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Editor's Summary

Bringing Insulation Up to Code

Faulty insulation around household wiring is an electric shock and fire hazard; likewise, defects in the insulation
around nerve fibers ——the myelin sheath——can have destructive effects. Because of myelin's crucial roles in promoting
the rapid transmission of nerve impulses and in axon integrity, mutations that affect myelin formation in the central
nervous system cause severe neurological decline. Uchida et al. and Gupta et al. now investigate the use of neural
stem cells ——which can differentiate into myelin-producing oligodendrocytes——as a potential treatment for such
disorders. Previous work showed that transplantation of human oligodendrocyte progenitors into newborn shiverer (
Shi) mice, a hypomyelination model, could prolong survival. In the new work, Uchida et al. transplanted human neural
stem cells, which had been expanded and banked, into the brains of newborn and juvenile Shi mice. Whereas the
newborn mice were asymptomatic, the juvenile mice were already symptomatic and displayed advanced
dysmyelination. These transplanted cells preferentially differentiated into oligodendrocytes that generated myelin,
which ensheathed axons and improved nerve conduction in both categories of mice. In an open-label phase 1 study,
Gupta et al. then tested the safety and efficacy of such cells in four young boys with a severe, fatal form of
Pelizaeus-Merzbacher disease (PMD), a rare X-linked condition in which oligodendrocytes cannot myelinate axons.
Human neural stem cells were transplanted directly into the brain; the procedure and transplantation were well
tolerated. Magnetic resonance imaging techniques, performed before transplant and five times in the following year,
were used to assess myelination. The imaging results were consistent with donor cell-derived myelination in the
transplantation region in three of the four patients. These results support further study of potential clinical benefits of
neural stem cell transplantation in PMD and other dysmyelination disorders.
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STEM CELL THERAPY

Neural Stem Cell Engraftment and Myelination
in the Human Brain

Nalin Gupta,’ Roland G. Henry,>*> Jonathan Strober,>* Sang-Mo Kang,® Daniel A. Lim,’
Monica Bucci,®> Eduardo Caverzasi,® Laura Gaetano,® Maria Luisa Mandelli,> Tamara Ryan,”
Rachel Perry,” Jody Farrell,” Rita J. Jeremy,® Mary Ulman,? Stephen L. Huhn,®

A. James Barkovich,>** David H. Rowitch%"%*

Pelizaeus-Merzbacher disease (PMD) is a rare leukodystrophy caused by mutation of the proteolipid protein
1 gene. Defective oligodendrocytes in PMD fail to myelinate axons, causing global neurological dysfunction.
Human central nervous system stem cells (HuCNS-SCs) can develop into oligodendrocytes and confer structur-
ally normal myelin when transplanted into a hypomyelinating mouse model. A 1-year open-label phase 1 study
was undertaken to evaluate safety and to detect evidence of myelin formation after HuCNS-SC transplantation.
Allogeneic HUCNS-SCs were surgically implanted into the frontal lobe white matter in four male subjects with
an early-onset severe form of PMD. Immunosuppression was administered for 9 months. Serial neurological
evaluations, developmental assessments, and cranial magnetic resonance imaging (MRI) and MR spectroscopy,
including high-angular resolution diffusion tensor imaging (DTI), were performed at baseline and after trans-
plantation. The neurosurgical procedure, immunosuppression regimen, and HuCNS-SC transplantation were
well tolerated. Modest gains in neurological function were observed in three of the four subjects. No clinical
or radiological adverse effects were directly attributed to the donor cells. Reduced T1 and T2 relaxation times
were observed in the regions of transplantation 9 months after the procedure in the three subjects. Normalized
DTI showed increasing fractional anisotropy and reduced radial diffusivity, consistent with myelination, in the
region of transplantation compared to control white matter regions remote to the transplant sites. These phase 1
findings indicate a favorable safety profile for HUCNS-SCs in subjects with PMD. The MRI results suggest durable

cell engraftment and donor-derived myelin in the transplanted host white matter.

INTRODUCTION

Oligodendrocytes of the central nervous system (CNS) function pri-
marily to myelinate axons and enhance nerve conduction. Pelizaeus-
Merzbacher disease (PMD) is a rare congenital X-linked recessive
leukodystrophy caused by mutation of myelin protein proteolipid
protein 1 (PLPI) (1), resulting in hypomyelination with an innate but
not an autoimmune inflammatory component (2). One of a recog-
nized group of “hypomyelinating disorders” (2), PMD has an inci-
dence of 1:200,000 to 1:500,000; the subset of these patients affected
with the early-onset severe (that is, connatal) form of PMD present
with profound neurodevelopmental deficits. In patients with PMD,
oligodendrocytes are unable to myelinate axons, resulting in loss of
normal axonal conduction and neurological dysfunction in the short
term, eventually leading to axonopathy and neurodegeneration.

Both gene duplications and point mutations of PLPI can result in
marked hypomyelination of the CNS (3). Various PLP1 mutations re-
sult in abnormal myelin production (4) or abnormal trafficking in the
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endoplasmic reticulum of oligodendrocytes, leading to apoptosis by
activation of the unfolded protein response (5, 6). Because PLPI is
only expressed in oligodendrocytes of the CNS, the pathobiology of
PMD is cell type-restricted. Therefore, oligodendrocyte cellular re-
placement has been proposed as a therapeutic approach (7).

Animal models relevant to PMD show a spectrum of hypomyeli-
nation, seizures, and early postnatal lethality (4). These models have
also provided further insight into possible disease mechanisms and a
useful platform for testing therapeutic approaches (5, 6). Transplanta-
tion of human glial progenitor cells into the brains of hypomyelinated
shiverer (Shi) mice results in functional engraftment and donor-derived
myelination that is progressive with time (8). This is in keeping with
known biological properties of oligodendrocyte precursors that mi-
grate and proliferate after specification (9). Human CNS stem cells
(HuCNS-SCs), also referred to as neural stem cells, show the proper-
ties of self-renewal and multipotency in vitro and have been shown to
produce oligodendrocytes that generate compact myelin and to
normalize nodal organization and functional axonal conduction veloc-
ities in the Shi mouse model (10, 11).

Magnetic resonance (MR) diffusion tensor imaging (DTI) quanti-
fies differences in the magnitude and direction of water motion that
result from myelination and is routinely used in diagnosis and clinical
characterization of demyelinating diseases in humans such as multiple
sclerosis. This MR technique has also been studied in experimental mod-
els of hypomyelination (11, 12) and remyelination (13, 14). The MR
results obtained in these relevant animal models suggest that MR im-
aging (MRI)-DTT is an excellent tool to noninvasively assess changes
after transplantation. We performed a study in subjects with early-severe
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PMD to evaluate safety and clinical effects of HuCNS-SC transplan-
tation in the setting of a progressive neurodegenerative disorder with
diffuse hypomyelination. We used MR-DTI as a sensitive measure of
myelination after HuCNS-SC transplantation.

RESULTS

Study design and patient selection

This study was conducted as an open-label phase 1 trial in four subjects
with the early-severe form of PMD (ClinicalTrials.gov NCT01005004).
The U.S. Food and Drug Administration (FDA)-authorized study
protocol had oversight from the Committee for Human Research and
Gamete, Embryo, and Stem Cell Research Committees at the Univer-
sity of California, San Francisco (UCSF). PMD is a fatal disease with
no approved treatments, and the UCSF oversight committees found
that the trial qualified for offering the prospect of direct clinical benefit
according to the guidelines in the Code of Federal Regulations
(21CFR50.52).

Prescreening of 17 potential subjects identified 6 that met eligibility
criteria (table S1) and were formally evaluated at the study center. Of
these six possible subjects, one family declined participation, whereas
another potential subject became Epstein-Barr virus (EBV)-positive
before enrollment, resulting in exclusion. All families of study subjects
provided written informed consent. The study protocol included a
single-stage transplant procedure followed by immunosuppression
for a period of 9 months. A minimum of 28 days was required between
dosing of consecutive subjects, and an independent Data Monitoring
Committee reviewed the accruing safety data before each transplant.
Subjects returned to UCSF for frequent clinical and imaging assess-
ment for a year after transplant (table S2). The phase 1 study was
carried out between January 2010 and February 2012. Subjects were
enrolled in a separate 4-year long-term follow-up study after the final
12-month assessment of the phase 1 study.

Eligible subjects were males 6 months to 5 years of age with muta-
tions in PLP1, absence of myelination by MRI, and clinical manifesta-
tions of early-severe PMD. Early-severe PMD was characterized by the
onset of documented nystagmus by 3 months of age, severe develop-
mental delay, and failure to attain normal gross motor milestones
within 6 months of age (Table 1). Subjects 1, 3, and 4 had histories
of neonatal stridor (breathing difficulty), and two (subjects 1 and 3)
required tracheostomy and gastrostomy tube placement shortly after
birth. All subjects underwent a total of at least eight detailed posttrans-
plant neurological examinations that were also videotaped for post
hoc review. Mental status examination revealed that all subjects were
awake and alert but with little facial animation evident and some
baseline irritability. Subjects 1 and 3 were 16 and 14 months of age at
the time of study entry, respectively, and were noted to have minimal
or no antigravity motor movement (Table 1). Subjects 2 and 4 were 3
and 5 years of age at the time of study entry, respectively, and showed
antigravity strength throughout, marked dysmetria, and minimal
truncal support. Subject 4 also had the capability of very limited
walker use with significant support. Subjects 2 and 4 were generally
interactive with the ability to create some sounds or single words, as
well as follow one-step commands at study entry.

The neuropsychological and developmental assessments included
the Bayley Scales of Infant and Toddler Development, Third Edition
(Bayley-1III), the Callier-Azusa Scale G (CAS), and the Functional In-
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dependence Measure for Children (WeeFIM). Quality of life was as-
sessed with the Child Health Questionnaire Parent Form (CHQ-PF50).
All subjects also underwent routine electroencephalogram (EEG),
somatosensory evoked potentials (SSEPs), and neuro-ophthalmological
evaluations (table S2).

Transplantation of HUCNS-SCs into patients with PMD

The isolation and purification of HuCNS-SCs have been previously
described (15) (see Materials and Methods). HuCNS-SCs are multi-
potent neural stem cells (CD133-, nestin-, and Sox2-positive) that are
expanded in culture as neurospheres (15, 16), and then cryopreserved
into master and working cell banks, from which patient lots are
derived for transplantation. The biological multipotent properties of
the purified and expanded human neural stem cells have been well
characterized (10, 17), and their ability to produce functional myelin
is described in a companion paper (11).

HuCNS-SC (15) banks and patient lots were produced under cur-
rent Good Manufacturing Practice (GMP). Furthermore, to conform
to the FDA’s requirements for cell-based products, karyotype analysis
and extensive release testing for infectious agents were performed on
the cell banks used in this clinical study. In addition to release testing,
extensive preclinical Good Laboratory Practice (GLP) animal testing

Table 1. Subject characteristics at study entry.

Subject
1 2 3 4
PLPT mutation 221G>A 730T>G  223A>C  728C>T
PLP1 protein G74E P244v T75P A243V
(TM2) (TM4) (TM2) (TM4)
Nystagmus Birth 3 2 2
diagnosis months  months  months
Hypotonia Y Y Y Y
Developmental Y Y Y Y
delay
Early history Y N Y Y
of stridor
Tracheostomy Y N Y N
G tube-dependent Y N Y N
Alertness Y Y Y Y
Spasticity Y N Y Y
Dysmetria N/E* Y N/E* Y
Language—receptive N/E* One-step N/E* One-step
commands commands
Language—expressive None Sounds None Single
words
Ambulation N N N With
support
CPAP (night) Y N Y N
Self-feeding N N N N
EEG Abnormal  Abnormal Normal Abnormal
Age at transplant (months) 16 42 14 66

*Could not evaluate.
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to assess potential for tumor formation and distribution to other or-
gans was performed, and the results were included as part of the
documentation required for regulatory authorization of the trial by
the FDA. HuCNS-SCs are fetal brain-derived neural stem cells (see
Materials and Methods) and are not known to carry the tumorigenic
risk associated with embryonic stem (ES) or induced pluripotent stem
(iPS) cells. Viability and sterility of products were performed by the
study sponsor (StemCells Inc.) for each patient sample. The HuCNS-SCs
intended for transplant were provided as a single-use injectable sus-
pension, and all the doses supplied in the study originated from a
single donor.

HuCNS-SC transplantation was performed through four bilateral
frontal burr holes to target the anterior and posterior frontal centrum
semiovale or corona radiata (Fig. 1). A dual side-port 20-gauge needle
was advanced to a depth of at least 2 cm below the cortical surface at
each target site of the precentral centrum semiovale white matter
using MRI-based stereotactic navigation. A total brain dose of 3.0 x
10® HuCNS-SCs was administered to each subject. The total dose
was divided into four equal aliquots of 7.5 x 107 cells in 1 ml of cell
suspension into each of the four frontal lobe sites. The dose was calcu-
lated for safety purposes on the basis of previous human safety expe-
rience (ClinicalTrials.gov NCT00337636) of HuCNS-SC injection into
subjects with neuronal ceroid lipofuscinosis in which a 1-ml suspen-
sion containing 50 to 100 million cells was well tolerated.

The immunosuppression regimen consisted of oral tacrolimus with
a target level of 5 to 10 ng/ml for the first 28 days after transplant and
then a lower target level of 2 to 5 ng/ml until discontinuation at the
end of 9 months after transplant. Mycophenolate mofetil was also
administered for the first 28 days after transplant. Prophylaxis with
sulfamethoxazole and trimethoprim (SMZ-TMP) was continued from
day 3 to 9 months after transplant. A solid-organ transplant physician
supervised administration of immunosuppressive agents. Safety param-
eters included general physical, neurologic, neurophysiologic, neuro-
developmental, and ophthalmologic assessment (see below); blood

and urine analysis; electrocardiogram; chest x-ray; and MRI at routine
intervals (table S2).

Safety and clinical outcomes

A total of 54 nonserious adverse events and 2 serious adverse events
were collected during the study. The most common nonserious adverse
events reported more than once included, in order of decreasing fre-
quency, rashes (n = 5), diarrhea (n = 4), fever (n = 3), rhinorrhea (n = 2),
and decreased serum bicarbonate (n = 2). Subject 1 developed a
subgaleal pseudomeningocele (fluid collection under the scalp) after
surgery that resolved spontaneously. Small cortical/subcortical hemor-
rhages were observed on the immediate postoperative head computed
tomography (CT) beneath the postsurgical cranial defects in subject 2;
these had no mass effect and were without clinical consequence. Two
serious adverse events occurred in the same subject (both were hospi-
tal admissions for exacerbation of baseline tracheitis and/or a viral
syndrome); neither was considered related to the HuCNS-SC trans-
plant. Immunosuppression was generally well tolerated, with no evidence
of opportunistic infections. Subject 2 converted to EBV immuno-
globulin G (IgG)-positive only (IgM-negative) at 12 months after
transplant without a clinical correlate. Subject 3 was switched from
SMZ-TMP to atovaquone because of a rash on day 14. We did not
identify by serial MRI any signs of abnormal gadolinium enhance-
ment, neoplasia, ischemia, or inflammation in any subject.

The neurologic examination 12 months after transplantation in all
subjects revealed either stable or modest gains in motor and mental
status function compared to the pretransplant examination. Subject
1 showed no signs of neurological improvement, but his requirement
for nightly continuous positive airway pressure (CPAP) was reduced
over the course of 12 months after transplant. Subject 2 developed
improved truncal support and the ability to take steps with assistance
and began speaking audible single words with the ability to follow
two-step commands. Subject 3 developed antigravity strength in his
upper extremities, started taking solid foods orally, and had reduced

nightly CPAP requirements. Subject 4 de-
veloped improved truncal support and

progressed from requiring significant
support with use of the walker at baseline
to walking with minimal assistance at the
12-month examination. Subject 4 also
developed the ability to follow two-steps
commands and self-feed. Although the
above neurological gains were considered
modest and variable across subjects, clin-
ical changes were progressive from about
6 to 9 months after transplantation and
persisted after cessation of immunosup-
pression. No subjects developed seizure ac-
tivity, and SSEP and neuro-ophthalmology
examination results did not change from

Fig. 1. Sites of neural stem cell direct implantation. Under MRI guidance, HUCNS-SCs were transplanted
into the deep white matter, the corona radiata, of the frontal white matter in two sites in each hemisphere

of the brain of four PMD patients.
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baseline in any subject during the year af-
ter transplant.

The neuropsychological assessments
with the Bayley-III, CAS (Fig. 2), and
WeeFIM showed overall stability for all
subjects compared to baseline. The low
level of cognitive function evident in each
test at baseline reflected the dense CNS
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disability associated with connatal PMD, and most subjects scored at
the very extreme limits of the testing scale across most subsets. The
severe level of impairment present in PMD subjects makes detection
of small changes in cognitive function difficult. Nonetheless, small but
measurable gains were observed in select subtests of the Bayley-III,
CAS, and WeeFIM for subjects 2 to 4. Of the three, subject

2 had the most definitive gains characterized by changesin =~ A
receptive and expressive language function on the Bayley-III
from 6 and 8 months of developmental age at baseline to 13
and 14 months, respectively, at the year-end assessment.
The Child Health Questionnaire Parent Form (CHQ-
PF50) showed no significant changes from baseline.

14
12

10

Brain imaging of PMD patients receiving a
HuCNS-SC transplant

MRI/MR spectroscopy (MRS)/DTI was performed before
transplant (baseline) and then repeated at 3, 6, 9, 10, and
12 months after transplant. The MRI scans at baseline and
at 12 months included gadopentetic acid, a vascular enhanc-
ing agent used in detection of tumors and inflammation.
Single-voxel proton spectroscopy was performed in a large
region of interest (ROI) (3 cm x 2 cm X 2 cm) that included 0
the central portion of the centrum semiovale using a PRESS
(point-resolved spectroscopy) technique [repetition time
(TR) = 1500 ms, echo time (TE) = 26, 288 ms, number of
excitations = 2]. MR DTT is considered a sensitive method

Mean developmental age (months)

diffusion characteristics of neoplasm, inflammation, or cysts. MRS
did not change after transplantation in any of the subjects. There
was no evidence of increased myo-inositol to suggest an astroglial
response, nor an increase in choline to suggest inflammation or
neoplasm.

=&—Subject 1
~#—Subject 2
Subject 3

~#—Subject 4

0 3 6 9 10 12

Visit month

Subject 1 Subject 2

for detection of myelin development and was an important
component of the imaging data collected in this study. DTI 6
allowed quantification of the magnitude (mean diffusivity), -
direction (radial versus axial diffusivity), and coherence
(fractional anisotropy) of random water motion in localized
brain ROIs containing white matter composed of bundles
of aligned axons, glial cell populations, and myelin. 2
Increased fractional anisotropy, coupled with decreased
radial diffusivity and mean diffusivity, and stable axial dif-

Raw score

30 |
20

fusivity indicate reduced water motion perpendicular to the 0’

axis of axons and are thought to be consistent with myelin
development (I8).

DTI analysis was applied to the ROIs that received
HuCNS-SC transplants within the central corona radiata
and was compared to DTI analysis of multiple ROIs in
white matter remote to the transplant sites (genu and sple-
nium of the corpus callosum, anterior frontal corona ra-
diata white matter, and posterior parieto-occipital white
matter) (Fig. 3).

MRI volumetric studies of the whole brain, cerebrospinal
fluid (CSF), and white/gray matter compartments showed
no changes from baseline for the older subjects but increases
for the younger subjects (table S3). Although preoperative
MRI showed global absence of myelination, starting at
the 3-month time point, we noted the development of mul-
tiple small, round/ovoid regions of reduced T1 and T2 re-
laxation within some implantation sites in three of the four
subjects. These changes were most evident in subject 2 in
which distinct foci immediately anterior to the implantation
site are evident in the corona radiata on the 12-month MRI
study (Fig. 4). These regions did not show enhancement af-
ter gadopentetic acid administration or the MRI, MRS, or
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Fig. 2. The CAS of child development and the Bayley-lll. (A) Results for CAS showed
overall stability of mean developmental age (in months) for all subjects, with the ex-
ception of subject 2, who demonstrated an overall gain from 6 to 12 months. (B)
Bayley-lll cognitive, language [receptive (REC) and expressive (EXP)], and motor (fine
and gross) subtest raw scores at screening and 6, 9, and 12 months after transplant for
all subjects. Small increases in select subtest scores were noted for subjects 2 and 4.
Subjects 1 and 3 posttransplant scores, although variable, remained within the ex-
treme lower end of the test range. Note difference in scale of the raw score axis used
for each subject.
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Analysis of the DTT revealed increased fractional anisotropy in the
ROIs located at the sites of HuCNS-SC transplantation in all four
subjects (Fig. 5). The most consistent DTI changes (pronounced in-
creases in fractional anisotropy and decreases in radial diffusivity) were
detected on normalized data from subjects 2 and 4. Subject 1 showed
progressive gains in fractional anisotropy but had the most variability
in changes in radial diffusivity, axial diffusivity, and mean diffusivity
compared to the other three subjects (Fig. 5). Subject 3 had an increase
in fractional anisotropy and a reduction in radial diffusivity in the
areas of transplantation, but changes of a similar magnitude were seen
in the control regions as well (Fig. 5). The younger subjects (1 and 3)
showed the most pronounced changes in fractional anisotropy in the
control regions, which were mostly stable in the older subjects (2 and
4) (Fig. 5). Given their younger ages, the changes in control regions of
subjects 1 and 3 may reflect background maturational processes not
present in the older subjects.

DISCUSSION

Disorders of myelination include multiple sclerosis and cerebral palsy
and are major causes of neurological mortality and morbidity (19).
This phase 1 study was designed to evaluate safety and preliminary
efficacy of HuCNS-SC transplantation in subjects with the early-severe
(that is, connatal) form of PMD. Subjects in this small study differed
in age, but all had PLPI mutations resulting in nonconserved amino
acid substitutions in transmembrane-spanning domains (fig. S1), which
might cause protein misfolding and apoptosis (5, 6). No obvious ad-
verse clinical or radiological effects were attributed to HuCNS-SCs
during the first year after transplant. Subjects underwent rigorous sur-
veillance, and we detected no signs of CNS neoplasia, gliosis, or in-
flammation by gadolinium-enhanced MRI at any point during the
first year after transplant. The phase 1 results indicate a favorable safe-
ty profile at 1 year after transplant and demonstrate that the surgical
intervention, immunosuppression regimen, and HuCNS-SC transplan-
tation are feasible in subjects with an underlying severe neurodegen-
erative disorder. All subjects will continue to be monitored for an additional
4 years in a separate long-term follow-up study. This report adds to

the human experience accruing with allogeneic fetal neural stem cell
transplantation into the brain and is in keeping with safety results
from another completed study conducted with HuCNS-SC transplan-
tation, which targeted a rare lysosomal storage disease, neuronal ceroid
lipofuscinosis (ClinicalTrials.gov NCT00337636) (20).

At baseline, neurological and neuropsychological profiles of our sub-
jects indicated severe and global CNS impairment. The modest gains
observed in three of the four subjects (and stability in the fourth sub-
ject) when viewed in the context of a progressive neurodegenerative
disorder suggest a departure from the natural history of the disease (21).
Changes in cognitive function, evident in the neuropsychological as-
sessments, might not be expected from transplantation of the corona
radiata alone, but transplanting neural stem cells with migratory ca-
pabilities into both frontal lobes could, in theory, affect cognitive per-
formance. However, a general limitation of the phase 1 study design is the
lack of a control group. Therefore, clinical outcomes in an open-label
trial must be interpreted with caution because it is not possible to con-
firm that the neurological improvement observed is due to the exper-
imental intervention versus other confounding variables. Ultimately,
a prospective controlled study will be needed to confirm whether
HuCNS-SC transplantation results in a clinical benefit, and prepara-
tion for such further study is under way. The use of surrogate radiolog-
ical markers for myelination (that is, the MRI techniques described
herein) will likely enhance the design of future controlled trials for rare
diseases such as PMD.

There is growing interest in stem cells and oligodendrocyte pre-
cursors as potential cell-based therapeutics for treating myelination
conditions (7). This clinical investigation explores the potential for
donor-derived myelination after allogeneic neural stem cell transplan-
tation in a human myelination disorder. In this regard, both conven-
tional MRI and high-angular resolution DTI were used in this trial to
noninvasively detect signals that could indicate HuCNS-SC-derived
myelination against the background of diffuse hypomyelination in severe-
early PMD. A limitation of our study is that alternative effects sec-
ondary to HuCNS-SC engraftment and independent of myelination
cannot be excluded, and that histological confirmation of myelin for-
mation is not feasible or ethical because of the surgical risk of stereo-
tactic biopsies within the ROIs (22).

Transplanted ROI
Control ROI

Control ROls

Transplanted ROIs

Fig. 3. DTl measurements at control and implantation site ROIs in subject 2. T1-weighted MR images in orthogonal planes with boxes showing ROIs used
for DTl analyses. ROIs adjacent to transplant sites are shown in green, and ROls used to acquire control data are shown in aqua. Red arrowheads highlight

the location of ROls.
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T2 MRI

T1 MRI

Pre-transplant Post-transplant

Pre-transplant

Post-transplant

Fig. 4. MRI images at baseline (pretransplant) and 12 months after transplant for subject 2. Small ovoid areas of T2 hypointensity and T1 hyperintensity
(red arrowheads) were not present before transplantation and then gradually became visible after transplant. These areas do not represent small cysts

because decreasing T2 hyperintensity is observed.

Qualitative changes on T1- and T2-weighted conventional MRI
morphologic images in regions receiving the cell transplants were
identified in three subjects; such foci became more evident with time.
High-angular resolution DTI data demonstrated increased fractional
anisotropy throughout the areas of transplantation, and changes were
greatest at the sites of the T1 and T2 shortening. Such changes also
continued to evolve over time and were generally not seen in control
regions several centimeters from the implantation sites.

The DTI pattern of reduced mean diffusivity and radial diftusivity,
stable axial diffusivity, and increased fractional anisotropy over time
indicates a dynamic cellular process that would cause a decrease in
water motion perpendicular to neuronal axons, whereas motion par-
allel to axons remains stable. This pattern is believed to most accurate-
ly reflect the process of myelination and has been demonstrated in
animal models (11-14).

Our data describe the character and magnitude of diffusion changes
in humans that have received neural stem cell transplants. The ob-
served changes appear consistent with previous findings in a hypo-
myelinating animal model after transplantation with glial precursor
cells (12). MR diffusion metrics in hypomyelinating Shi mice have been
compared to wild-type mice and transplanted Shi mice (12). These
findings indicate that myelination in wild-type animals increases frac-
tional anisotropy by up to 20% and reduces radial diffusivity and mean
diffusivity by ~13 and ~10%, respectively, compared to Shi mice (12).
After transplantation of Shi animals with glial precursors, the fraction-
al anisotropy increased by 8 to 15% in different voxels (12). The mag-
nitude of these reported myelin-associated values is consistent with
what we observed in the human corona radiata (our subjects showed
4 to 12% increase in fractional anisotropy) despite the differences (an-
imal versus human, Shi versus PMD, age of subjects, and corpus
callosum versus corona radiata).

In the normal human brain, most developmental progression of
DTT metrics in the corona radiata has been observed before 4 years
of age, with the rate of change slowing markedly by the end of the
second year (23, 24). Although prospective sequential MR observa-
tional studies are lacking in severe PMD cohorts, and we did not have
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longitudinal data from our subjects before transplantation, available
information about severe PMD suggests little progression of myelina-
tion beyond the first year or so of life. In contrast, we found that frac-
tional anisotropy was markedly increased in transplanted corona radiata
compared to control regions in subjects 1, 2, and 4. Subject 3 had the
highest increase in fractional anisotropy, but a similar magnitude of
change in the control regions masked this elevation in the normalized
data. Reasons for the variable magnitude of the response among the
subjects are not clear. Our findings of considerable white matter mat-
uration in control ROIs in the two younger subjects (1 and 3) raise the
possibility of differing white matter substrate among subjects, although
the reason for the increased maturation in these subjects (proliferation
and migration of transplanted cells versus an unprecedented acceler-
ation of myelination in untreated areas) cannot be determined from
our data. The degree of fractional anisotropy increase and radial dif-
fusivity decrease in some subjects was about 50% of the magnitude of
changes seen during normal myelination in human children during
the first year of life, a finding that is greater than expected in severe
PMD over the course of only 1 year.

Although we also considered that imaging changes might relate to
immunosuppressive therapy, this conclusion is not supported by our
findings of increased and sustained DTI signals after cessation of im-
munosuppression as well as localization of findings to the corona
radiata. Previous work indicates that rapamycin can inhibit oligoden-
drocyte precursor differentiation (25, 26), and thus, it is possible that
immunosuppressive agents might regulate the myelination capabilities
of transplanted cells. Indeed, Smith and Franklin (27) found detrimental
effects of cyclophosphamide—but not cyclosporine A—during donor-
derived remyelination. Briistle ef al. (28) transplanted mouse ES cell-
derived glial precursors into the myelin-deficient rat model of PMD
with cyclosporin A immunosuppression and observed donor-derived
myelination. Because the mode of tacrolimus (FK506) action is similar
to cyclosporin A, it is expected to be similarly permissive for myelina-
tion. Understanding the precise effects of immunosuppression in the
setting of allogeneic neural stem cell transplantation and donor-
derived myelination will continue to evolve as this field expands.
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Some other cellular explanations for the pattern of DTI changes
seen in this trial, such as inflammatory, gliotic, or abnormal prolifer-
ative processes, can be excluded because of the results of the MRS
exams (which would be expected to show high choline levels, but this
was not observed), gadolinium-enhanced MRI (expected to show en-
hancement), and the principle that axial diffusivity, seen to be stable in
the corona radiata of these subjects, is typically expected to decrease in
inflammatory processes because of the cellular infiltrate. Likewise, the
observed DTI results in principle could be secondary to any process
that results in stabilization of axonal membranes, a property that has
been associated with premyelinating oligodendrocyte precursors cells
(29). In hypomyelinating jimpy mice, endogenous astrocytes ensheath ax-
ons, which can be associated with small increases in fractional anisotropy
(30). However, it is unlikely that donor-derived astrocytosis accounts for
the magnitude and coherence of DTI signals we observed. Moreover, in
a companion paper (11), HuCNS-SCs implanted into axon tracts of hy-
pomyelinated Shi mice differentiated principally into oligodendrocytes
but not astrocytes as shown by immunohistochemical analyses. Other
possibilities, such as the bystander effect of neural stem cells (31) and
the contribution of Schwann cells (32), are unlikely to account for our
findings. Schwann cells might be produced in small numbers in the
first few weeks after injury, but this is inconsistent with the magnitude
and timing of our MRI-DTI results.

In conclusion, our clinical trial explored the potential for white mat-
ter restoration with neural stem cell transplantation and used MR
techniques to demonstrate evidence of biological effect from allogeneic
donor neural stem cells. The clinical outcomes indicate that the inter-
vention is safe and tolerated by subjects with PMD. The biological
properties of the HuCNS-SCs and the radiological findings in this
study, when considered collectively, suggest donor-derived myelina-
tion in the region of cell transplantation and suggest the potential
for application of this approach to other disorders of myelination.

MATERIALS AND METHODS

Human CNS stem cells

The isolation and purification of HuCNS-SCs have been previously
described (15). Briefly, HuCNS-SCs were derived from a single do-
nated fetal brain obtained through a nonprofit tissue procurement
agency regulated by the FDA. The tissue was enzymatically digested
to generate a single-cell suspension, and fluorescence-activated cell
sorting was used to purify a population of CD133-positive and CD24-
negative/low cells. This purified cell population (HuCNS-SCs) was
then expanded as a neurosphere culture in serum-free, chemically de-
fined growth medium supplemented with fibroblast growth factor 2,
epidermal growth factor, and leukemia inhibitory factor by a pro-
cess compliant with GMP. HuCNS-SCs, purified from a single tissue
source, were cryopreserved into master and working cell banks, from
which patient lots were derived for allogeneic transplantation (15, 16).
These cells are considered tissue-derived somatic stem cells, express
nestin and Sox2, and have been extensively characterized (10, 17).
Their ability to produce functional myelin in rodents is described in
detail in a companion paper (11).

Transplantation procedure
The administration of the HuCNS-SCs involved insertion of a dual
side-port 20-gauge needle to a depth of at least 2 cm below the cortical
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surface at each target site of the precentral centrum semiovale white
matter of the frontal lobe using MRI-based guidance. The injection
was conducted over 10 min at each transplant site; the cortical surface
overlying the needle insertion was monitored for signs of reflux, and the
rate of injection was adjusted accordingly. Subjects received dexamethasone
in the immediate postoperative period. For safety purposes, routine
noncontrast head CT and MRI were performed within 24 to 48 hours
of surgery.

Cranial imaging techniques

All MRI/MRS were performed on a GE 3T MR scanner (General
Electric Healthcare) with an eight-channel phase array head coil and in-
cluded volumetric T1 images [inversion recovery prepared fast spoiled
gradient-recalled echo (IRSPGR), TR = 11.58 ms, TE = 4.8 ms, inver-
sion time (TT) = 450 ms, partition size = 0.895 mm, in-plane resolu-
tion = 0.41 mm)], T2 images [volumetric fast spin-echo (FSE), TR =4.0 s,
TE = 104 ms, contiguous 1.5-mm sections, in-plane resolution =
0.94 mm]. High-angular resolution diffusion MRI (HARDI) data were
acquired for DTI analyses (b = 2000 s/mm?, 55 directions, TR/TE =
15,000/74 ms, 2-mm isotropic voxels). All cranial scans were done at
the study site. Proton MRS was performed within 4 x 2 x 2-cm voxels
located in the bilateral centrum semiovale. Both short echo (TR =
1500 ms, TE = 26 ms) and long echo (TR = 1500 ms, TE = 288 ms)
were acquired.

Image analyses

HARDI data were processed with a weighted least-squares fit to com-
pute the diffusion tensor metrics. ROIs were drawn on the preimplant
data that correspond to anterior corona radiata and posterior corona
radiata and control regions in the larger surrounding left and right
anterior frontal white matter (FL and FR) and left and right posterior
parieto-occipital white matter (PL and PR) regions, the genu and sple-
nium of the corpus callosum (CC), and bilateral cingulum (CI). The
corpus callosum and cingulum regions were defined on the basis of
probabilistic fiber tracking with QBall residual bootstrap (33). Fiber
tracking from the injection sites largely delineated the inferior-superior
pathways including corona radiata bundles.

For the longitudinal comparison, all time points for each subject were
registered with a nonparametric, diffeomorphic deformable image reg-
istration (DTI-TK) (34). DTI registration is a challenge due to the fact
that DTT data are multidimensional and the tensor orientation after
image registration has to be consistent with the anatomy. The applica-
tion of the DTI registration on these patients is more difficult because
of the age of the patients and the severe hypomyelination in the CNS.
The ROIs were registered to all time points with these transforma-
tions, and the accuracy of the registrations was visually verified by
two neuroradiologists.

All ROIs were made with similar size and shape and were defined
within coherent fiber bundles as determined by the fractional anisotropy
value on the preimplant fractional anisotropy map. This step enables
interpretation of the DTT metrics in the context of an aligned bundle
of axons. Care was taken to define the ROIs within the boundary of
the high-anisotropy regions to minimize partial volume contamination
from neighboring tissue. Anatomically similar regions were chosen for
all subjects. The ROIs defined at the preimplant time point were trans-
formed to all other time points with the previously determined map-
ping and resampled with nearest-neighbor interpolation. A threshold
reflecting the minimum fractional anisotropy value observed at the pre-
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implant ROI was used to further cull the registered postimplant ROIs.
To assure that the same region was interrogated at preimplant and the
subsequent time point, we then transformed back the thresholded post-
implant ROIs to preimplant time point and resampled them with nearest-
neighbor interpolation. This procedure ensured minimization of partial
volume effects because of the variable acquisition angulations coupled
with the registration process as well as consistency in the ROIs between
postimplant and preimplant time points.

The DTI metrics at each time point were divided by the relevant pre-
implant values to provide a percentage of the preimplant value. The per-
centages were averaged across individual ROIs within an individual to
create a mean percentage for implanted and control regions at each time
point for each subject. Standard errors (SEs) were computed for implant
and control region percentage values. To quantitatively assess the relative
change of implant and control regions, we divided the implant percent-
age values by individual ROI control percentage values, and then, we
averaged the ratios at each time point; the SE over these ratios was com-
puted. These ratios therefore eliminate any global effects on the percent-
age values in implant and control regions and present a normalized or
relative percentage of change between implant and control regions over
time. Mean values of the DTI metrics were extracted in all regions at
each time point in each subject in the native space of the acquisition.
The percentage of changes relative to preimplant DTT values in the
corona radiata and control regions are shown for all subjects (Fig. 5);
also on the plot are the mean of the control values and the ratio of
corona radiata to control mean values.

Standard volumetry techniques are difficult on the PMD subjects
because of the atypical distribution of signal intensities reflecting the
lack of myelin contrast. To enable reliable estimates of the tissue vol-
umes, we used multiparametric acquisitions with eight flip angles and
an IRSPGR for B1 corrections to estimate three-dimensional T1 relaxa-
tion times maps (35). The T1 relaxation time maps were used to seg-
ment gray matter, white matter, and CSF via SienaX (http://www.
fmrib.ox.ac.uk/fsl/siena/index.html).

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/4/155/155ra137/DC1

Table S1. Inclusion criteria.

Table S2. Schedule of major procedures during screening, surgery, and posttransplant follow-up in
the PMD phase 1 clinical study.

Table S3. Brain volumes (cm®) of PMD subjects at baseline and time points in months.

Fig. S1. Structure of mutant PLP1 protein in study subjects.
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