune suppression was re-
quired, our data clearly indicated that cells from unrelated donor
animals were tolerated in immune-suppressed nonhuman
primates.

Several promising techniques are in the research pipeline (i.e.,
SSC transplantation, testicular tissue grafting or xenografting,
and in vitro development of gametes) that may allow patients
receiving gonadotoxic therapies to preserve their future fertility
(Brinster, 2007; Rodriguez-Sosa and Dobrinski, 2009; Sato
et al.,, 2011). SSC transplantation has the unique potential to
regenerate spermatogenesis in the autologous environment of
the seminiferous tubules, enabling the recipient male to father
his own genetic children, possibly through normal coitus. As
with hematopoiesis, large animal models that are relevant to
human anatomy and physiology will be important for translating
the SSC transplantation technique to the human fertility clinic.
Considering the successful regeneration of spermatogenesis in
the nonhuman primate model reported here and the fact that
patients are already preserving testicular tissue and/or cells,
clinical translation of the SSC transplantation technique appears
imminent. Responsible development of the technology in a
clinically relevant nonhuman primate system will help to address
issues of safety and feasibility. As with hematopoiesis, the
clinical significance and breadth of applications for SSC trans-
plantation will ultimately be established in human patients.

EXPERIMENTAL PROCEDURES

Animals

All experiments utilizing animals were approved by the responsible Institutional
Animal Care and Use Committees of Magee-Womens Research Institute and
the University of Pittsburgh (Assurance #A3654-01) and the Oregon National
Primate Research Center, Oregon Health and Sciences University (Assurance
#A3304-01) and were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Preparation of Donor Rhesus Macaque Testis Cell Suspensions
Testis tissue was collected from rhesus macaques by hemicastration or
subcapsular biopsy. For biopsies, less than 30% of the testicular parenchyma
was removed (3.8g-8.79) through a transverse incision in the tunica albuginea
on the lateral side of the right testis. In one case (M036), the biopsied testis was
later removed by hemicastration due to formation of an abscess. Cells were
recovered from testicular parenchyma using a two-step enzymatic digestion
procedure, cryopreserved, and stored in liquid nitrogen, as described
(Hermann et al., 2007, 2009).

Busulfan Treatment

Recipient animals were treated with the alkylating chemotherapeutic agent
busulfan (Busulfex 1V; PDL BioPharma, Fremont, CA), at doses of 8, 10, 11,
or 12 mg/kg (Table S2). Busulfex was diluted in physiological saline and admin-
istered intravenously at 0.6 mg/ml over 10-20 min.

PBSC Transplants

Autologous transplants of PBSCs were employed to restore the hematopoietic
system after busulfan treatment. Briefly, PBSCs were mobilized with six, daily
subcutaneous injections with the cytokines G-CSF (10 pg/kg/day, Neupogen;
Amgen; Thousand Oaks, CA) and SCF (200 pg/kg/day; Amgen) or G-CSF

alone (20 pg/kg/day), essentially as described (Figure 2) (Donahue et al.,
2005). PBSC collections were performed by apheresis using either a Spectra
or Spectra Optia apheresis device (Caridian BCT; Lakewood, CO). Twenty-
four hours after apheresis, animals were treated with busulfan, and 18 hr
later animals received autologous PBSC transfusions (Figure 2). Two days
later, animals received one subcutaneous injection of long-acting G-CSF
(300 png/kg; Neulasta, Amgen). Additional details are available in the Supple-
mental Experimental Procedures.

Histology

Portions of testicular parenchyma and epididymis collected above and
at necropsy were fixed with Bouin’s solution (Accustain; Sigma-Aldrich,
St. Louis, MO), paraffin embedded, sectioned (5 um), and stained with hema-
toxylin and eosin.

SSC Transplant

Spermatogonial stem cell transplants were performed 9-15 weeks after
busulfan treatment (autologous: unilateral; allogeneic: bilateral). In biopsied
animals, autologous transplants were performed into the contralateral testis.
Cryopreserved donor cells were recovered for transplant from storage in liquid
nitrogen, as described (Hermann et al., 2007, 2009). In some cases, donor cells
were enriched for spermatogonia, including SSCs, on a 24% Percoll cushion
(GE Healthcare Life Sciences, Piscataway, NJ) prior to transplant (see Fig-
ure S1 and Table S2). Cells were then suspended at approximately 100 x
108 cells/ml in MEMalpha medium (Invitrogen) containing 10% FBS, 20%
trypan blue, 20% Optison (ultrasound contrast agent; GE Healthcare, Wauke-
sha, WI) and 0.7 mg/ml DNase | in a total volume of <1ml, depending on
recipient testis size and available cells. SSC transplants were performed using
ultrasound-guided rete testis injections (Figure 1 and Movie S1). For this
purpose, a 13 MHz linear superficial probe was used to visualize the rete testis
space on a MicroMaxx ultrasound machine (Sonosite, Bothell, WA) and guide
a 25G 2” spinal needle into the rete testis. Cells were injected under slow
constant pressure and chased with saline.

Lentiviral Treatment of Donor Testis Cells
For autologous transplants, donor cells were treated with lentiviral vectors
modified from the FUGW construct originally described by Lois and coworkers
(Lois et al., 2002). Details of virus constructs and viral treatments are available
in the Supplemental Experimental Procedures.

Immune Suppression

Five of six allogeneic transplant recipients were treated with human/mouse
chimeric anti-CD154 IgG 5C8 (NIH Nonhuman Primate Reagent Resource,
Beth Israel Deaconess Medical Center, Boston, MA) at 20 mg/kg on d-1,
do, d3, d10, d18, d28, and monthly thereafter to block the T cell costimulatory
pathway and prevent T cell-mediated rejection of the grafted cells (Kirk et al.,
1999).

Semen Collection and Analysis

Semen samples were collected from experimental animals at weekly intervals
before and after busulfan treatment, as described (Gould and Mann, 1988).
Total sperm count per ejaculate was determined by hemocytometer. Genomic
DNA was extracted from sperm samples and assessed for donor genotype by
PCR for lentivirus sequence or by microsatellite DNA fingerprinting (see
Supplemental Experimental Procedures).

Microsatellite DNA Fingerprinting

Genomic DNA isolated from sperm of allogeneic transplants or amplified from
embryos was used for microsatellite repeat fingerprinting (details in the
Supplemental Experimental Procedures). Primer sequences and primer
concentrations in multiplexed PCR are described elsewhere (Larsen et al.,
2010).

electropherograms and alleles for each animal or sample are indicated in the upper right of each electropherogram panel. Discriminating alleles for donor are
noted by bold/colored text. In cases where embryos were male (i.e., XY; panels L and O), paternal contribution at the X-linked DXS2506 locus was nil, and thus,
simply noted by Y. In both cases M092 paternal origin could be confirmed by the D15S823 locus.

See also Tables S5 and S6.
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Quantitative SNP Genotyping

TagMan probe-based allelic discrimination gPCR was used essentially as
described (Alizadeh et al., 2002; Kim et al., 2008) to detect an SNP in the rhe-
sus CIITA locus that distinguishes genomic DNA from the donor (M092) and
recipient (M027) of an allogeneic SSC transplant. See the Supplemental
Experimental Procedures for additional details.

ICSI, Embryo Culture, and Whole-Genome Amplification

Controlled ovarian stimulation was performed on two female rhesus macaques
as previously described (Byrne et al., 2007). Oocytes were collected and
fertilized with M027 sperm by ICSI, and resulting embryos were cultured as
described (Hewitson et al., 1999; Mitalipov et al., 2006). Following ICSI and
in vitro development, individual embryos were placed into 8 pl nuclease-free
water. Genomic DNA from each embryo was amplified using the WGA4
GenomePlex Single Cell Whole Genome Amplification kit according to manu-
facturer recommendations (Sigma-Aldrich) and was used for microsatellite
DNA fingerprinting. Additional detail is available in the Supplemental Experi-
mental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information for this article includes one figure, five tables,
Supplemental Experimental Procedures, and one movie and can be found
with this article online at http://dx.doi.org/10.1016/j.stem.2012.07.017.
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SUMMARY

Hematopoietic stem cells (HSCs) are used in trans-
plantation therapy to reconstitute the hematopoietic
system. Human cord blood (hCB) transplantation has
emerged as an attractive alternative treatment option
when traditional HSC sources are unavailable; how-
ever, the absolute number of hCB HSCs transplanted
is significantly lower than bone marrow or mobilized
peripheral blood stem cells (MPBSCs). We previ-
ously demonstrated that dimethyl-prostaglandin E2
(dmPGE2) increased HSCs in vertebrate models.
Here, we describe preclinical analyses of the thera-
peutic potential of dmPGE2 treatment by using
human and nonhuman primate HSCs. dmPGE?2 sig-
nificantly increased total human hematopoietic
colony formation in vitro and enhanced engraftment
of unfractionated and CD34" hCB after xeno-
transplantation. In nonhuman primate autologous
transplantation, dmPGE2-treated CD34* MPBSCs
showed stable multilineage engraftment over 1 year
postinfusion. Together, our analyses indicated that
dmPGE2 mediates conserved responses in HSCs
from human and nonhuman primates and provided
sufficient preclinical information to support pro-
ceeding to an FDA-approved phase 1 clinical trial.

INTRODUCTION

HSCs alone possess the ability to both self-renew and differen-
tiate into all mature blood lineages, thereby maintaining immune
function, tissue perfusion, and hematopoietic homeostasis

throughout the lifetime of the organism. HSCs are therapeutically
valuable for transplantation in the treatment of hematologic
malignances. They are a rare population in the bone marrow
(BM), and methods for direct isolation and expansion of a pure
population of functional human HSCs remain elusive. The devel-
opment of therapeutic options to manipulate and maintain
human HSCs is of major clinical interest; however, to date, no
such therapy has proven effective in large-scale clinical trials.
HSC transplantation is the only curative option for many
patients with leukemia, lymphoma, or BM failure. Stem cells ob-
tained from the BM or peripheral blood (PB) must be human
leukocyte antigen (HLA) matched to the patient in order to avoid
rejection. Only 25%-30% of patients can utilize BM from
a related sibling donor, and matched unrelated donors cannot
be found in BM registries for all patients, particularly for those
from ethnic minorities (Laver et al., 2001). In the past two
decades, human cord blood (hCB) stem cells have emerged as
an option for unmatched patients, because they are readily ob-
tained in registries and have less stringent requirements for
HLA matching (Broxmeyer et al., 1989). The use of hCB trans-
plantation has steadily grown since the first transplant occurred
in 1988 to more than 20,000 recipients worldwide (Rocha and
Broxmeyer, 2010). In the United States, hCB transplants account
for almost 20% of all HSC transplants annually (Broxmeyer et al.,
2009); among minority populations, the number of hCB trans-
plants reaches 40% (Ballen et al., 2002). Because of limited
volume, the absolute number of HSCs available in hCB speci-
mens is only ~10% of that utilized in traditional BM transplants,
leading to delayed engraftment and increased peritransplant
complications (Rocha and Broxmeyer, 2010). One approach to
alleviate this problem is to transplant two unrelated hCB speci-
mens (Ballen et al., 2007b). Although this change correlated
with improved adult engraftment rates, the time to engraftment
was not shortened; engraftment after a hCB transplant can
take >50% longer than traditional HSC transplants (Broxmeyer
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et al., 2009). The identification of agents to increase hCB HSC
homing, engraftment, or total stem cell number is of significant
therapeutic value.

Given this important clinical challenge, many investigators
have sought to accelerate hCB HSC engraftment and blood
count recovery after transplantation. The most clinically
advanced approach thus far appears to be short-term culture
with the notch ligand Delta (Delaney et al., 2010). This in vitro
expansion procedure has been evaluated with significant
evidence of success in an ongoing clinical trial; however, Delta
treatment may lead to the depletion of long-term engrafting
HSCs in the hCB unit, indicating that even this promising
approach could need modifications before it can be broadly em-
ployed. In vitro expansion potential has also been described for
insulin-like growth factor binding protein 2 in xenotransplanta-
tion studies (Zhang et al., 2008) and more recently for inhibition
of the aryl hydrocarbon receptor (Boitano et al., 2010). Short
ex vivo treatment of hCB with a chemical inhibitor of dipeptidyl-
peptidase IV (CD26) boosts homing to the hematopoietic niche
to enhance engraftment in xenotransplantation models (Camp-
bell et al., 2007). Rather than targeting HSCs, parathyroid
hormone (PTH) has been used in vivo to enhance engraftment
by modifying the murine osteoblastic HSC niche (Adams et al.,
2007); PTH has also been used to safely facilitate stem cell mobi-
lization in a clinical trial (Ballen et al., 2007a).

Murine hematopoietic transplantation assays are limited by
the relatively short life span of mice compared to humans,
enabling the detailed study of HSC function only over a limited
time window. This often requires secondary transplant experi-
ments to assess long-term HSC function, including self-renewal.
Nonhuman primates have emerged as a valuable vertebrate
model to perform longitudinal HSC transplantation studies.
Engraftment and expansion can be examined after autologous
transplantation of mobilized peripheral blood stem cells
(MPBSCs). Further, efficient viral transduction techniques,
utilizing fluorescent markers, allow the direct comparison of
differently treated, uniquely labeled cell populations in an
in vivo competitive transplantation assay (Donahue et al., 2005;
Uchida et al., 2009). Significantly, the life span of nonhuman
primates approaches that of humans, making it possible to study
the long-term effects of different treatment modalities on the
graft and host under conditions that approximate the demands
on the human hematopoietic system (Trobridge and Kiem, 2010).

We previously demonstrated that dmPGE2 increased HSC
number in vitro and in vivo (North et al., 2007). Murine limiting
dilution competitive transplantation analysis demonstrated a
2- to 4-fold increase in HSC number after short ex vivo dmPGE2
exposure, without impacting multilineage hematopoietic differ-
entiation or decreasing serial transplantation and self-renewal
potential (Hoggatt et al., 2009; North et al., 2007). dmPGE2 func-
tions through cAMP-mediated regulation of the Wnt signaling
pathway to control cell proliferation and apoptosis of HSCs
in vivo (Goessling et al., 2009). Recent work has expanded these
findings (Frisch et al., 2009; Hoggatt et al., 2009) to demonstrate
the ability of dmMPGE2 to modulate the BM niche and enhance
homing.

Here, we present preclinical investigations of the safety and
therapeutic potential of ex vivo dmPGE2 treatment to enhance
human hematopoietic transplantation protocols. We found that
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hCB HSCs differentially express PGE2 receptors, and dmPGE2
treatment elevates cAMP activity in human cells. In vitro,
dmPGE2 treatment of CD34" hCB decreased apoptosis, while
significantly increasing HSC proliferation and hematopoietic
colony formation. Further, dmPGE2 treatment enhanced the
rates of human CD45* chimerism in NOD/SCID mice xenotrans-
planted with whole or CD34" hCB cells. By using CD34*
MPBSCs in a nonhuman primate (rhesus macaque) competitive
autologous transplantation scheme, we showed that dmPGE2
treatment has no negative impact on HSC function, including
multilineage repopulation, compared to matched controls at >1
year postinfusion. Human and rhesus MPBSCs had reduced
expression of EP2 and EP4 compared to hCB HSCs; however,
each exhibited dose-responsive increases in cAMP activity after
PGE2 treatment. Microarray gene expression analysis of human
and rhesus CD34" MPBSCs revealed conserved regulation of
cell cycle, PGE2 pathway, and HSC-related genes, representing
a potential mechanism of action for dmPGE2; gPCR analysis of
hCB samples after dmPGE2 stimulation confirmed similar gene
regulation. These results predict that dmPGE2 will be safe for
use in clinical HSC transplantation protocols.

RESULTS

hCB HSCs Express PGE2 Receptors and Respond

to Exogenous PGE2 Stimulation

We, and others, have shown PGE2 enhances HSC engraftment
in isogenic murine transplantation models (Hoggatt et al.,
2009; North et al., 2007). To examine the therapeutic potential
of dmPGE2 for human HSC transplantation, we investigated
the safety and efficacy of ex vivo exposure of hCB HSCs. To
assess whether hCB was capable of responding to exogenous
PGE2 stimulation, subfractionated samples were examined for
the presence of each of the four PGE2 receptors. Quantitative
PCR (gPCR) was performed with purified cell fractions contained
within the umbilical cord, i.e., CD34*, CD133", or mononuclear
cells (MNC); human umbilical vein endothelial cells (HUVEC)
were used as a nonhemogenic control population. The CD34*
population predominantly expressed EP2 and EP4 (Figure 1A);
the level of EP4 expression is highly correlated with CD34*
status. EP2 and EP4 are similarly expressed in CD133* hCB
HSCs. Analysis of the total hCB MNC population showed main-
tenance of EP2 expression, while EP4 was significantly downre-
gulated. In contrast, EP1 and EP3 are not significantly expressed
in any hCB populations. SCL and RUNX1 were utilized to confirm
that the CD34* and CD133* hCB cell fractions contained HSCs
(Figure 1B).

Having established the distribution of PGE2 receptors in hCB,
the intracellular response to dmMPGE2 stimulation was examined.
Upon ligand binding, EP2 and EP4, Gas-coupled protein recep-
tors, enhance intracellular cAMP levels (Regan et al., 1994) to
initiate signaling cascades. We have recently shown that
PGE2-mediated cAMP elevation regulates HSC number by
modification of Wnt activity in vitro and in vivo (Goessling et al.,
2009). To determine whether cAMP elevation would occur in
response to dmPGE2, whole hCB cells were exposed to
increasing doses of dmPGE2 for 5, 15, and 30 min. dmPGE2
caused a dose-dependent increase in cAMP in hCB cells (Fig-
ure 1C), which is similar to the cAMP activator forskolin. Given
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Figure 1. hCB Expresses Prostaglandin Receptors and Responds to

PGE2 Signaling

(A) CD34" cells have the highest expression of PGE receptors, particularly EP4. n = 3; ANOVA, *p < 0.001, compared to other EPs, **p < 0.001, compared to other

hCB cells.

(B) CD34"* cells express the immature HSC markers SCL and RUNXT. n = 3; ANOVA, *p < 0.001, compared to other hCB cells.

(C and D) Total hCB (C) and CD34* hCB (D) cells were incubated with increasing concentrations of dmPGE2 or forskolin and subjected to a luminescence-based
cAMP assay. cAMP levels increased in response to treatment (mean + SD of 3-5 samples).

(E) Annexin V FACS analysis revealed that dmPGE2 exposure significantly decreased apoptotic CD34" cells at 6 hr posttreatment compared to controls. n = 8,

t test; *p = 0.024.

(F) EAU incorporation measured by FACS was significantly enhanced in CD34* cells in response to dmPGE2 exposure. n = 8; t test, *p = 0.006.

See also Figure S1.

the enrichment of EP2 and EP4 receptors in the CD34* popula-
tion, we directly examined cAMP responsiveness in this cell
fraction; interestingly, the effective dose response occurred at
a lower concentration in the CD34" population (Figure 1D),

possibly reflecting the high level of expression of EP4 on purified
hCB HSCs. Importantly, both unfractionated and CD34* hCB
cells elicited rapid responses to dmPGE2 stimulation over the
dose range tested.
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PGE2 treatment was previously reported to have an antiapop-
totic effect on murine HSCs (Goessling et al., 2009; Hoggatt
et al., 2009); to further analyze the conserved impact of dmMPGE2
exposure, apoptosis and cell proliferation studies were con-
ducted. Pooled CD34*" hCB samples were thawed, split for
parallel processing, and treated with 1 uM dmPGE2 or DMSO
vehicle control. At 3 and 6 hr after exposure, apoptosis was
measured by AnnexinV FACS analysis. Both treatment cohorts
demonstrated similar levels of apoptotic cell death at 3 hr;
however, by 6 hr, cells treated with dmPGE2 showed a significant
reduction in apoptosis compared to controls (Figure 1E; Fig-
ure S1A available online). Complementary results were observed
for cellular proliferation, where PGE2 caused significant changes
in EAU incorporation at 6 hr after dmPGE2 treatment (Figure 1F;
Figure S1B).

dmPGE2 Enhances hCB HSC Function In Vitro

and In Vivo

dmPGE2 was previously found to increase hematopoietic colony
formation of murine embryonic stem cells (ESCs) (Goessling
et al., 2009; North et al., 2007). To determine whether dmPGE2
exposure impacted the functional potential of hCB samples,
pooled CD34* hCB cells were exposed to DMSO or dmPGE2
(1 uM) for fixed incubation periods (15, 30, 60, 180, 360 min),
then plated in triplicate on H4434 methylcellulose at limiting dilu-
tion (2000, 800, 320) (Figure 2A; Table S1). The majority of hema-
topoietic colony types increased in response to dmPGE2; in
particular, the GEMM population was significantly elevated after
only 1 hr of dmPGE2 treatment. When colony numbers were
combined and normalized for initial plating density, differences
in total colonies across all replicates of the limiting dilution and
dose-response assay demonstrated a 1.4-fold enhancement
after dMPGE2 stimulation (Figure 2B). Together, the in vitro
CFU-C data strongly suggest that dmPGE2 enhances colony-
forming potential of CD34" cells.

In limiting dilution competitive transplantation assays,
dmPGE2 significantly increased the multilineage serial trans-
plantable long-term repopulating ability of murine HSCs (Hog-
gatt et al., 2009; North et al., 2007). We examined the ability of
dmPGE2 to enhance hematopoietic engraftment of hCB stem
cells in vivo by using a xenotransplantation model. To mimic
clinical transplantation protocols, which primarily utilize unma-
nipulated (non-lineage-depleted, non-NK/T cell-depleted, non-
CD34-enriched) samples, and to assess the potential impact
on all cell populations contained within a hCB unit, whole hCB
samples were initially employed for xenotransplantation. Indi-
vidual hCB units were split to account for cord-to-cord alter-
ations in HSC content and viability, then treated in parallel
ex vivo with dmPGE2 (10 uM) or DMSO for 1 hr in dextran/
albumin suspension media; alterations in incubation time and
media from our original studies (North et al., 2007) did not impact
the effect of dMPGE2 stimulation in murine short-term CFU-S4»
evaluations (Figures S2A and S2B). To best mimic clinical condi-
tions, recipient NOD/SCID mice were not conditioned to
enhance engraftment beyond a standard regimen to clear the
hematopoietic niche. After sublethal irradiation (6.5 Gy), NOD/
SCID mice were transplanted with either 20 million matched
dmPGE2-treated or control-treated whole hCB cells; this dose
was chosen to detect positive effects of dmMPGE2 on human
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chimerism in xenotransplant recipients based on prior whole
hCB studies (Trowbridge et al., 2006). Human PB chimerism
was evaluated by FACS analysis for hCD45; antibody reactivity
>1% was used to identify positively engrafted recipients (Fig-
ure S3A). At 1 and 3 months posttransplant, more recipients of
hCB cells treated ex vivo with dmPGE2 exhibited human
CD45" hematopoietic repopulation than recipients of matched
controls, with overall higher average levels of PB chimerism
(Figures 2C and 2D). hCD45" BM engraftment >0.2% at 3 months
posttransplantation was also higher in recipients of dmPGE2-
treated hCB (Figures 2C and 2D; Figure S3B). Multilineage anal-
ysis of mice with hCB BM engraftment values >1% revealed
contribution to each of the major blood lineages and the absence
of lineage skewing in recipients of dmMPGE2-treated cells; signif-
icant increases in the overall percentage of hCB-derived pheno-
typic stem/progenitor cells, myeloid, and T cell lineages were
observed compared to matched controls (Figures S4A-S4C).
Importantly, we were unable to detect any toxicity related to
ex vivo dmPGE2 treatment over the duration of analyses:
secondary transplants showed PB repopulation by PGE2-
treated hCB cells; no excessive cell death, leukemic transforma-
tion, or disproportional loss of murine hosts were observed
between recipients of dmPGE2-treated hCB and matched
controls; and histological analysis of tissue (skin, liver, spleen,
intestine, and bone) taken at the time of sacrifice showed no
differences in cellular morphology, architecture, or vascularity
from controls (data not shown).

To confirm whether the enhanced hCB engraftment was due
to direct effects on CD34" HSCs and progenitors, fresh hCB
units were enriched by MACS for hCD34 and split for parallel
treatment with either dmMPGE2 or DMSO control as indicated
above. 2500 CD34" cells were transplanted per recipient; this
dose can provide repopulation without cytokine supplementa-
tion or the injection of “helper” cells, while testing the lower
end of engraftment efficiency. As seen with whole hCB, dmPGE2
treatment led to a higher percentage of mice exhibiting hCD45"
PB and BM chimerism (Figures S5A and S5B). Our results
suggest that ex vivo treatment of whole hCB units with dmPGE2
will be safe and effective in achieving expansion of HSCs for
transplantation in the clinical setting because of preferential
targeting of the CD34" population.

Human and Nonhuman Primate Mobilized Peripheral
Blood Stem Cells Can Functionally Respond

to dmPGE2 Treatment

To further assess the long-term safety of ex vivo dmPGE2 expo-
sure for clinical transplantation protocols, a nonhuman primate
model was employed. Because CB samples are not routinely
harvested from primates, safety evaluations were conducted
with CD34" MPBSCs isolated after a G-CSF/SCF conditioning
protocol optimized for rhesus macaques (Donahue et al.,
2005). To assess the inherent ability of rhesus MPBSCs
(rhMPBSC) to respond to PGE2 stimulation, subfractionated
CD34" samples were examined for the presence of each of
the four PGE2 receptors by gqPCR; results were compared to
that observed on similarly mobilized human MPBSC (hMPBSC)
samples. CD34* hMPBSCs predominantly expressed EP2 and
EP4 (Figure 3A); however, expression of EP4 in hMPBSC
was relatively equal to that of EP2, and unlike hCB HSCs
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Figure 2. dmPGE2 Enhances hCB Proliferation In Vitro and Engraftment In Vivo

(A and B) CD34* hCB cells were exposed to 1 uM dmPGE2 over a matrix of cell densities and exposure times.

(A) Colony formation at day 13 was enhanced after dmPGE2 exposure for 15 min to 6 hr; shown are the results of 800 cells/plate (n = 3).

(B) Normalization and combination of cell counts over all exposure times and cell densities revealed a significant increase in total colony number after dmPGE2

exposure (n = 45; t test, *p = 0.018).

(C and D) Whole hCB was transplanted into sublethally irradiated NOD/SCID mice. PB was analyzed at 1 and 3 months and recipient BM at >3 months
posttransplantation. Asterisk indicates results were statistically different from control.

(C) Individual hCD45™ chimerism values for mice receiving control (red squares) or dmPGE2-treated hCB (blue circles). The mean is indicated by a solid horizontal
line; a dashed line shows the 1% cut-off for positive engraftment. PB: 1 month, control 0.94 + 0.2414, dmPGE2 2.41 + 0.4118; ttest, p = 0.0017; 3 months, control
0.76 + 0.1418, dmPGE2 2.27 + 0.3778; t test, p = 0.0004. BM: control 0.95 + 0.4373, dmPGE2 3.70 + 1.310; t test, p = 0.0348.

(D) Cumulative summary of the percent of NOC/SCID recipients engrafted with hCB. PB: 1 month, control 13/42, dmPGE2 27/46; Fisher’s exact, p = 0.011;
3 months, control 10/32, dmPGE2 23/28; Fisher’s exact, p = 0.018; BM: control 11/30, dmPGE2 23/36; Fisher’s exact, p = 0.047.

See also Figures S2-S5 and Table S1.

(see Figure 1), EP1 also was prominently expressed (Figure 3A).
gPCR analysis of rhMPBSCs revealed 5-fold lower EP receptor
expression in nonhuman primate HSCs than hMPBSCs, with
EP2 particularly underrepresented (Figure 3B). However, by
using the luminescent assay described above, dose-dependent
responses to dmMPGE2 were observed for both MPBSCs popula-
tions; hMPBSC showed a comparable response to CD34* hCB,
while rhMPBSC required a slightly higher dose for cAMP activa-
tion (Figures 3C and 3D). These data indicate that human and
rhesus CD34" HSCs can react to dmPGE2.

dmPGE2-Treated rhMPBSCs Show Stable Long-Term
Multilineage Engraftment in Nonhuman Primate
Competitive Transplantation Study

Receptor distribution and response assays suggested that the
nonhuman primate model would be relevant to assess the
potential long-term safety of the therapeutic use of dmPGE2.
To examine the functional impact of dmPGE2 exposure on
rhMBPSCs, a competitive autologous transplant study was per-
formed. A two-pronged design scheme was developed to inter-
nally control for compound treatment and vector transduction
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Figure 3. PGE2 Receptors and cAMP Response Are Preserved between Human and Nonhuman Primate Peripheral Blood Stem Cells

PB stem cells were mobilized from humans and nonhuman primates.

(A) gPCR analysis showed that EP2 and EP4 are equally and predominantly expressed in hMPBSC. n = 3; ANOVA, *p < 0.001 EP2 or EP4 versus EP1 and EP3.
(B) gPCR revealed low EP receptor expression on rhesus MPBSC, with EP4 predominant. n = 3-6; ANOVA, *p < 0.001 versus EP1, 2; **p = 0.01 versus EP3.
(C and D) The cAMP response to dmMPGE?2 is preserved in human and rhesus MPBSC.

parameters; reporter vectors utilized and transduction protocols
were previously described in rhesus macaques (Uchida et al.,
2009). CD34* rnMPBSCs were split for parallel processing and
treated ex vivo with 10 uM dmPGE2 or X-Vivo10 for 1 hr either
prior to or after transduction; dmPGE2 dose was selected based
on prior murine (North et al., 2007) and xenotransplant data.
Retroviral vectors expressing either EGFP or EYFP were trans-
duced in order to differentiate the treatment groups in vivo; treat-
ment/vector pairings were alternated between individuals to
control for potential protocol-related bias. Transduction efficien-
cies varied between primates but were similar for EGFP and
EYFP in each experiment (Table S2). Treated, differentially
labeled cells were combined and reinfused into each donor for
competitive repopulation analysis; PB samples were taken at
fixed intervals beginning at >2 weeks posttransplantation, and
the contribution of each labeled population followed via multili-
neage FACS analysis. Neither pre- nor posttransduction treat-
ment with dmPGE2 negatively affected the engraftment potential
of rhMPBSCs; both the percentage of total PB contribution of
dmPGE2-treated cells, and that of each lineage remained
present, stable, and comparable to controls at all time points
examined up to 1 year postreinfusion (Figures 4A and 4B; Fig-
ure S6). In all transplant recipients, reconstitution was uneventful
and no toxicity was observed; cells transduced with EGFP
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showed greater PB engraftment than cells expressing EYFP,
regardless of treatment. dmPGE2 was demonstrated to be
safe to the long-term functional potential of rhMPBSCs.

Comparative Genomic Analysis of Human

and Nonhuman Primate CD34* MPBSCs Exposed

to Increasing Doses of dmPGE2 Shows High
Conservation of Gene Expression

In order to identify the potential mechanism of action of dMPGE2
on gene expression and HSC function, and to possibly explain
the muted response of rhesus CD34" MPBSCs to dmPGE2
exposure, microarray gene expression analysis was conducted.
Human and rhesus CD34* MPBSCs were exposed to DMSO or
dmPGE2 (10 and 50 uM dose) and processed for microarray
analysis at 2, 6, and 12 hr posttreatment (Figure S7). 10 uM
dmPGE2 had minimal impact on gene expression in rhMPBSCs
compared to treatment at 50 uM, while significant changes were
observed at each dose with hMPBSCs (Figures 5A-5C). The
greatest relative alterations in gene expression were observed
for all treatments at 6 hr postexposure, so that time point was
utilized for further comparative analysis. 110 genes were
commonly regulated between human and rhesus MPBSCs,
indicating an evolutionarily conserved response to PGE2 stimu-
lation (Figure 5D; Table S3A); among this set were genes
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capacity is maintained irrespective of compound exposure (as indicated above).

See also Figure S6 and Table S2.

representative of PGE2/cAMP signaling including CREM, CREB,
PDE4B, and PTGERZ2; several chemokines and cytokines
including CXCL1, CXCL3, CXCL10, IL1R1, IL18R1, IL23A, and
ANG; and many genes known to be specific to cell cycle regula-
tion or hematopoietic cell differentiation. 262 genes were simi-
larly regulated in human cells at both dmPGE2 doses (Figure 5D;
Table S3B) but not significantly altered in rhesus samples;
among these were many major regulators of HSC development
and maturation such as CXCR4, HHEX, HOXA9, JUNB, LCK,

LMO2, LY6A, RUNX1, and TF. Considerable and exclusive over-
lap was also found between each of the PGE2 doses in human
cells and that of the high dose in rhesus macaques (Figure 5D;
Tables S3C and S3D); in particular, 10 utM hMPBSC/50 uM
rhMPBSC show coordinated upregulation of genes like FLT3,
JAK1, CCR1,and CD8a, perhaps indicative of enhanced prolifer-
ative and differentiation potential in the transplantation assays,
while 50 pM hMPBSC/50 uM rhMPBSC displayed common
regulation among genes influencing hematopoietic quiescence
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Figure 5. Genome-wide Expression Analysis Reveals Commonly Regulated Genes in Human and Rhesus MPBSCs
(A-C) Scatter plots show genes significantly up- and downregulated in response to dmPGE2 (x axis) compared to controls (y axis). Genes with >2-fold changes

are highlighted in red.

(D) Schematic display of genes regulated in response to dmMPGE2 treatment, showing overlap between treatment groups of MPBSCs.

See also Figure S7 and Table S3.

such as ANGPT1, ATXN1, FOXO1, HIF1A, STAT3, and VAV1.
Together these data suggest that rhMPBSC may require a higher
level of PGE2 stimulation for optimal HSC-related gene regula-
tion than hMPBSCs, correlating with receptor distribution and
transplant results.

PGE2 Regulates Common Signaling Pathways in Human
and Rhesus CD34* MPBSC

To futher delineate the cellular signals mediated by dmPGE2, the
microarray data were subjected to ingenuity pathway analysis,
which revealed a number of commonly upregulated (24) and
downregulated (12) pathways across all treatment groups
and in pairwise comparisons (Figures 6A and 6B; Tables S4A
and S4B). Strikingly, among the upregulated gene sets, three of
the top five are directly influenced by cAMP-mediated signaling
cascades (Figure 6C), suggesting high conservation of imme-
diate early responses to PGE2 stimulation across vertebrate
species (Goessling et al., 2009); chemokine/cytokine-related
pathways were likewise represented by multiple gene families.
The significance of the downregulated pathways is less clear,
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although several gene sets appear to be related to alternative
differentiation potential, including that of endothelial cells (Fig-
ure 6D). A roughly equal number of pathways were commonly
upregulated (17) and downregulated (18) in hMPBSCs treated
at varying dmPGE2 concentrations (Tables S5A and S5B).
Through ingenuity analysis, we again find that while many path-
ways are coordinately regulated between the 50 uM human
MPBSC and rhesus treatment groups (33 up, 7 down), a number
of pathways were conversely common only to the 10 uM PGE2
dose of h(MPBSC and 50 uM PGEZ2 in rhesus macaques (11 up,
8 down) (Tables S6A, S6B, S7A, and S7B), indicating that
PGE2-stimulation potential of rhesus CD34* MPBSCs may be
several fold lower than that of human CD34" cells.

hCB Exposed to dmPGE2 Shows Gene Expression
Alterations in Cell Cycle, PGE2 Signaling,

and Stem Cell Behavior which Correlate

to the MPBSC Microarray Analysis

To validate the gene expression signatures observed in the
MPBSC analysis and to show conservation of the potential
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HUMAN CD34"
50uM PGE2
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MONKEY CD34* * MONKEY CD34*
¢ 50uM PGE2 504M PGE2
Common UPREGULATED Human 10 uM Human 50 uM Monkey 50 uM
c Ingenuity Canonical Pathways p value Ratio p value Ratio p value Ratio
ERK/MAPK Signaling 1.326-03 0067 5.13E-05 0083 B851E-05 0.109
Protein Kinase A Signaling 1.95E-03 0056 1.78E-04 0.066 3.72E-05 0.097
Molecular Mechanisms of Cancer 6.03E-03 0.048 2.95E-04 0059 4.79e-07 0.102
PI3K/AKT Signaling 6.17E-03 0.065 6.76E-04 0079 447E-05 0.122
T Helper Cell Differentiation 1.26E-02 0083 8.32E-04 0.111 447E-02 0.097
Axonal Guidance Signaling 2.82E-02 0.042 1.02E-03 0054 4.17E-02 0.062
Oncostatin M Signaling 324E-04 0171 282E-03 0.143 2.09E-02 0.143
IL-6 Signaling 1.10E-02 0075 3.72E-03 0086 2.19E-02 0.097
IGF-1 Signaling 145E-02 0.070 5.25E-03 0.080 3.02E-02 0.090
IL-10 Signaling 646E-03 0086 7.76E-03 0086 1.95E-03 0.129
B Cell Receptor Signaling 1.86E-02 0058 8.51E-03 0065 1.156-03 0.104
p70S6K Signaling 2.14E-03 0.076 8.71E-03 0069 1.91E-04 0.122
Thrombin Signaling 3.89E-02 0.049 891E-03 0059 2.34E-04 0.103
Acute Phase Response Signaling 2.00E-02 0.056 1.00E-02 0062 288E-02 0079
Thrombopoietin Signaling 2.88E-03 0.102 1.58E-02 0.085 257E-03 0.136
Aryl Hydrocarbon Receptor Signaling 1.326-02 0058 1.62E-02 0.058 257E-02 0.078
Breast Cancer Regulation by Stathmin1 3.31E-02 0.050 1.78E-02 0.055 1.62E-04 0.106
Ga 12/13 Signaling 447E-02 0056 1.95E-02 0064 B891E-03 0096
PPARwWRXRa Activation 6.17E-03 0061 2.04E-02 0056 1.91E-03 0.094
Acute Myeloid Leukemia Signaling 1.38E-03 0.098 2.40E-02 0073 9.77E-04 0.134
VDR/RXR Activation 209E-02 0075 240E-02 0075 9.77E-04 0.138
Relaxin Signaling 240E-02 0.054 288E-02 0054 275E-04 0.107
CXCR4 Signaling 263€E-02 0.054 3.24E-02 0054 2.19E-03 0.096
Role of NFAT in Cardiac Hypertrophy 3.02E-02 0.048 3.72E-02 0.048 9.12E-04 0.092
D Common DOWNREGULATED Human 10 uM Human 50 uM Monkey 50 uM
Ingenuity C ical Pathways p value Ratio p value Ratio p value Ratio
Colorectal Cancer Metastasis Signaling 4.47E-03 0.05 2.00E-04 0.06 4.68E-03 0.07
Endothelin-1 Signaling 7.08E-03 005 741E-03 005 1.70E-02 0.06
Role of NFAT in Cardiac Hypertrophy 1.35E-03 0.06 1.23E-02 005 1.26E-02 006
Renin-Angiotensin Signaling 8.13E-04 0.08 1.26E-02 0.06 3.72E-03 0.08
RAR Activation 457E-02 004 1.91E-02 0.05 3.47E-02 0.06
Glucocorticoid Receptor Signaling 7.76E-03  0.05 1.95E-02 004 3.63E-02 005
Axonal Guidance Signaling 1.51E-02 004 3.24E-02 004 148E-03 006
Reelin Signaling in Neurons 2.09E-03 009 347E-02 006 1.74E-02 0.09
IL-2 Signaling 3.80E-02 007 3.89E-02 007 3.98E-02 0.9
Dendiritic Cell Maturation 501E-03 005 398E-02 004 275E-02 006
Complement System 4.79E-02 0.08 4.79E-02 0.08 3.24E-02 0.1
CREB Signaling in Neurons 1.86E-02 005 4.90E-02 004 162E-02 006

Figure 6. Ingenuity Pathway Analysis Reveals Conserved Response Patterns between Human and Rhesus MPBSCs

Microarray data were subjected to ingenuity pathway analysis.

(A and B) Venn diagram illustrations of the overlap of significantly up- and downregulated signaling pathways between human and rhesus macaque MPBSCs.
(C and D) List of significantly up- and downregulated pathways common between human and rhesus dmPGE2-treated MPBSCs; the ratio indicates the fraction of

affected genes of the number of total genes included in each pathway.
See also Tables S4-S7.

mechanism of action of dmMPGE2 in hCB samples, we examined
relative changes in gene expression after 10 pM dmPGE2 treat-
ment at fixed intervals after exposure (1, 3, 6, and 9 hr) by gPCR.
To confirm that dmMPGE2 was mediating effects on hCB cell
proliferation and apoptosis, we examined a panel of 10 cell
cycle-related genes (Figure 7A). As previously shown for murine

HSCs, expression of the classical WNT-pathway target and
proproliferative cell cycle regulator, CYCLIN D1, increased after
PGE2 treatment; CYCLIN E1 showed a similar response. Expres-
sion of the antiapoptotic genes BCLXL and BCL2 were
enhanced by PGE2, while that of the proapoptotic gene BAX
decreased at 3 and 6 hr. These data suggest that one
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Figure 7. dmPGE2 Affects Expression of Cell Cycle, PGE2-Related, and HSC Genes
CD34" hCB was incubated with 10 uM dmPGE2 over a range of 1-9 hr; results of gPCR analysis are shown. n = 3-5; ANOVA, *p < 0.001 versus all untreated

controls. *p < 0.001 versus control at corresponding time point.

(A) dmPGE2 exposure altered expression of genes related to cell cycle and apoptosis.

(B) dmPGE2 induced expression of PGE2 pathway-related genes.
(C) dmPGE2 affected genes associated with hematopoietic stem cell function.

consequence of dmMPGE2 treatment may be to preserve hCB
cells in a viable state, capable of homing, engrafting, and prolif-
erating to repopulate the BM niche and reconstitute PB lineages.

We have previously shown that PGE2 not only enhances HSC
formation and function but also is required for the normal kinetics
of hematopoietic recovery (North et al., 2007). Clinical and
murine studies have demonstrated elevated levels of PGE2 after
hematopoietic transplantation (Ballinger et al., 2006; Cayeux
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et al., 1993). Additionally, PGE2 is a well-characterized mediator
of inflammatory responses to injury, where we have recently
shown it can stimulate wnt activity and regeneration (Goessling
et al., 2009). While PGE2 is capable of binding its four cognate
receptors with high affinity, to rapidly elicit changes in cAMP-
mediated signaling, it has an extremely short serum half-life.
Here, after stimulation of CD34* hCB cells with dmPGE2, we
find that several components related to PGE2 production and
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signaling are specifically regulated (Figure 7B): dmPGE2 treat-
ment induces expression of prostaglandin synthesis enzymes
COX1 and 2, as well as the PGE-specific endoperoxidase
PTGES, which could thereby enable a perpetuation of PGE2-
mediated signaling. Conversely, the PGE2 receptors EP1 and
EP3, generally considered to be negative response elements,
were also upregulated in response to dmPGE2. These seemingly
opposing responses could serve as a means to “fine tune” the
extent and targets of PGE2-mediated signaling; similar counter-
regulatory responses have been observed for pathways that
partner with PGE2, such as WNT (Dichtel-Danjoy et al., 2009).
In support of this concept, correlative responses were also
observed for pathway components downstream of ligand
binding: the cAMP response element (CREM), as well as
phosphodiesterase 4D (PDE4D), which regulates the breakdown
of cAMP, were 13- and 3.8-fold upregulated, respectively.

To assess which factors critical to HSC formation and function
in a vascular niche, such as the umbilical cord, may be influenced
by dmPGE?2 to positively impact CD34* hCB cells, we conducted
gPCR expression analysis of matched samples after 10 uM
dmPGE2 treatment for a panel of 20 HSC-related genes identi-
fied in the literature and/or in the microarray analysis. CXCR4
expression was highly responsive to dmPGE2 exposure (Fig-
ure 7C), consistent with previous reports (Hoggatt et al., 2009).
Vascular endothelial growth factor (VEGF) is a potent stimulator
of endothelial and HSC proliferation, which regulates the matura-
tion of the vascular endothelial niche, thereby enabling HSC
induction from hemogenic endothelium (Gerber et al., 2002);
VEGF expression was robustly increased, 3.7-fold, by dmPGE2.
IL8 (CXCLS8) is one of the inflammatory cytokines involved in
proliferation and migration of endothelial progenitors and HSCs
(Laterveer et al., 1995); IL8 expression increased up to 6-fold in
response to dmPGE2. N-cadherin, which has a controversial
role in adult HSC function (Li and Zon, 2010) but is expressed
in the arterial HSC niche, was elevated up to 8.5-fold after
dmPGE2 treatment. Expression of Bone-Morphogenic Protein-4
(BMP4), required to demarcate and specify the hemogenic
endothelial population in the arterial niche (Durand et al., 2007),
and that of Ephrin B2 (EPHB2), required for arterial niche identify
(Lawson et al., 2001), were 3.5-fold and >9-fold upregulated,
respectively. Expression of traditional markers of immature
HSCs such as RUNX1 (AML1) and SCL decreased over time in
untreated cells, consistent with the observation that HSCs
progressively dedifferentiate in culture; dmPGE2 limited the
loss of RUNX1 expression and increased the expression of regu-
lators of quiescence such as FOXO1 (Tothova et al., 2007), sug-
gesting that it may enable the hCB HSCs to maintain their identity
or bias HSCs toward self-renewal.

DISCUSSION

The data presented here suggest that ex vivo stimulation of
human HSCs with dmPGE2 prior to transplantation may posi-
tively impact gene expression, engraftment capacity, and HSC
function in the clinical setting. While advantageous in both its
availability and immunologic flexibility, hCB contains signifi-
cantly fewer HSCs than BM or mobilized PB. The development
of a rapid and safe means to enhance hCB HSC number and/
or function has been an area of significant research. The data

presented here and previously (Goessling et al., 2009; Hoggatt
et al., 2009; North et al.,, 2007) suggest that short ex vivo
dmPGE2 treatment can enhance several factors that should
improve human HSC function and multilineage hematopoietic
recovery including homing, apoptosis, and proliferation. Inter-
estingly, gene programs indicative of HSC production from
avascular niche (VEGF, BMP4) are also significantly upregulated
or maintained (RUNXT) in response to dmPGE2 stimulation of
hCB. As the CD34 antigen is expressed on both HSCs and he-
mogenic endothelium, these data could imply that a portion of
the effect of PGE2 in hCB is mediated by endothelial cells, which
have recently been shown to provide signals that retain HSCs in
an undifferentiated state (Butler et al., 2010); dmPGE2 exposure
could alternatively promote the “budding” or transition of imma-
ture HSCs from hemogenic endothelial precursors, similar to the
original HSC screen in zebrafish (North et al., 2007). More work is
needed to examine these intriguing alternatives; however, the
maintenance of a significant number of PGE2-regulated gene
programs across species suggests that dmPGE2 may elicit bene-
ficial regulatory responses over multiple hematopoietic contexts.

As recently discussed (McDermott et al., 2010), despite years
of intensive investigation, the xenotransplantation model
remains an approximation of human engraftment potential. As
part of the preclinical evaluation of the safety of dmPGE2 for
ex vivo treatment of hCB, we made several selective choices in
the treatment scheme to optimize the potential to elucidate
any effects—positive or negative—of dmPGE2 on the hCB
sample. In particular, we chose to treat and transplant whole
cord blood samples, in addition to purified CD34* cells; this
was done to mimic current clinical protocols, which use whole
hCB units, and to elucidate any unanticipated or unwanted
effects on non-HSC cell types contained in the cord. We
observed no significant differences in negative outcomes
between recipients of dmMPGE2-treated versus control-treated
cords, with or without CD34 enrichment. Despite the positive
effect of dmMPGE2 on both in vitro and in vivo models of hCB
HSC function, these assays still cannot directly account for the
variety of factors that influence the ultimate ability of a given
hCB sample to engraft. The immunological consequences of
HSC transplantation alone, notwithstanding the complexities
added by the use of two independent immune systems in the
setting of double cord transplantation, are still difficult to model;
the standard isogenic murine competitive transplantation
schemes do not account for immunological reactions, while
cross-species transplantation introduces rejection and engraft-
ment scenarios that do not exist in the clinical setting. Meaningful
xenotransplantation of two unmatched hCB units to fully illus-
trate advantageous treatment protocols is not possible at this
time because no specific criteria exist to reliably predict engraft-
ment success of each individual cord unit prior to use in trans-
plant assays.

The competitive autologous transplantation protocol in the
nonhuman primate model enables the comparison of dual-
treated, retrovirally marked HSC populations in vivo without
the confounding influences of immunorejection. Although these
experiments are resource intensive, prohibiting in vivo dose-
finding studies to demonstrate a statistically significant benefit
for dmPGE2, they allow for longitudinal evaluation of individual
primates to assess durability, functionality, and overall safety
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of the treated HSC samples. Here, we show that cells treated
with dmPGE2 prior to reinfusion are capable of contributing to
stable multilineage repopulation at time points more than 1
year postinjection, with an absence of any lineage skewing or
compromise of HSC self-renewal potential. Long-term
nonhuman primate transplantation experiments were initiated
with 10 uM dmPGE2 based on available safety and engraftment
data from murine (North et al., 2007) and xenotransplantation
models. While this treatment was not able to elicit a significant
enhancement in repopulation potential compared to matched
controls in the majority of rhesus macaques subjected to the
protocol utilized, the result most probably reflects suboptimal
compound dosing rather than the inability of dmPGE2 to elicit
functional responses in HSCs. Receptor distribution analysis
obtained while the primate studies were ongoing revealed
a significant difference in EP receptor expression between
human and nonhuman primate CD34" HSCs. Further, while
10 uM dmPGE2 could elicit changes in cAMP activity, higher
doses caused more dramatic effects, and statistically meaning-
ful differences in gene expression were observed only at 50 uM
dmPGE2. We anticipate that use of 50 pM dmPGE2 in the trans-
plant protocol may cause a more discernable difference in repo-
pulation potential in the autologous transplantation assay, but
strong conservation of genetic regulation across species and
clear evidence of safety and efficacious results in alternate verte-
brate models preclude the justification of repeating these studies
in the nonhuman primate model to confirm these expectations.
Through our investigations, we identified EP4 as marker highly
enriched in the hCB CD34* and CD133* population. Additional
studies are needed to define whether EP4 could be used alone
or in combination to further refine the isolation of cells with
in vivo hCB HSC function. In the setting of clinical hematopoietic
transplantation, the entire hCB sample will be treated with
dmPGE2 ex vivo prior to transplant; the selective distribution
of EP4 indicates that despite the presence of multiple cell types
in the whole hCB sample, the main effect of treatment is probably
focused on the stem and progenitor cell populations. The fact
that similar results were obtained for whole hCB and CD34*
cell xenotransplantation into NOD/SCID mice further supports
a targeted effect on nonlineage-specified cell types. The selec-
tive distribution of the EP4 receptor to the CD34" population in
hCB samples will hopefully serve to minimize any potential nega-
tive side effects while mediating the full benefits of dmPGE2
stimulation on hematopoietic recovery in the clinical setting.
Many signaling pathways have been identified that regulate
aspects of both HSC production and adult homeostasis, but it
is unclear whether HSCs from a developmental vascular niche,
such as CD34" hCB, will respond predictably to stimulation
from BM-derived factors in the clinic. No prospective study to
date has examined whether the simple process of stem cell
isolation prior to in vitro culture and transplantation may deprive
HSCs of factors normally produced by supporting cell types that
influence their long-term function and maintenance in the
patient. Similarly, a theoretical risk of any in vivo treatment
approach is that it may affect not only the transplanted cells
but also cells of the host, particularly surviving cancer cells,
which could be more receptive to stimulation. One advantage
of the brief ex vivo whole hCB unit incubation method is that
no long-term manipulation or cell isolation is required, and there
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is limited potential of in vivo stimulation of persisting cancer cells
in the transplant recipient. Based on the data presented herein,
the FDA approved an investigational new drug (IND) application
for dmPGE2 in April 2009; this represents the first compound
discovered in zebrafish to be used in patients. An independently
conducted phase 1 clinical trial evaluating dmPGE2 in hCB
transplantation is in progress (http://clinicaltrials.gov/ct2/show/
NCTO00890500). Further investigation will be needed to refine
the ex vivo treatment approach for optimal clinical use in multi-
center trials; furthermore, combinatorial strategies with other
bourgeoning therapies may prove to elicit the largest benefit
for the transplant patient while minimizing complications.

EXPERIMENTAL PROCEDURES

16,16-Dimethyl Prostaglandin E2
dmPGE2, purchased from Cayman Chemicals, was resuspended in DMSO
and diluted to working concentrations of 1 uM to 1 mM as indicated; ex vivo
dmPGE2 exposure duration was as indicated, followed by substrate removal
and washing prior to analysis or use.

hCB Samples

Xenotransplant studies utilized fresh whole hCB samples discarded from clin-
ical use (due to low cell number), obtained through the Center for Human Cell
Therapy (Dana-Farber Cancer Institute, Boston, MA) and the Carolinas Cord
Blood Bank (Duke University Medical Center, Durham, NC). After red cell
depletion (50%-60%) and FACS-based viability assessment, samples were
divided for parallel treatment. In vitro viability, proliferation, cell culture, and
gene expression analyses utilized frozen purified (CD34*, CD133*, MNC, or
HUVEC) deidentified hCB samples from pooled donors (Stem Cell Technolo-
gies). Cells were prepared to manufacturer’s directions, assessed for viability,
and split for use.

Apoptosis and Proliferation Analysis

5 million frozen CD34* hCB cells were thawed, split, and treated with 1 uM
dmPGE2 or DMSO in 2% FCS in IMDM for 3, 6, or 9 hr at 37°C. Apoptosis
was assessed by Annexin V-FITC (R&D Systems) and 7-AAD (BD PharMingen)
FACS. Proliferating cells were identified with the Click-iT EAU Flow Cytometry
Assay Kit (Invitrogen).

Colony Forming Units Culture
CD34" CB cells were treated with DMSO or 1 uM dmPGE2 for 15 min, 30 min,
1 hr, 3 hr, or 6 hr in 2% FCS-supplemented IMDM at 37°C. Cell suspensions
were mixed with MethoCult H4434 (Stem Cell Technologies), plated in tripli-
cate at limiting dilutions (2000, 800, or 320 cells per 33 mm plate/1.5 ml
H4434), and counted on day 13.

NOD/SCID Xenotransplantation

Individual whole or CD34-enriched hCB samples were split and exposed to
dmPGE2 (10 uM) or DMSO vehicle control ex vivo for 1 hr in dextran/albumin.
After sublethal irradiation (6.5Gy), 20 million whole or 2500 CD34* hCB cells
were introduced by retroorbital injection into NOD/SCID (Charles River) recip-
ients, maintained and utilized according to approved IACUC protocols at
Children’s Hospital. PB was obtained at 1 and 3 months, and BM was isolated
at >3 months posttransplant. After red cell lysis, hCD45 (Becton-Dickenson)
expression was examined by FACS; 1% PB and 0.2% BM hCB chimerism
were utilized to indentify positively engrafted recipients.

Quantitative PCR

CD34* CB cells treated with DMSO or 1 uM dmPGE?2 for 1 hr in IMDM with 2%
FCS at 37°C were washed and incubated for a fixed time (+2, 5, or 8 hr) prior to
RNA extraction (Trizol, Invitrogen). cDNA was synthesized with the Super-
Script Ill first-strand synthesis kit (Invitrogen). Quantitative RT-PCR (58°C
annealing) was performed in triplicate with SybrGreen (Invitrogen) on the iQ5
Multicolor RTPCR Detection System (BioRad); primer sequences are listed
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in Supplemental Experimental Procedures. Data were normalized to B-actin
and shown relative to DMSO at 1 hr postexposure.

Statistical Analysis

SigmaStat software was used for statistical analysis. Differences between
treatments for all in vitro and gPCR analyses were calculated by t test and
one-way ANOVA. hCB engraftment in NOD/SCID mice was analyzed by
Fisher’s exact test (one-tailed).

Nonhuman Primate Cell Collection

Rhesus macaques (Macaca mulata) were housed and handled in accordance
with the guidelines set by the Committee on Care and Use of Laboratory
Animals of the Institute of Laboratory Animal Resources, National Research
Council (DHHS publication No. NIH 85-23). PB HSCs were mobilized with
granulocyte colony-stimulating factor (G-CSF) and stem cell factor (gift of
Amgen), harvested by leukapheresis, and enriched for CD34* cells as previ-
ously described (Donahue et al., 2005).

Human CD34" Cell Collection

hMPBSCs were collected after G-CSF mobilization and enriched by CD34*
immunoselection according to IRB-approved protocols (02-H-0160, 96-H-
0049).

Microarray Analysis

Human and nonhuman primate MPBSCS were incubated with either 10 or 50
uM dmPGE2 in X-Vivo media (Lonza) for 1 hr. Cells were collected at 6, 12, and
24 hr postincubation, and total RNA (Trizol extraction) was cohybridized to
custom-made 17.5K cDNA (UniGene cluster) microarrays. Hierarchical cluster
analysis and TreeView software were used for visualization. Gene clustering
analysis was performed with Ingenuity Pathway Analysis software.

Autologous Competitive Transplant Study

Rhesus macaques (n = 5) were mobilized daily with 10 pg/kg G-CSF and
200 pg/kg stem cell factor (SCF) for 5 days. On day 5, CD34* enriched MPBSC
were isolated from leukapheresed blood as described (Donahue et al., 2005).
CD34" cells from each donor were split and transduced with a chimeric HIV
vector to express EGFP or EYFP (Uchida et al., 2009). Rhesus CD34" cells
were treated with 10 uM dmPGE2 for 1 hr at 37°C either prior to or after viral
transduction (Supplemental Experimental Procedures). Cells were reinfused
on day 3 after leukapheresis, after 2 consecutive days of 500 Gy total body
irradiation.

ACCESSION NUMBERS

The complete list of genes in the Hs-CCDTV-17.5k-1px printing are available in
the GEO database (http://nciarray.nci.nih.gov/galfiles) under the accession
number GSE27126.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and seven tables and can be found with this article online at
doi:10.1016/j.stem.2011.02.003.
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SUMMARY

Clinical hematopoietic transplantation outcomes are
strongly correlated with the numbers of cells infused.
Anticipated novel therapeutic implementations of
hematopoietic stem cells (HSCs) and their deriva-
tives further increase interest in strategies to expand
HSCs ex vivo. A fundamental limitation in all HSC-
driven culture systems is the rapid generation of
differentiating cells and their secreted inhibitory
feedback signals. Herein we describe an integrated
computational and experimental strategy that en-
ables a tunable reduction in the global levels and
impact of paracrine signaling factors in an automated
closed-system process by employing a controlled
fed-batch media dilution approach. Application of
this system to human cord blood cells yielded a rapid
(12-day) 11-fold increase of HSCs with self-renewing,
multilineage repopulating ability. These results high-
light the marked improvements that control of feed-
back signaling can offer primary stem cell culture
and demonstrate a clinically relevant rapid and rela-
tively low culture volume strategy for ex vivo HSC
expansion.

INTRODUCTION

Emerging data suggest that robustness and responsiveness in
hematopoiesis is a property of the system, not an individual
cell. The hematopoietic system is able to dynamically maintain
appropriate proportions of cells of all hematopoietic lineages
throughout the lifetime of the individual, both during homeo-
stasis and in response to regenerative demand. This regulation
depends on intercellular (between cell) communication net-
works, resulting from both local and systemic factor secretion

(Kirouac et al., 2010). Hematopoietic stem cells (HSCs) must
respond to and integrate cues from the microenvironment to
ensure sustained production of all hematopoietic lineages
(Rizo et al., 2006). As such, self-renewal versus differentiation
decisions of HSCs critically depend on feedback-mediated
paracrine factors and the associated signaling networks, both
in vivo and in vitro.

Several decades of successful bone marrow transplantations
have demonstrated the therapeutic importance of HSCs. The
use of noninvasively accessible umbilical cord blood (UCB)-
derived HSCs provides many advantages over bone marrow,
including enhanced long-term immune recovery and decreased
graft versus host disease (Gluckman, 2009; Wagner and Gluck-
man, 2010). However, because clinical studies have indicated
that the most important factor for patient survival after UCB
transplantation is infusing a cell dose above a minimum
threshold of 3 x 107 cells/kg (Gluckman, 2009), low cell numbers
in single UCB units have limited the suitability of UCB transplan-
tation for adult patients. Methods to robustly increase the
number of cells that give a rapid and sustained blood count
recovery would enable the use of UCB in all patients (Hofmeister
et al., 2007).

Strategies to expand HSC numbers in vitro have focused on
identifying molecules that specifically target the stem cell popu-
lation. Recent data demonstrating that there are multiple
subpopulations of HSCs and that these cells are molecularly
closely related (Benveniste et al., 2010; Dykstra et al., 2007)
suggest that the opportunity of finding molecules that uniquely
expand the long-term HSC pool (Antonchuk et al., 2002; Boitano
et al., 2010; Delaney et al., 2010; Durand and Zon, 2010; Zhang
et al., 2008) without impacting the distribution and growth of
their more restricted progeny is challenging, especially after
extended periods of time in culture. Herein we propose a funda-
mentally different and complementary approach, examining the
impact of feedback signaling control on HSC output.

Feedback control is complicated by the fact that the hemato-
poietic system is regulated by a complex hierarchy of cellular
and molecular networks. We have previously performed cell-cell
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signaling network analysis to identify and experimentally validate
the mode of action of endogenously produced HSC-inhibitory
factors generated during in vitro UCB culture (Kirouac et al.,
2010). Recognition that large numbers of these factors are
produced in a time-dependent manner makes the addition of
binding and signaling inhibitors challenging. We sought to iden-
tify a strategy to globally control feedback regulation. We per-
formed computational simulations of in vitro hematopoiesis
and iteratively predicted and evaluated candidate strategies for
the reduction of endogenously produced negative regulators.
In silico optimization resulted in the identification and develop-
ment of a “fed-batch” culture strategy for HSC growth enhance-
ment. By linking dynamic cell growth and endogenous factor
secretion to a tunable media dilution algorithm, we experimen-
tally confirmed predictions of significant enhancements in
stem and progenitor growth, including an 80-fold increase in
CD34" cells and an 11-fold increase in NOD.Cg-Prkdc®™
li2rg"™™™/SzJ (NSG) repopulating cells (detected at limiting
dilution after 16 weeks) within a 12-day culture period. Further-
more, this platform complements known HSC-enhancing factors
and has provided insight into their mode of action. The integra-
tion of our strategy into an automated and closed-system
bioreactor has produced a clinically relevant system for HSC
expansion.

RESULTS

In Silico Design of a “Fed-Batch” Media Dilution
Strategy

Hematopoietic culture systems generate a large number of
endogenously produced soluble factors as a result of the rapid
production of mature blood cells (Kirouac et al., 2010; Majka
et al., 2001; Sautois et al., 1997). In order to investigate the
impact of these secreted ligands, we first measured a sampling
of the secreted factor profile under our previously optimized
in vitro expansion conditions (Madlambayan et al., 2005) and
found the rapid accumulation of many physiologically relevant
ligands and large fluctuations resulting from periodic media
exchanges (Figure 1A). Many of these factors have been re-
ported to have inhibitory effects on human hematopoietic stem
and progenitor cell expansion (Bonnet et al., 1995; Broxmeyer
et al., 1995; Broxmeyer and Kim, 1999; Cashman et al., 1998;
Fortunel et al.,, 2000; Zhang et al., 1995), and our previous
studies have validated that several factors which are present at
high levels in the culture system have a significant inhibitory
effect on hematopoietic progenitor expansion, including TGF-§,
MCP-1 (CCL2), MIP-1a. (CCL3), MIP-1B (CCL4), and IP-10
(CXCL10) (Kirouac et al., 2010).

The large number and nonlinear nature of the secreted factor
profiles limit the likely success of using molecularly targeted
approaches to reduce the inhibitory impact of these factors
and, instead, necessitates a global and unbiased strategy for
feedback regulation. In order to identify and optimize an appro-
priate strategy, we performed computational simulations of cell
population dynamics to investigate and predict the effect of
candidate culture manipulations. Our computational approach
(Kirouac et al., 2009) incorporated the effect of feedback
signaling from differentiated cells on stem and progenitor cell

expansion. This feedback is coded through different classes of
paracrine signaling loops, as depicted in Figure 1B.

As a first step, we explored in silico strategies of regulating the
effective concentration of the different classes (SF1-SF4) of
secreted ligands. Under baseline conditions, with a full media
exchange every 4 days, simulations depict a predominant
accumulation of inhibitory factors (SF1 and SF2) (Figure 1C).
As such, a net increase in stem and progenitor proliferation
was predicted to result from minimizing the entire set of
endogenously produced ligands. Rationalizing that the fre-
quency of conditioned media removal would be an important
parameter (Madlambayan et al., 2005), we first compared the
effects of frequent full or partial media exchanges with our
control culture process. The model predicted that a full media
exchange every day (Figure 1D) or a half media exchange every
12 hr (Figure 1E) would outperform less frequent exchanges,
emphasizing the importance of strong and frequent secreted
factor regulation.

To limit periodic fluctuations and intermittent exposure to high
concentrations of secreted ligands and to attain a continuous
and tunable mode of media regulation, we simulated the effects
of perfusion and fed-batch culture systems. A perfusion system
(Figure 1F) is characterized by a continuous input of fresh media
and output of spent media, while maintaining a constant
volume, whereas a fed-batch system (Figure 1G) contains aninput
stream only, resulting in a continuous increase in culture
volume. These cell culture systems are commonly used as feeding
strategies for biopharmaceutical production (Farid, 2006), and
previous studies have explored the use of perfusion systems for
HSC culture (Koller et al., 1998). Simulations predicted that
a fed-batch media dilution approach would achieve the most
effective enhancement in stem and progenitor expansion and
was predicted to outperform perfusion cultures and frequent
media exchange strategies (Figures 1C-1G). Although all strate-
gies act by reducing the concentration of accumulating secreted
factors, the increasing culture volume of the fed-batch strategy
additionally maintains lower cell densities, thereby slowing the
rate and impact of endogenous factor accumulation.

The dilution rate (D) of a fed-batch culture system is defined as
the input flow rate divided by the culture volume. This rate can be
constant throughout the reaction period, proportional to the
current volume of the culture or tuned based on predicted or
measured parameters. As shown in Figure 1H, the volume of
a culture initially containing 1 ml, will increase continuously
with time depending on the defined dilution rate. Simulations
predicted that the dilution rate would regulate the concentration
of all secreted factors (Figure 1l), which in turn would regulate
expansions of total nucleated cells (TNCs), colony-forming cells
(CFCs), long-term culture-initiating cells (LTC-ICs), and SCID
repopulating cells (SRCs) (Figure 1J). The slopes of the predicted
increases in expansions are greatest from D = 0 to D = 1, sug-
gesting that a significant impact on HSC expansion should
be achievable at moderate dilution rates, while maintaining
moderate media and cytokine needs.

Automated Closed System Fed-Batch Culture Enhances
Progenitor Cell Expansion

We next undertook experiments to test the predicted superiority
of the in silico optimized fed-batch strategy. These studies were
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Figure 1. Computational Simulations Predict a Fed-Batch Strategy, at Moderate Dilution Rates, to Greatly Reduce Secreted Factor Concen-
trations and Give a Significant Enhancement of Expansion
(A) Time course of experimentally measured secreted factor concentrations from UCB culture, with complete media exchange every 4 days.

(B) Schematic of mathematical model, indicating the presence of paracrine feedback signaling. Groups of secreted factors are categorized depending on whether
they act in a stimulatory or inhibitory manner and whether they impact stem cell self-renewal or proliferation.

(C-G) Simulated volume, secreted factor concentrations, and relative expansions under different media manipulation strategies: (C) “control”

culture with com-

plete media exchange (ME) every 4 days; (D) culture with complete media exchange every 24 hr; (E) culture with 50% media exchange every 12 hr; (F) perfusion
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Figure 2. The Fed-Batch Strategy Is Experimentally Validated In Vitro to Give Significantly Improved Expansion of Progenitor Cells
(A) Schematic of experimental set-up comparing control (D = 0) strategy with 100% media exchange (ME) every 4 days to fed-batch (D = 1) strategy.

(B) Expansions of TNC, CFC, and LTC-IC, after 12 days of culture. n > 5.

(C) (i, iii) Surface marker analysis of CD34" and CD133"CD38 " frequencies throughout in vitro culture. (ii, iv) Expansion of CD34* cells and CD133*CD38 cells,

accounting for total cell expansion. n > 5.

(D) Normalized expansion of TNC, CFC, and LTC-IC after 12 days of culture, dependent on dilution rate. n = 3.

Data are expressed as mean + SD. See also Figures S1 and S2.

facilitated with the use of an automated media delivery system
(Csaszar et al., 2009). This system allows the user to control
media input flow rates and enables the entire culture process
to be performed in a closed system with minimal manual inter-
vention. A constant flow rate, corresponding to a dilution rate
of D = 1, was compared to our previously described optimal
culture strategy (Madlambayan et al., 2005) (referred to here as
D = 0) (Figure 2A).

We first confirmed that the D = 1 fed-batch strategy signifi-
cantly outperformed the D = 0 control at our previously optimal
day 8 endpoint (Figure S1). We next computationally predicted
that the D = 1 strategy would achieve maximum expansions after
12 days of in vitro culture, because the regulation strategy

inherent in the fed-batch system would allow for a positive rate
of expansion to be maintained for a greater length of time (Fig-
ure S1). As shown in Figure 2B, the D = 1 strategy reached
12-day expansions of 179-fold (range 105- to 344-fold) of
TNCs, 64-fold (22- to 166-fold) of CFCs, and 29-fold (14- to
53-fold) of LTC-ICs. Phenotypic analysis by flow cytometry (Fig-
ure 2C) indicated that the percentage of progenitor cells as
measured by CD34* and CD133*CD38~ remained unchanged
between the D = 0 and D = 1 cultures. However, the increased
total cell expansion with the D = 1 strategy led to a significant
increase in the absolute numbers of CD34" cells (80-fold) and
CD133*CD38" cells (135-fold). Similar results were found with
CD34*CD90* and CD34"CD49f" cells (Figure S1).

culture with one unit of media perfused every 24 hr; (G) fed-batch culture with one unit of media added every 24 hr. Conditions (D-G) are normalized to same media

and cytokine requirements (one additional unit of media every 24 hr).

(H) Media volume requirements for a fed-batch culture at different constant dilution rates, assuming a 1 ml initial volume.
(I) Predicted effect of increasing constant dilution rate of fed-batch strategy on secreted factor concentrations.
(J) Predicted effect of increasing constant dilution rate of fed-batch strategy on population expansions.
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To further validate our modeling predictions, we compared the
fed-batch strategy to alternative strategies for the reduction of
endogenously produced factors by investigating frequent media
exchange approaches (Figure S2). Although small apparent
improvements over the D = 0 cultures were achieved with
frequent feeding strategies, these strategies produced signifi-
cantly lower expansions than the D = 1 strategy, despite having
the same overall media usage. We also assessed the effect of
varying the dilution rate of the fed-batch culture. As predicted,
the rate of increased expansion began to slow at dilution rates
greater than D = 1, leading to diminishing returns of cell expan-
sion at the expense of rapidly increasing media needs (Fig-
ure 2D). Taken together, these findings confirm our computa-
tional predictions of enhanced progenitor expansion achieved
with a robust media dilution approach.

Global Maintenance of Subthreshold Levels of Inhibitory
Factors Enables Fed-Batch-Mediated Expansion

of Primitive UCB Cells

The observed enhancement in progenitor expansion was pre-
dicted to result from a global reduction in inhibitory paracrine
factor levels in the culture media. To test this hypothesis, we
investigated the effect of the fed-batch strategy on the output
of specific mature blood cell types. Analysis of hematopoietic
cell lineage markers did not reveal any change in the relative
frequency of any of the differentiated cell types assessed
(CD14*, CD7*, CD41*, GyA*, CD33*, CD19", CD56", CD8",
CD4*) with the D = 1 strategy, as compared to the D = 0 control.
Although the absolute number of cells in each of these popula-
tions was greater with the D = 1 strategy, resulting from the
enhanced TNC expansion, the lower cell densities achieved
with the D = 1 strategy resulted in lower concentrations (cells/ml)
of each mature cell population (Figure S3).

We next asked how the reduction in mature cell concentra-
tions would impact soluble factor concentrations. Figure 3A
depicts the degree by which the concentration of each mea-
sured soluble factor was changed with the D = 1 strategy, as
compared to D = 0. The nonlinear nature of factor accumulation
means that the dynamics of individual factors and the degree
by which the fed-batch strategy affects the concentration
of specific factors varies; however, the net global reduction
in factor concentrations provides an overall minimization of
feedback inhibition in the culture system. Figure 3B highlights
the concentration dynamics for several factors known to
impact stem and progenitor growth, demonstrating the reduc-
tion of ligand concentrations achieved with the fed-batch
strategy.

The functional effect of secreted ligand reduction on cell
growth was further tested by culturing cells in media that had
been previously conditioned for 8 days in a culture maintained
with either the D = 0 or the D = 1 strategy. Exogenous cytokines
(SCF, FL, TPO) were added to the conditioned media to ensure
that the difference between the fresh and conditioned media
was the presence of endogenously produced soluble factors.
Both conditioned media led to a significant reduction in TNC
expansions as compared to cultures utilizing fresh media, as
expected. However, the expansion achieved with the D = 1
conditioned media were significantly greater than with the
D = 0 conditioned media (Figure 3C). This shows the ability of
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reduced endogenous factor concentrations to better sustain
primitive UCB cells in culture.

It remained unclear whether the fed-batch strategy was acting
by simply regulating one or a few key inhibitory ligands or
whether a more comprehensive (global) manipulation of the
culture environment was important. To test this directly, we
compared the D = 1 strategy to the targeted inhibition of
TGF-B1, a known endogenous inhibitor of HSC growth (Fortunel
etal., 2000). Targeted inhibition of TGF-1 was achieved by add-
ing the small molecule SB431542 to the culture every 4 days,
a manipulation that yielded increases in progenitor cell expan-
sions that approached those achieved by the fed-batch strategy
on day 8. However, after 12 days of culture, TGF-B1 inhibition no
longer had a significant effect on progenitor expansion (Fig-
ure 3D). This demonstrated that although some degree of culture
regulation could be initially provided through the inhibition of one
key endogenously produced factor, the impact of this approach
is limited, particularly at the later time points of culture when the
accumulation of many inhibitory factors is high, and targeting
one factor alone is no longer effective.

In previous studies (Kirouac et al., 2010), we used expression
analysis to identify 74 factors whose genes were upregulated
during UCB culture. Many of these factors were hypothesized
to be inhibitory to HSC growth and seven of these (TGF-B,
TNFSF9, MIP-1a, MIP-1B, IP-10, NAP-2, SPARC) were experi-
mentally validated to have an inhibitory effect on LTC-IC expan-
sion. To investigate whether these factors contribute to HSC
inhibition in an additive manner, we performed a combinatorial
analysis of inhibitory soluble factors on Lin~Rho'°CD34*
CD38 CD45RA~CD49f* cells, which have been reported to be
highly enriched for HSCs (Notta et al., 2011). The addition of
TGF-B1 (10 ng/ml), MIP-1¢ (100 ng/ml), MIP-18 (100 ng/ml),
and IP-10 (100 ng/ml) individually each caused a reduced expan-
sion of this population after 7 days of culture, and the simulta-
neous addition of these four inhibitors produced a significant
reduction of expansion, demonstrating that multiple inhibitory
factors present in the culture system act in an additive manner
(Figure 3E). Importantly, when lower concentrations (10 ng/ml
each) of MIP-1a, MIP-1B, and IP-10 were used, the effect of
the individual factors was negligible; however, the combination
of the three led to reduced cell expansions (Figure 3F). This study
illustrates how subthreshold levels of factors that individually
do not provide significant inhibition can produce an inhibitory
effect when acting in combination, highlighting the global nature
of feedback inhibition.

In order to rule out the possibility that the fed-batch strategy
was primarily acting by preventing critical metabolites from
becoming limiting and inhibiting cell growth (Collins et al.,
1997; Patel et al., 2000), we monitored the glucose and lactate
concentrations of the media. Glucose levels did not become
limiting under any of the culture conditions tested, including
the D = 0 control, as shown by the fact that glucose concentra-
tions below 7 mM were never observed (Figure S4). Furthermore,
when glucose was added to the D = 0 culture in order to
normalize the glucose levels to the corresponding D = 1 culture,
no effect on expansion levels was observed (Figure S4). Lactate
levels reached a maximum of 15 mM in the D = 0 cultures and the
pH did not drop below 7.0, both of which were well within the
range that support normal hematopoietic cell proliferation
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Figure 3. The Fed-Batch Strategy Enhances Expansion through the Global Reduction of Endogenously Produced Inhibitory Secreted
Factors

(A) Heat map of secreted factor concentration ratios (D = 1/D = 0) showing the effect of the D = 1 strategy on secreted factor profiles as compared to the D = 0
strategy.

(B) Representative samples of reduction in secreted factor concentrations for: (i) TGF-B1; (i) RANTES; (iii) IL-8; (iv) HGF with the D = 1 strategy as compared to the
D = 0 strategy. n = 5.

(C) TNC expansion after 8 days of D = 0 culture with either fresh media or conditioned media (CM) from day 8 of previous D = 0 or D = 1 cultures. n = 3.

(D) Comparison of the fed-batch D = 1 strategy to the addition of a TGF-B1 small molecule inhibitor, SB431542, based on expansions of TNC, CFC, and LTC-IC at
(i) day 8 and (ii) day 12. n = 3.

(E) Inhibitory factors, TGF-p1 (10 ng/ml), MIP-1a. (100 ng/ml), MIP-1B (100 ng/ml), and IP-10 (100 ng/ml) were added to a sorted HSC population
(Lin~Rho'°CD34*CD38~CD45RA~CD49f"), and total cell expansion was assessed after 7 days of culture. n = 3.

(F) Low concentrations of inhibitory factors, MIP-1a. (10 ng/ml), MIP-18 (10 ng/ml), and IP-10 (10 ng/ml) were added to a sorted HSC population
(Lin~Rho'°CD34*CD38~ CD45RA~CD49f*), and total cell expansion was assessed after 7 days of culture. n = 3.

Data are expressed as mean + SD. See also Figures S3 and S4.
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(Figure S4; Patel et al., 2000). Collectively, these studies support
the interpretation that the global reduction of inhibitory ligands
was providing the supportive conditions for improved progenitor
growth.

Transplantation Studies Show an 11-fold SRC

Expansion under Fed-Batch Conditions

To determine whether the enhanced expansions observed with
the progenitor populations would also apply to long-term repo-
pulating HSCs (LTR-HSCs), we performed transplantation
studies with the NSG mouse model (McDermott et al., 2010).
Repopulation was quantified by bone marrow analysis for human
hematopoietic cell contribution 16 weeks after transplantation,
and freshly isolated (day 0) Lin™ UCB cells were compared to
cells cultured for 8 or 12 days. Figure 4A shows representative
flow cytometry plots of repopulated and nonrepopulated mice.
For each condition tested, a dose response of average human
contribution was seen, as determined by the quantification of
human CD45 and HLA-ABC double-positive populations
(Table S1).

All positively repopulated mice were found to have multiline-
age repopulation, as indicated by human cells that were positive
for a myeloid lineage marker (CD33), a B cell lymphoid lineage
marker (CD19), a T cell lineage marker (CD3), and an erythroid
lineage marker (GyA). Representative plots are shown in Figures
4B and 4C and full details are presented in Table S2. Human
progenitor cells were detected from 16-week transplanted
mice by both surface marker analysis (CD34* and CD133") and
CFC assays (Figures 4D and 4E). Cells from 8 mice repopulated
for 16 weeks with day 12 D = 1 cells (19%-62% human cells in
the marrow of primary recipients) were retransplanted into
secondary mice to determine whether the culture-expanded
cells had retained LTR-HSC activity. Five out of eight secondary
mice were positive for human cells (human contribution ranging
from 0.5% to 2.1%), all of which showed multilineage repopula-
tion (Table S8), indicating that the expanded cells are able to
maintain their long-term repopulation potential in vivo.

In order to quantify LTR-HSC expansion, limiting dilution anal-
yses were performed (Figure 4F). The frequency of LTR-HSCs in
the fresh Lin™ cells was 1in 14,700 (95% Cl: 1/8,659 to 1/24,979,
n = 26). After 8 days of culture, the D = 1 culture produced a cor-
rected LTR-HSC frequency of 1in 1,940 (1 in 110,000 corrected
for the concomitant 57-fold expansion of TNCs, 95% ClI: 1/1,195
to 1/3,149, n = 33), giving a 7.6-fold LTR-HSC expansion, relative
to the fresh cells. The D = 0 strategy gave a 3.6-fold LTR-HSC
expansion, as reported previously (Ito et al., 2010; Madlambayan
et al., 2005) (1 in 121,000 corrected for a 28-fold TNC expansion
to give a 1 in 4,330 corrected frequency, 95% CI: 1/2,223 to
1/8,428, n = 17). We predicted that the 12 day culture would
give the greatest LTR-HSC expansion, based on both computa-
tional simulations and progenitor assays. Indeed, the corrected
LTR-HSC frequency after 12 days of culture was 1 in 1,334 (after
a 1 in 233,000 frequency was corrected for 178x total cell
expansion, 95% Cl: 1/759 to 1/2,345, n = 24), producing an
11-fold LTR-HSC expansion. LTR-HSC frequencies were used
to determine SRC numbers per 10° cells (Figure 4G).

Collectively, these results demonstrate that the fed-batch
D =1 culture strategy is effective at expanding clinically relevant
numbers of mature cells, progenitor cells, and LTR-HSCs in
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a short (12 day) culture time with an automated closed system
bioprocess.

The Fed-Batch Strategy Complements the Effects

of Other of HSC-Enhancing Factors and Provides

Insight into Their Modes of Action

The fed-batch strategy provides a means to assess the effect of
feedback signaling under different conditions and thus serves as
a platform to interrogate the mode of action of factors known to
enhance blood stem and progenitor cell growth (Figure 5A). We
hypothesized that HSC culture additives could be classified into
two major categories depending on whether they act directly on
HSC self-renewal or act indirectly on a mature cell population,
which feeds back positively on HSCs. If the mode of action is
HSC self-renewal specific, the fed-batch strategy should mini-
mize inhibitory feedback signals, providing an enhancing envi-
ronment for HSCs growth. Alternatively, if the mode of action is
non-stem cell autonomous, the fed-batch strategy should dilute
the mature cell population and dilute the soluble signaling mole-
cules that have been produced. In this case, the fed-batch
strategy should reduce the impact of the factor added.

To test this hypothesis, we investigated the interaction
between the fed-batch culture and two known HSC growth-
supportive factors, the aryl hydrocarbon receptor antagonist
(SR1), and the transcription factor HOXB4. SR1 has been shown
to enhance CD34" and HSC outputs by inhibiting HSC differen-
tiation (Boitano et al., 2010). We thus predicted that the fed-
batch strategy would complement the effect of SR1 by reducing
the impact of endogenous inhibitory feedback signaling. Fig-
ure 5B demonstrates that under our culture conditions, SR1
produced an increase in LTC-IC expansion with both the D =0
and D = 1 strategy, and the absolute levels of LTC-IC expansion
were significantly enhanced with the D = 1 strategy. Primitive cell
phenotypes were also enhanced with the addition of SR1 (Fig-
ure S5). To validate that this factor was acting directly on a pop-
ulation with a very primitive phenotype and not through a feed-
back-mediated response, we added the molecule to the
Lin~Rho'°CD34*CD38 CD45RA~CD49f* population. Figure 5C
shows that treatment with SR1 leads to a significant increase
in primitive (CD34*CD133*CD90") cells in this assay, illustrating
that it is directly targeting a population that is highly enriched in
HSCs. Given the apparent additive impact of SR1 and the fed-
batch strategy on the output of primitive cell phenotypes, it is
possible that combining these technologies under the conditions
described herein will enhance the number of LTR-HSCs above
that which has been obtained with the D = 1 strategy alone (Fig-
ure S5). However, because the CD34*CD133*CD90* phenotype
has not been validated under these culture conditions, limiting
dilution long-term transplantation studies are required to confirm
the potential additive effects between these two technologies.

We next investigated the transcription factor HOXB4, which
has been shown to increase stem and progenitor expansion by
either viral overexpression or delivered as a TAT-HOXB4 soluble
protein (Antonchuk et al., 2002; Csaszar et al., 2009; Krosl et al.,
2003). HOXB4 has been shown to cause increases in the produc-
tion of CD41* megakaryocytes (Zhong et al., 2010), a finding that
we reproduced in our culture system with the TAT-HOXB4
protein (Figure S5). Notably, we have previously reported that
CD41* cells have a stimulatory feedback effect on LTC-IC
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Figure 4. In Vivo SRC Assay with D = 1 Fed-Batch Strategy Shows an 11-fold Multilineage Expansion of LTR-HSCs

(A) Representative flow cytometry images of bone marrow analysis of (i) nonrepopulated and (ii) repopulated recipient mice. The quantification of the double-
positive quadrant was used to determine the percentage donor contribution for each recipient.

(B and C) Representative images showing multilineage repopulation of recipients, as measured by CD33*, CD19*, GyA*, and CD3".

(D) Quantification of progenitor cells in repopulated recipient mice.

(E) Representative images of CFCs formed with human cells from repopulated mice.

(F) Limiting dilution curves quantifying LTR-HSC contribution of uncultured (day 0) Lin™ cells; day 8 cells cultured with the D = 0 strategy; day 8 cells cultured with
the D = 1 strategy; and day 12 cells cultured with the D = 1 strategy. LTR-HSC frequencies corrected to day 0 equivalent cell numbers are indicated for each. Data
are fit with exponential curves.

(G) LTR-HSC expansions were used to calculate SRC numbers, based on 1 x 10° Lin~ cell input.

Results show the pooled data from two independent experiments. Data are expressed as mean + 95% CI. See also Tables S1, S2, and S3.
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Figure 5. Fed-Batch System Complements the Effects HSC-Enhancing Molecules and Provides Insight into Their Mode of Action

(A) Schematic of in vitro expansion mode of action. (i) Under base conditions, static (D = 0) culture systems balance HSC self-renewal and feedback inhibition. The
fed-batch (D = 1) strategy minimizes feedback, while allowing for self-renewal. (i) The addition of a factor that targets HSC self-renewal gives increased self-
renewal under both D = 0 and D = 1 conditions but the impact will be in enhanced with D = 1 conditions resulting from the reduced feedback. (iii) The addition of
a factor with a positively acting indirect mode of action will increase stimulatory feedback signaling while maintaining self-renewal. Under D = 1 conditions, this
stimulatory feedback will be reduced that will reduce the impact of the added factor.

(B) The addition of the aryl hydrocarbon receptor antagonist (SR1) gives a significant increase in LTC-IC expansion under both D = 0 and D = 1 conditions. n = 5.
(C) When added to a sorted HSC population (Lin"Rho'°CD34*CD38 CD45RA~CD49f*), SR1 shows an increase in CD34*CD133*CD90* numbers. n = 3.

(D) The addition of TAT-HOXB4 yields a significant increase in LTC-IC expansion under D = 0 conditions but not D = 1 conditions, suggesting a non-HSC mode of

action. n=5.

(E) TAT-HOXB4 shows minimal effect when added to the sorted Lin~Rho'°CD34*CD38 CD45RACD49f* population. n = 3.

Data are expressed as mean + SD. See also Figure S5.

expansion (Kirouac et al., 2010). Thus, we hypothesized that the
mode of action of HOXB4 on UCB HSCs was, at least in part, re-
sulting from an indirect feedback-mediated effect, as has also
been suggested in ESC-derived hematopoiesis (Jackson et al.,
2011). As Figure 5D shows, TAT-HOXB4 produced a significant
increase in LTC-ICs when added to D = 0 conditions but the
impact of the molecule was reduced with D = 1 conditions.
Furthermore, TAT-HOXB4 did not produce a significant increase
in expansion when added to Lin"Rho'°CD34+*CD38 CD45RA ™
CD49f* cells (Figure 5E). Collectively, these data provide further
insight into the feedback signaling control mechanism that
underpins the HSC-supportive effects of the fed-batch system.

DISCUSSION

A robust strategy to generate ex-vivo-expanded HSCs will
enable the use of UCB for transplantation in patients for whom
a single cord blood unit would not contain the desired progenitor
content and ensure that a much greater proportion of current and
future banked UCB units are applicable for use by any patient
meeting the HLA matching criteria. In this study, we have com-
putationally interrogated and experimentally validated a highly
tunable hematopoietic progenitor cell expansion strategy that

can produce 11 times more blood stem cells than originally
present over a 12 day culture period. The short culture time
and continuous tight regulation of cell densities also allows this
system to have reduced media volume needs as compared to
other expansion strategies, which is an important feature for
cost-effective clinical implementation. This system has been
designed to be adaptable for direct scale-up to accommodate
cell numbers needed for human transplantations and we are
planning to integrate this technology into clinical trials in the
near future.

The fed-batch strategy relies on simplifying the complexity of
dynamic and heterogeneous hematopoietic culture systems. In
doing so, the need for targeted inhibition of individual endoge-
nously produced factors is eliminated. We have previously
shown evidence that mature hematopoietic cells and their asso-
ciated secreted factors have a net inhibitory effect on stem cell
self-renewal during in vitro culture (Madlambayan et al., 2005).
Strategies to overcome this typically involve a significant amount
of undesired manipulation and handling and provide only a
temporary solution, because undesired factors will quickly reac-
cumulate after each manipulation. Perfusion cultures have been
shown to enhance UCB progenitor cell expansion (Koller et al.,
1998), but these cultures are subject to the challenge of high
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cell densities and rapid factor reaccumulation. This challenge
can be overcome with the use of higher perfusion flow rates,
but this then fails to maintain desired usage limits of media and
cytokines. The fed-batch strategy has the benefit of slowing
the rate of factor accumulation through the continuous dilution
of both endogenous factors and the cells that secrete these
factors.

All current expansion strategies that rely on the direct regula-
tion of the hematopoietic stem and progenitor cell populations
are subject to the unregulated accumulation of inhibitory endog-
enous factors which, if unaccounted for, limit achievable expan-
sion levels. Recent reports of human HSC expansion with appar-
ently stem-cell-autonomous factors include SR1, producing
a 17-fold LTR-HSC expansion (analyzed 16 weeks posttrans-
plantation) after 21 days of in vitro culture, the immobilized Notch
Delta-1 ligand described by Delaney et al. (2010) producing
a 15.6-fold and 6.2-fold in vivo repopulation cell expansion
(analyzed at 3 and 9 weeks posttransplantation, respectively)
after 17-21 days of culture, and the growth factors Angiopoie-
tin-like 5 and IGFBP2 (Zhang et al., 2008), producing a 14-fold
repopulating cell expansion (analyzed at 8 weeks posttransplan-
tation in NOD/SCID recipients) after 10 days of culture. The fed-
batch strategy reported here gives a LTR-HSC expansion of
comparable magnitude with a 12 day culture time and a conser-
vative 16 week posttransplantation analysis. Because this
strategy affects nonautonomous feedback regulation and acts
on the microenvironment of the culture system, it suggests
strong potential to synergize with primarily autonomously acting
expansion strategies, the combinations predicted to lead to
greater and more sustained cell expansions.

It is clear that in vitro (and in vivo) hematopoiesis is dynamic
and regulated, at least in part, through nonlinear feedback
control. The trajectories of factor secretion vary widely among
individual factors and do not always correlate with the expo-
nential trajectory of total cell expansion. Factor concentration
dynamics may follow the dynamics of specific lineage subpop-
ulations or may result from multiple interacting feedback
networks. Moving to nonlinear media dilution strategies is one
example of how more sophisticated dilution dynamics can be
predicted to further tune regulatory interaction and HSC growth
in the system. In order to maximize this control, a feedback-regu-
lated system in which a set of critical factors is measured, either
“offline” by ELISA assay or “online” with the adaption of current
technologies to quantify multiple soluble factors in real-time
(Klostranec et al., 2007), could be linked to a threshold level
process control mechanism. This should allow for the dilution
strategy to be tuned in real-time and would provide a means to
account for sample-to-sample biological variability, ensuring
that optimal expansion can be achieved for each specific cord
blood unit.

The fed-batch strategy is a globally acting expansion strategy
amenable for clinical use, alone or in combination with other
expansion protocols. It also provides a platform with which to
more closely study the dynamic nature of the in vitro hematopoi-
etic cell culture system. We have illustrated how the fed-batch
strategy has different effects when acting in combination with
factors that directly or indirectly enhance HSC growth. These
studies provide insight into the mode of action of the aryl hydro-
carbon receptor antagonist SR1 and the TAT-HOXB4 protein,

through the differing effect that the D = 1 strategy has on
their efficacy. More broadly, they demonstrate that regulating
feedback signaling can act to reduce inhibitory feedback,
thereby allowing factors that target HSC self-renewal to act
with maximal impact.

The ability to modulate secreted factor concentrations and
measure corresponding functional outputs of cell expansions
will allow for a more precise study of links between specific
endogenous protein secretion and lineage subpopulations and
their associated cell-cell interactions. This strategy serves as
a robust clinically relevant system for rapid and automated
in vitro cell expansion as well as a platform for further study of
the regulation of cell-cell interactions in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Mathematical Simulations

The model that we previously developed and described (Kirouac et al., 2009)
was used to run all culture simulations with MATLAB 2009 software (Math-
works, Natick, MA). The model simulates in vitro hematopoietic culture by
incorporating self-renewal and differentiation of cell populations and soluble
factors secreted by mature cells. For this study, the model was adapted to
simulate fed-batch and perfusion strategies by adjusting the rate of change
of secreted factor concentrations. The fed-batch strategy incorporated
a continuous input stream, which resulted in an increase in culture volume
and a dilution of all cells and all endogenously produced secreted factors.
The perfusion strategy included a continuous input and output stream, result-
ing in a constant cell culture volume and a continuous reduction of endoge-
nously produced soluble factors. See Supplemental Experimental Procedures
for details.

Umbilical Cord Blood Cell Collection and Processing

UCB samples were collected from consenting donors according to ethically
approved procedures at Mt. Sinai Hospital (Toronto, ON, Canada). Mononu-
clear cells were obtained as previously described (Kirouac et al., 2009).
Lineage-negative (Lin~) progenitor cells were isolated from the mononuclear
cell fraction with the StemSep system or EasySep system with the human
progenitor cell enrichment kit (StemCell Technologies, Inc., Vancouver, BC,
Canada), according to the manufacturer’s protocol.

Cell Seeding and In Vitro Culture

Freshly isolated Lin~ cells were seeded at an initial density of 1 x 10° cells/mlin
serum-free IMDM media (GIBCO, Rockville, MD) with 20% BIT serum substi-
tute (StemCell Technologies) and 1% Glutamax (GIBCO). The media was sup-
plemented with 100 ng/ml Stem Cell Factor (SCF, R&D Systems, Minneapolis,
MN), 100 ng/ml FMS-like Trysine Kinase 3 Ligand (FL, R&D Systems), 50 ng/ml
Thrombopoietin (TPO, R&D Systems), and 1 ug/ml low-density lipoproteins
(LDL, Calbiochem, La Jolla, CA). The syringe loaded pumping system was
assembled and connected to the cell culture bag, as previously described
(Csaszar et al., 2009). The initial cell suspension was injected into a 2-port
12 ml culture bag (Vuelife, American Fluoroseal Corporation, Gaithersburg,
MD) and maintained on an orbital shaker at 37°C and 5% CO,. The pump
was set to deliver the desired volume of media (based on the user-defined
dilution rate) to the cell culture. Media delivery was automated to occur at
0.5 hr intervals at a flow rate of 30 pl/min, for a semicontinuous delivery. For
SR1 studies, SR1 was added to fresh media at 0.75 uM as previously
described (Boitano et al., 2010). For TAT-HOXB4 studies, TAT-HOXB4 was
produced and delivered semicontinuously as previously described (Csaszar
et al., 2009; Krosl et al., 2003).

Cell Assays

Colony-forming cell (CFC) assays and long-term culture-initiating cell
(LTC-IC) assays were performed as previously described (Kirouac et al.,
2009). Surface marker staining was performed with conjugated human
antibodies: CD4, CD7, CD8, CD14, CD19, CD33, CD34, CD38, CD41,
CD49f, CD56, CD90, CD133, and GyA (BD Biosciences, San Jose, CA).
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7-AAD dye was added to assess cell viability and isolate live cells for quan-
tification. All samples were analyzed on a FACSCanto flow cytometer (BD
Biosciences).

Sorted Cell Assay

Freshly isolated Lin~ cells were sorted for Rho°CD34*CD38 CD45RA™
CD49f* with a FACSAria flow cytometer (BD Biosciences), according to the
gating strategy previously described (Notta et al., 2011). 40 sorted cells
were dispensed per well in a 96-well plate in the above-described media
and cultured for 7 days. After culture, cells were assessed for total cell number
and number of CD34*CD133*CD90" cells by flow cytometry.

Limiting Dilution Transplantation Studies

All animal studies were performed according to procedures approved by
appropriate animal ethics boards. Female NSG mice were sublethally irradi-
ated (250 rad) <24 hr before transplantation. Uncultured Lin™ cells (n = 26) or
cells cultured for 8 days (n = 50) or 12 days (n = 25) were transplanted at limiting
dilution via tail vein injection. Mice were sacrificed 16 weeks after transplanta-
tion and bone marrow was collected from femurs and tibias. Cells were
assessed by flow cytometry. Mice were scored positive for human repopula-
tion if at least 0.5% of bone marrow cells were positive for both human
CD45 and human HLA-ABC. For secondary transplantations, 33% of the
harvested bone marrow cells of positively engrafted mice were transplanted
into secondary NSG recipients. Bone marrow harvest and analysis was
performed after 16 weeks. All limiting dilution analysis was performed with
the L-calc software (StemCell Technologies, Inc.). Limiting dilution anal-
ysis was based on the combined data of two independent transplantation
studies.

Secreted Factor Analysis

Secreted factor concentrations were sampled in duplicate from conditioned
media samples using the Human Cytokine 30-Plex panel (Invitrogen, Burling-
ton, ON, Canada), designed for the Luminex microsphere detection platform
(Luminex Co. Austin, TX), to screen for EGF, Eotaxin, FGF-pB, G-CSF, GM-CSF,
HGF, IFN-a, IFN-vy, IL-1B, IL-IRA, IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10,
IL-12, IL-13, IL-15, IL-17, IP-10 (CXCL10), MCP-1 (CCL2), MIG (CLCL9),
MIP-1¢ (CCL3), MIP-1B (CCL4), RANTES (CCL5), TNF-a, and VEGF. Samples
were prepared and assessed with a BD FACSCanto flow cytometer, as
previously described (Kirouac et al., 2009). TGF-B1 was analyzed separately
in parallel, with a TGF-p1 Quantikine ELISA Kit (R&D Systems, Minneapolis,
MN), according to the manufacturer’s directions.

Glucose and Lactate Assay

Conditioned media samples were analyzed for glucose levels, with the Amplex
Red Glucose/Glucose Oxidase Assay kit (Invitrogen), according to the manu-
facturer’s protocol. In the subsequent glucose normalization study, D-glucose
was added to the D = 0 cell culture media every 2 days. Lactate concentrations
were analyzed with a L-lactate assay kit (Eton Bioscience, San Diego, CA),
according to the manufacturer’s protocol.

Statistical Analysis

Statistical significance was computed via a Student’s t test. All error bars
represent the standard deviation of three or more biological replicates. Aster-
isks indicate statistical significance between conditions of p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and three tables and can be found with this article online at
doi:10.1016/j.stem.2012.01.003.
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