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Aim: To characterize the preclinical safety profile of a human embryonic stem cell-
derived oligodendrocyte progenitor cell therapy product (AST-OPC1) in support of its 
use as a treatment for spinal cord injury (SCI). Materials & methods: The phenotype 
and functional capacity of AST-OPC1 was characterized in vitro and in vivo. Safety and 
toxicology of AST-OPC1 administration was assessed in rodent models of thoracic SCI. 
Results: These results identify AST-OPC1 as an early-stage oligodendrocyte progenitor 
population capable of promoting neurite outgrowth in vitro and myelination in vivo. 
AST-OPC1 administration did not cause any adverse clinical observations, toxicities, 
allodynia or tumors. Conclusion: These results supported initiation of a Phase I clinical 
trial in patients with sensorimotor complete thoracic SCI.

Keywords: biodistribution • clinical trial • human embryonic stem cells • oligodendrocyte 
progenitors • preclinical safety • thoracic spinal cord injury • toxicology • tumorigenicity

There are multiple pathologies observed in 
spinal cord injury (SCI) due to the injury 
itself and subsequent secondary effects due 
to edema, hemorrhage and inflammation [1]. 
These pathologies include the severing of 
axons, demyelination, parenchymal cavita-
tion and the production of ectopic tissue such 
as fibrous scar tissue, gliosis and dystrophic 
calcification [2,3]. The clinical effects of these 
pathologies often are severe and can include 
limb paralysis, uncontrolled muscle spasms, 
aberrant pain signaling, loss of bladder func-
tion and sexual dysfunction  [4]. Oligoden-
drocytes, which provide both neurotrophic 
factor and myelination support for axons, are 
susceptible to cell death following SCI and 
thus are an important therapeutic target  [5]. 
Replacement of the oligodendrocyte popula-
tion could both support the remaining and 
damaged axons and also remyelinate axons 
to help restore electrical conduction and 
function [6].

AST-OPC1 (formerly GRNOPC1) is a 
population of early-stage oligodendrocyte 
progenitor cells (OPCs) that is differentiated 
from human embryonic stem cells (hESCs) [7] 

using the H1 cell line. Originally developed 
by Geron Corporation as GRNOPC1, the 
name of this cell therapy product was subse-
quently changed to AST-OPC1 to mark the 
acquisition of Geron’s hESC technology by 
Asterias. Importantly, the AST-OPC1 dif-
ferentiation process is commercially scalable, 
compatible with current Good Manufactur-
ing Practices (cGMP), has been approved for 
early Phase clinical testing by the US FDA, 
and remains one of the only protocols to be 
independently replicated by multiple groups 
and using different hESC lines  [8]. AST-
OPC1 has been characterized by the expres-
sion of several molecules that are associated 
with early-stage OPCs, such as Nestin, NG2 
and PDGFR-α  [9]. AST-OPC1 cells are 
further characterized by their minimal or 
lack of expression of markers known to be 
present in other cell types, such as neurons 
(Tuj1), astrocytes (GFAP), endoderm (AFP), 
mesoderm (MSA) and hESCs (Oct4) [10,11].

Studies of AST-OPC1 in rodent models of 
SCI provide evidence of the therapeutic ben-
efit of these cells when transplanted directly 
into the injured spinal cord approximately 
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1 week after injury. Post-transplant, AST-OPC1 cells 
(in this case differentiated from H7 hESCs) exhib-
ited long-term persistence, limited migration from the 
injection site, differentiation into mature oligoden-
drocytes and were associated with reduced parenchy-
mal cavitation, increased remyelination and enhanced 
functional recovery  [10]. Consistent with this, prior 
studies have shown that transplantation of analogous 
OPCs, including those derived from adult mouse brain 
or embryonic rat spinal cord, also remyelinate denuded 
axons and stimulate improved locomotion and reflex 
function in both mouse and rat models [12–14]. In addi-
tion, AST-OPC1 was found to secrete multiple fac-
tors relevant to neural repair and supported neurite 
extension from sensory neurons in vitro [11].

In this report, we describe additional phenotypic 
and functional characterization of AST-OPC1 and 
present the design of, and results from, the preclini-
cal safety studies that were submitted to the FDA as 
part of an Investigational New Drug Application. The 
cells used in this study were manufactured using the 
same differentiation procedure as prior studies, includ-
ing those demonstrating efficacy of AST-OPC1  [10]. 
To obtain safety data that are relevant to both AST-
OPC1 and to its proposed clinical use, we conducted 
long-term safety and toxicology studies in a rat model 
of thoracic spinal cord contusion injury. These studies 
were designed to address key safety parameters asso-
ciated with direct administration of AST-OPC1 into 
the injured spinal cord, including: biodistribution 
and long-term persistence of the transplanted cells; 
induction of any local or systemic toxicities; and AST-
OPC1’s capacity for tumor or ectopic tissue forma-
tion. To further understand how the tumorigenicity of 
AST-OPC1 might depend on a residual population of 
hESCs, we performed additional studies with immu-
nodeficient mice that were administered AST-OPC1 
spiked with increasing levels of hESCs. The results of 
these studies supported clearance by the FDA to initi-
ate a Phase I clinical trial to assess safety of AST-OPC1 
in patients with subacute, sensorimotor complete 
thoracic SCI.

Materials & methods
Please see Supplementary Materials & Methods for 
additional details of methodology.

Animal subjects
All procedures used in this study were approved by a 
board-certified veterinarian and the Geron IACUC 
committee and were conducted in accordance with 
the NIH Guide for the Care and Use of Laboratory 
Animals. Adult athymic nude rats (strain Crl:NIH-
Foxn1rnu) were obtained from Charles Rivers Laborato-

ries (MA, USA). Rag2-/-γc-/- mice and shiverer-/- mice 
were obtained from Jackson Laboratories (ME, USA) 
and bred in-house to generate Rag2-/-γc-/-/shi-/- homo-
zygous mice. All animal subjects were housed in stan-
dard conditions with a 12-h light/dark cycle, were pro-
vided food and water ad libitum, and were allowed to 
acclimate for a minimum of 1 week prior to surgery.

Differentiation of AST-OPC1 from hESCs
The WA01 (H1) hESC line was expanded in feeder-
free conditions  [15,16] and differentiated into AST-
OPC1 according to published methods  [7,17]. Briefly, 
hESC colonies were lifted with collagenase and man-
ual scraping and then seeded into ultra low attach-
ment flasks (Corning, Inc., NY, USA) in 50% hESC 
growth medium and 50% glial progenitor medium 
(GPM) containing 4 ng/ml of bFGF and 20 ng/ml 
EGF to stimulate embryoid body formation. On day 1 
post-seeding, medium was replaced with 50% hESC 
growth medium/50% GPM containing 20 ng/ml EGF 
and 10 μM all-trans-retinoic acid (RA). On days 2–8, 
medium was replaced daily with 100% GPM contain-
ing 20 ng/ml EGF and 10 μM RA. On days 9–26, 
embryoid bodies were maintained in GPM/EGF with-
out RA, which was replaced every 2 days. On day 27, 
embryoid bodies were plated in flasks precoated with 
Matrigel (Corning, Inc.) and cultured in GPM/EGF 
for 7 days with medium exchange every 2 days. On day 
34, cells were harvested with trypsin, replated in Matri-
gel-coated flasks and cultured for an additional 7 days 
in GPM/EGF, with medium exchange every 2 days. 
On day 41, cells were harvested with trypsin, filtered 
to remove residual cell aggregates and cryopreserved 
in liquid nitrogen. All cultures were tested regularly 
for sterility and mycoplasma, and no contamination 
was detected. Prior to in vitro and in vivo testing, AST-
OPC1 was thawed and washed in HBSS to remove 
cryopreservation medium. All studies were performed 
using cryopreserved and thawed AST-OPC1 cells, in 
accordance with their use in the subsequent thoracic 
SCI clinical trial.

Analysis of differentiated AST-OPC1 by flow 
cytometry
Differentiated AST-OPC1 samples were assayed for 
the presence of surface and intracellular markers using 
standard flow cytometry. For surface marker staining, 
day 41 AST-OPC1 samples were blocked and incu-
bated with primary antibody and/or isotype control 
(NG2, cat # 37–2300, Invitrogen, CA, USA; Mouse 
IgG1, cat # 554121, BD Biosciences, CA, USA) fol-
lowed by fluorescent-conjugated secondary antibodies. 
For intracellular marker staining, day 41 AST-OPC1 
samples were tagged with ethidium monoazide (cat 
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#  E2028, Sigma, MO, USA) for dead cell discrimi-
nation, followed by fixation using 2% paraformalde-
hyde (PFA) and then permeabilization with cold 90% 
methanol. The cells were blocked, and then incubated 
with primary antibody and/or isotype control (Oct4, 
cat # SC8629, Santa Cruz, CA, USA; Goat IgG, cat 
# SC2028; Santa Cruz; Nestin, cat # MAB5326, Mil-
lipore, MA, USA; Mouse IgG1, cat # 554121, BD Bio-
sciences) followed by fluorescent-conjugated secondary 
antibodies. All samples were then acquired and the 
data analyzed on the BD Biosciences FACSCalibur™ 
cytometer system using Cellquest Pro software (BD 
Biosciences).

Quantification of secreted factors in AST-OPC1 
conditioned medium by Luminex
Conditioned media from seven different AST-OPC1 
lots was collected at the time of harvest (immediately 
prior to cryopreservation) and sent to AssayGate, 
Inc. (MD, USA) for Luminex-based detection of 66 
secreted factors. Secreted factors that were detected in 
all seven lots and found to have putative roles in neural 
repair are reported.

In vitro neurite outgrowth assay
Embryonic day 18 Sprague–Dawley rat cortical cells 
were seeded at 80,000 cells/0.5 ml/well into poly-l-
lysine-coated 24-well plates and cultured in Neuro-
basal medium. On day 4, each well received a 0.4 μM 
pore Transwell insert containing either 200,000 AST-
OPC1 cells in Neurobasal medium or Neurobasal 
medium alone.

On day 14, primary cortical neurons were fixed and 
stained with the anti-neurofilament antibody, SMI-
312 (ca # ab24574, Abcam, Cambridge, UK) and fluo-
rescent-conjugated secondary antibody. Stained plates 
were imaged on an INCell Analyzer 2000 (GE Health-
care, PA, USA), using a 10× objective to acquire nine 
imaging fields per well. ImageJ software (NIH, MD, 
USA) was used to determine the mean fluorescent area 
of SMI-312 positivity for each treatment group.

Thoracic spinal cord injury
Following at least 1 week of acclimation, adult male and 
female athymic nude rats (strain = Crl:NIH-Foxn1rnu, 
age = 8–12 weeks) were subjected to a thoracic spinal 
cord crush/contusion injury at level T10. Rats were 
given an intraperitoneal injection of a 60 mg/kg ket-
amine/7.5 mg/kg xylazine cocktail to induce anesthe-
sia, and then a midline skin incision was made at the 
T8–T11 level of the thoracic spinal cord. The para-
vertebral muscles were dissected bilaterally to visual-
ize the transverse apophyses. A laminectomy was per-
formed at T10 only, and a midline contusion injury 

was induced using the Infinite Horizons Impactor 
(Precision Systems & Instrumentation, VA, USA) set 
to deliver a 200 kdyne force impact. The impact force 
was recorded and animals that exhibited no deficit or 
severe deficit (i.e.,  inability to right self or self-feed) 
were excluded from studies (<5% of animals). Follow-
ing contusion injury and wound closure, animals were 
given a subcutaneous (sc.) injection of lactated Ringer’s 
solution (10 ml) and maintained on an isothermic pad 
until recovery from anesthesia. Following contusion 
injury, manual bladder expression was performed two- 
to three-times daily for each animal until voluntary 
bladder expression returned.

AST-OPC1 transplantation in injured nude rats 
& Shiverer/Rag2 or SCID/Bg mice
For athymic nude rats (Crl:NIH-Foxn1rnu), AST-
OPC1 was injected into the spinal cord 6–8 days post-
contusion injury. Animals were positioned in a stereo-
taxic frame, and a 50 μl Hamilton syringe outfitted 
with a 32 gauge needle (1-inch-long, 30 beveled tip) was 
used to deliver vehicle (Hank’s Balanced Salt Solution, 
HBSS) or AST-OPC1 at 2.4 × 106 or 2.4 × 105 cells/rat 
into the dorsal spinal parenchyma adjacent to the con-
tusion epicenter via four injections of 6 μl (high-dose 
AST-OPC1 or HBSS) or a single 2.4 μl injection (low-
dose AST-OPC1). For high-dose AST-OPC1, the 
four injections were positioned around the perimeter 
of the injury epicenter. For low-dose AST-OPC1, the 
single injection was positioned cranial and adjacent to 
the injury epicenter. All injections were administered 
approximately 1 mm ventral to the pial surface of the 
spinal cord. Cells or vehicle were administered at a rate 
of approximately 3 μl/min.

The immunosuppressive article, anti-asialo GM1 
antibody (GM1Ab, cat # 986-10001, Wako Chemi-
cals, VA, USA) was administered via an intraperito-
neal injection to all athymic nude rats (vehicle and 
AST-OPC1 groups) 2 days prior to transplant surgery, 
on the day of transplantation, and 2 days after trans-
plantation, and weekly thereafter as 1 mg/injection in 
0.2 ml USP sterile saline for the study duration.

For Rag2-/-γc-/-/shi-/- (shiverer) mice, AST-OPC1 
was injected into the uninjured spinal cord of adult 
male mice at T9–T10 at a dose ranging from 2.5 × 105 
to 1  ×  106 cells/mouse and at a concentration of 
1 × 105 cells/μl using the same approach as described for 
athymic nude rats. No additional immunosuppressive 
agents were given to mice used in these studies.

Animal perfusion & tissue processing for 
histology
Central and peripheral tissues were collected at autopsy 
and immersion fixed in 10% formalin for paraffin-
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embedding. For spinal cord, the approximate rostral 
and caudal extent of the affected spinal cord tissue, 
corresponding to approximately 1 cm rostral and 1 cm 
caudal to the contusion epicenter or site of administra-
tion, was dissected en bloc during necropsy. The tissue 
was processed for paraffin embedding using standard 
procedures. Spinal cord tissue was sectioned in the 
longitudinal/horizontal plane by microtome and 5 μm 
sections were obtained and mounted onto slides for 
subsequent hematoxylin and eosin staining, ISH and 
immunohistochemistry (IHC).

Whole body fixation was performed by transcardial 
perfusion with 0.9% saline followed by 4% PFA. For 
frozen tissue preparation, perfused tissue was post-
fixed in 4% PFA overnight at 4°C followed by cryopro-
tection in 30% sucrose/PBS for 72 h at 4°C. Cryopro-
tected tissue was snap-frozen on dry ice and stored at 
-80°C until sectioning at 20 μm on a cryostat.

Myelin staining with Eriochrome cyanine
To identify myelinated fibers within the spinal cord, 
tissues were stained with Eriochrome cyanine solution 
and counterstained with Eosin-Y. Stained slides were 
imaged with an Axiocam MRc5 camera mounted on 
an Observer D1 microscope (Carl Zeiss, Gottingen, 
Germany).

Characterization of transplanted AST-OPC1 by 
immunohistochemistry & in situ hybridization
All animals that received AST-OPC1 transplantation 
were assayed for the presence of human cells in the spi-
nal cord by in situ hybridization (ISH) with an human 
Alu DNA repeat sequence probe (cat # Q151P.9900, 
Life Technologies, MA, USA) for paraffin-embedded 
tissue or IHC with an antihuman nuclei antibody 
(hNUC, cat # MAB1281, Millipore) for frozen tis-
sue. Sections were also stained by IHC for Ki-67 (cat 
# ab833, Abcam).

Cavitation area measurements in the injured 
spinal cord
Measurements of cavity formation were performed 
on spinal cord tissues sectioned in the longitudi-
nal (horizontal) plane and stained with Eriochrome 
cyanine/Eosin-Y as described above. For each animal 
included in the cavitation area analysis, all longitudi-
nal sections containing the injury site were examined, 
and the section containing the maximal cavitation 
area was selected and used for quantification. Mea-
surements were made on spinal cord sections from 
ten to 12 subjects in each treatment group (2.4 × 105 
AST-OPC1, 2.4 × 106 AST-OPC1 or HBSS). Subjects 
within each treatment group were selected randomly, 
and area measurements were performed using ImageJ 

software by an investigator who was blinded to the 
treatment groups.

Biodistribution of transplanted AST-OPC1 by 
quantitative PCR
One week after thoracic spinal cord injury, rats were 
transplanted with AST-OPC1 or vehicle control, using 
the methods described above and two different doses 
of AST-OPC1 (2.4 × 105 or 2.4 × 106 cells/rat). At 2, 
14 and 180 days post-administration, blood, cerebral 
spinal fluid (CSF) and tissues were collected from the 
transplanted rats. Tissues and CSF were flash frozen in 
isopentane chilled on dry ice and stored at -80°C. The 
presence of human DNA was assayed by amplifying 
a 232 base pair sequence of the human Alu Y repeat 
sequence using the ABI Prism 7700 Sequence Detec-
tion System. All quantitative PCR (qPCR) analyses 
were performed by Althea Technologies (CA, USA).

At 2, 14 and 180 days after AST-OPC1 transplanta-
tion, parallel sets of animals in each group were trans-
cardially perfused using 0.9% saline followed by 4% 
PFA, and the spinal cord and brain were sectioned on 
a cryostat for subsequent detection of human cells by 
IHC with anti-hNUC.

Clinical & toxicological assessments of 
AST-OPC1-treated, contused rats
Toxicology studies of AST-OPC1-treated, contused 
male and female athymic nude rats were performed at 
MPI Research (MI, USA) using GLP. Observations 
for morbidity, mortality, injury and the availability 
of food and water were conducted at least twice daily 
for all animals enrolled in toxicology studies. Clinical 
observations were conducted and bodyweights were 
measured and recorded twice weekly during the study. 
At study termination, necropsy examinations were per-
formed, organ weights were recorded, blood and urine 
samples were collected for clinical pathology evalua-
tions and selected tissues were examined microscopi-
cally by a board-certified veterinary pathologist who 
was blinded to animals’ treatment groups.

Allodynia measurements in AST-OPC1-treated, 
contused rats
At approximately 3, 6 and 9 months post-transplanta-
tion, ten male and ten female rats from each treatment 
group (2.4 × 105 AST-OPC1, 2.4 × 106 AST-OPC1 or 
HBSS) were evaluated for allodynia or hypersensitiv-
ity in response to normally non-noxious mechanical 
(blunt probe) or cold (point application of acetone) 
stimuli [18]. Each animal tested was observed for supra-
spinal responses to the stimuli according to the follow-
ing parameters: three anatomical levels of assessment 
(at, above, and below the level of injury), two modali-
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ties (application of mechanical stimulation or cold 
stimulation) and two assay sites (dorsal skin surface of 
the trunk and glabrous tissue of the paws).

Mouse tumorigenicity studies of AST-OPC1 
spiked with undifferentiated hESCs
Tumorigenicity studies were performed at MPI 
Research using GLP. AST-OPC1 spiked with its par-
ent hESC line, H1, was administered into the thoracic 
spinal cord of uninjured male and female CB-17/Icr-
Crl-PrkdcscidLystbgBR (SCID/bg) mice using the trans-
plantation procedure described above. Animals were 
administered a total dose of 2 × 106 cells or HBSS as 
a single 10 μl injection and were monitored for up to 
12 months for clinical signs of tumor formation: treat-
ment groups and sample sizes were as follows: 100% 
H1, n = 30; 50% H1, n = 30; 10% H1, n = 31; 5% H1, 
n = 12; 1% H1, n = 36; 100% AST-OPC1, n = 128; 
HBSS, n = 30. The sample size for the 0% hESC group 
(AST-OPC1 alone) was selected such that if all ani-
mals in that group were negative for tumors, the true 
incidence of tumor formation would be <3% (3/n) at 
90% confidence. Sample sizes were chosen to allow 
for detection of a teratoma frequency ≥3% for the 1, 
10, 50 and 100% hESC spiked groups. Microscopic 
examination of fixed hematoxylin and eosin-stained 
paraffin sections was performed on protocol-desig-
nated sections of tissues. The slides were examined by a 
board-certified veterinary pathologist who was blinded 
to the treatment groups. A four-step grading system 
was utilized to define gradable lesions for comparison 
between treatment groups. Presence of human cells in 
observed tumors was confirmed by ISH as described 
above.

Results
Description of AST-OPC1
AST-OPC1 (formerly known as GRNOPC1) was 
generated by the differentiation of WA01 (H1) 
hESCs from a master cell bank as described in the 
Supplementary Methods. The differentiation process 
to produce AST-OPC1 requires 41 days and transitions 
the hESCs from undifferentiated cell colonies through 
embryoid bodies to become an adherent, dispersed cell 
population which is harvested and cryopreserved. Rep-
resentative photomicrographs of the cells at different 
stages of the 41-day differentiation process are shown 
in Figure 1A.
Analysis of 41-day differentiated AST-OPC1 by flow 
cytometry and immunocytochemistry (ICC) indicated 
that the cell population was comprised mostly of neu-
ral lineage cells with a phenotype consistent with pre-
OPCs to early OPCs. By flow cytometry, over 90% of 
the cells were positive for Nestin and >50% were posi-

tive for NG2, a neural/glial proteoglycan expressed by 
oligodendrocyte progenitor cells (Figure 1B). In addi-
tion, levels of the pluripotent stem cell marker, Oct4, 
were below the level of detection (<0.2%), indicat-
ing little to no residual hESCs (Figure 1B). Using the 
AST-OPC1 differentiation process, we produced over 
75 lots of AST-OPC1, which were further character-
ized by ICC on day 41 for the presence of multiple 
markers of ectodermal, mesodermal, endodermal and 
pluripotent cell types to assess the composition of the 
population and detect potential unwanted cells types 
(Supplementary Table 1). In agreement with the flow 
cytometry results, ICC profiling indicated a cell popu-
lation predominantly composed of pre-OPCs or early 
OPCs with few mature neuronal or astrocytic cells. 
The presence of endodermal, mesodermal or pluripo-
tent cell types ranged from undetectable to <1% of the 
differentiated AST-OPC1 cell population. The data 
shown in Figure 1 represent a typical lot of AST-OPC1 
that can be further defined as a population >90% Nes-
tin positive, 30–70% NG2 positive and <0.2% Oct4 
positive. The lots of AST-OPC1 used for the preclini-
cal studies described in this manuscript were selected 
based on these criteria.

Biological activities of AST-OPC1
AST-OPC1 stimulated axonal outgrowth in vitro and 
myelination in vivo. A noncontact co-culture system 
using rat primary cortical neurons was used to assess 
the ability of AST-OPC1 to induce axonal outgrowth 
in vitro via paracrine signaling. Figure 2 shows rat 
primary cortical neurons that were cultured 14 days 
in control medium (Figure 2A) or with AST-OPC1 
(Figure 2B) and labeled by ICC with antibodies against 
the axonal marker SMI-312. Quantitative enumeration 
of the area of axonal outgrowth from three independent 
experiments demonstrated significantly greater axonal 
outgrowth with AST-OPC1 co-culture (Figure 2C). 
To identify candidate paracrine factors mediating this 
effect, proteins secreted by AST-OPC1 were character-
ized by Luminex assay. Expanding on previous find-
ings  [11], AST-OPC1 conditioned medium contained 
multiple proteins with putative roles in neural repair, 
including those involved in axonal growth (clusterin), 
chemoattraction (MCP-1) and suppression of apoptosis 
(TIMP1 and 2, ApoE) (Supplementary Table 2) [19–24].

To assess the ability of AST-OPC1 to induce myelin-
ation of axons, cryopreserved AST-OPC1 cells were 
thawed and injected into the spinal cord of immuno-
deficient Rag2-/-γc-/-/shi-/- (shiverer) mice that displayed 
a dysmyelinated phenotype due to their deficiency in 
myelin basic protein production. Two doses of AST-
OPC1 (2.5 × 105 or 1 × 106 cells) were injected into 
the uninjured spinal cord at thoracic level T9–T10. The 
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Figure 1. Differentiation of human embryonic stem cells into AST-OPC1. (A) Representative brightfield photomicrographs of the 
AST-OPC1 differentiation process. Undifferentiated human embryonic stem cells (day 0) undergo embryoid body formation and 
differentiation in suspension culture (days 1–26) followed by plating and additional differentiation and expansion as an adherent 
culture (days 27–41). Magnification = 50×. (B) Representative flow cytometry analysis of day 41 AST-OPC1 for the neural/glial lineage 
markers Nestin and NG2, and the pluripotency marker Oct4. Oct4 levels in AST-OPC1 were below the lower limit of detection by flow 
cytometry (0.2%).
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mice were assessed 2 months postimplant for the pres-
ence of human cells and myelinated axons. Two months 
after implantation, human cells were detected by IHC 
using a human nuclear antigen antibody (hNUC, 
brown) in close association with myelinated fibers 
labeled with Eriochrome cyanine (EC, blue) within the 
thoracic spinal cord (Figure 2D). No myelinated fibers 
or human cells were observed outside the vicinity of the 
graft site (Figure 2E).

In rats subjected to thoracic SCI prior to AST-OPC1 
administration, AST-OPC1 survived in the lesion site, 
was associated with myelinated fibers and reduced cav-
ity formation. In a series of three toxicology studies, 
athymic nude rats [Crl:NIH-Foxn1rnu] received a 200 
kdyne contusion injury at T10 using the Infinite Hori-
zon Impactor (Precision Systems & Instrumentation) 
and were implanted with 2.4 × 105 or 2.4 × 106 AST-
OPC1 or HBSS vehicle control at 6–9 days postinjury. 
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Figure 2. AST-OPC1 stimulates axon outgrowth in vitro and myelination in vivo. (A & B) Representative images of rat primary 
cortical neurons cultured in control medium for 14 days (A) or co-cultured with AST-OPC1 from days 4–14 (B) and labeled by 
immunocytochemistry with antibodies against the axonal marker SMI-312. (C) Axon outgrowth was increased in rat primary 
cortical neurons co-cultured with AST-OPC1 compared with vehicle control on day 14. The graph shows combined results from 
three independent experiments, expressed as average percent axon outgrowth relative to vehicle. *** indicates significance 
relative to vehicle by two-tailed Student’s t-test (p < 0.0001). Error bars denote standard deviation. (D & E) High magnification 
photomicrographs of thoracic spinal cord from immunodeficient Rag2-/-γc-/-/shi-/- mice transplanted with AST-OPC1. By 2 months post-
transplantation, myelinated fibers (blue) were detectable within the graft site in close association with cells positively labeled with 
the anti-human nuclei antibody (hNUC, brown) (D), whereas no myelin staining was observed in the spinal cord outside the AST-OPC1 
graft site (E). In this study, 7 Rag2-/- γc-/-/shi mice were transplanted with AST-OPC1 and assessed at 2 months, positive hNUC staining 
was detectable in all subjects, and myelinated fibers were observed within the graft site in three of seven animals. Magnification: 
(A & B) = 100×; D and E = 400×.
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9 months postimplantation, the lesion sites were exam-
ined histologically. In control injured rats injected with 
vehicle, extensive parenchymal cavitation was observed 
(Figure 3A & C). The cavity was often large, extending 
rostrocaudally across multiple spinal cord segments from 
the epicenter of the injury site. Little to no cellularity 
existed in the cavity. Myelinated axons approached the 
injury cavity and halted their progression as evidenced 
by the presence of dystrophic endbulbs, or changed path 
to circumvent the contusion cavity. By contrast, injured 
animals injected with AST-OPC1 showed much less cav-
itation (Figure 3B & D). In sections from the AST-OPC1 
transplanted animals, multiple fascicles of myelinated 

axons stained with EC were frequently visible within the 
injury/graft site. In the largest toxicology study, paren-
chymal cavitation was quantified for a subset of animals. 
In control animals injected with HBSS vehicle, measur-
able cavitation at the injury site was observed in 11 out 
of 12 subjects (Figure 3E). By contrast, rats injected with 
AST-OPC1, regardless of dose, exhibited a significant 
reduction in parenchymal cavitation with 12 out of 21 
AST-OPC1-treated animals showing no injury-related 
cavities (Figure 3E). Within the lesion site of AST-OPC1 
treated animals, positive labeling with a human-specific 
Alu DNA repeat sequence probe (hAlu) using ISH 
confirmed that human cells were resident in the lesion 
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Figure 3. AST-OPC1 transplantation preserves host myelinated fibers and reduces cavity formation after thoracic spinal cord injury. 
(A & D) Representative low and high magnification photomicrographs of the injury/graft site 9 months after thoracic spinal cord 
injury and injection of vehicle (A & C) or transplantation of AST-OPC1 (B & D). Sections were stained with Eriochrome cyanine to label 
myelin (blue) and counterstained with eosin. Black boxes in (A & B) indicate the magnified regions shown in (C & D). At 9 months 
post-contusion, vehicle-treated animals exhibited redirection of myelinated fibers around the lesion cavity (C), whereas cavitation 
was reduced in AST-OPC1-treated animals, and myelinated fibers were visible within the injury/graft site (D). 
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Figure 3. AST-OPC1 transplantation preserves host myelinated fibers and reduces cavity formation after 
thoracic spinal cord injury (cont.). (E) Dot plot of cavitation area 9 months after thoracic spinal cord injury 
and vehicle or AST-OPC1 treatment. Asterisk denotes significance relative to vehicle treatment based on two-
tailed Student’s t-test (p < 0.05). Horizontal lines denote mean plus standard error of the mean (SEM) for 
each treatment group (vehicle mean cavitation area ± SEM = 1.29 ± 0.372 mm2, n =12; low-dose AST-OPC1 
mean cavitation area ± SEM = 0.378 ± 0.201 mm2, n = 10, p = 0.033; high-dose AST-OPC1 mean cavitation 
area ± SEM = 0.244 ± 0.111 mm2 n = 11, p = 0.0125). (F) Representative photomicrograph of an adjacent tissue 
section from the same AST-OPC1-treated animal in (B & D), showing positive labeling with a human Alu DNA 
repeat sequence probe by in situ hybridization (brown nuclear signal, eosin counterstain) within the same region 
exhibiting myelinated fibers (D). Magnification: (A & B) = 25×; (C–F) = 200×.
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site in the area of the myelinated fibers at 9 months 
post-implant (Figure 3F).

Biodistribution of AST-OPC1
We conducted a biodistribution study to examine the 
potential of AST-OPC1 to migrate and distribute within 
and outside the spinal cord following direct administra-
tion into the injured thoracic spinal cord. Two doses of 
cryopreserved AST-OPC1 (2.4 × 105 or 2.4 × 106) were 
administered into athymic nude rats 6–9 days after a 200 
kdyne T9–10 spinal cord contusion injury and animals 
were maintained for 2, 14 and 180 days to examine bio-
distribution of the cells. These time points were chosen 
to reflect times before and after the expected restoration 
of the functional blood–spinal cord barrier, after which 
AST-OPC1 was considered unlikely to migrate out of 
the CNS  [1]. Ten females were included at each of the 
three time points for each of the three treatment groups 
(HBSS vehicle control, 2.4 × 105 AST-OPC1 or 2.4 × 
106 AST-OPC1). For the 180-day time point, an addi-
tional group of ten males was included which received 
the high dose of AST-OPC1. At 2, 14 and 180 days 
postadministration, five animals from each time point 
and treatment group were euthanized and had CNS and 
peripheral tissues collected including spinal cord (cervi-
cal cord/brainstem, lumbar/thoracic cord), brain (cer-
ebellum, forebrain), blood, gonads, liver, heart, lung, 
kidney, spleen and small intestine. Samples were homog-
enized and assayed for the presence of human cells based 
on detection of hAlu DNA by qPCR. The lower limits 
of quantitation and detection for hAlu by qPCR in this 
assay was 1 pg human genomic DNA/μg rat DNA and 
100 fg human genomic DNA/μg rat DNA, respectively.

At all time points assayed, hAlu DNA was detected 
at less than the limit of quantification (<1 pg human 
gDNA/μg nude rat gDNA) in all rat peripheral tissues 
sampled, including blood, gonads, liver, heart, lung, 
kidney, spleen and small intestine. Out of the 280 
peripheral tissue samples analyzed for hAlu DNA by 
qPCR, only nine (3.2%) showed detectable but non-
quantifiable levels of human DNA. This frequency was 
close to the incidence of false-positive samples (two of 
120 or 1.7%) observed in tissues from animals injected 
with HBSS. These data thus suggested that, if present, 
human cells were very rare in peripheral tissues.

At all time points, AST-OPC1 was found in the 
CNS, especially at the lesion site of the thoracic spi-
nal cord (Figure 4A). In most cases, hAlu DNA was 
detected in the thoracic spinal cord at >10,000 pg 
human DNA per μg rat DNA (>1.0% human cells). 
The amount of human DNA in the thoracic spinal 
cord increased between 2 days and 180 days, although 
the difference in human DNA in the thoracic spinal 
cord did not appear to increase linearly with the dose 
of AST-OPC1.

In the cervical spinal cord, most animals had 
much reduced but measurable hAlu DNA levels 
(≥1–10,000 pg human DNA/μg nude rat DNA). Two 
animals (1 at the 180-day time point and 1 at the 2-day 
time point) that received 2.4 × 106 AST-OPC1 had 
high levels of hAlu DNA in this region (≥10,000 pg 
human DNA/μg nude rat DNA).

One rat in the 180-day termination group receiving 
2.4 × 106 AST-OPC1 had high levels of hAlu DNA 
(≥10,000 pg human gDNA/ug nude rat gDNA) in 
the cerebellum. An additional three animals in the 
180-day termination group had low levels of hAlu 
DNA in the cerebellum (≥1–100 pg human DNA/μg 
nude rat DNA).

These PCR-based biodistribution results were con-
firmed by histological analysis of serial tissue sections 
of the thoracic spinal cord extending from caudal to the 
injury site, through the injury site, and rostral to the 
cerebellum from the remaining five animals per treat-
ment group at each time point. The greatest concen-
tration of human cells as identified by IHC for hNUC 
was at the injection site in area of the injury (Figure 4B). 
The concentration of parenchymal AST-OPC1 dimin-
ished with distance from the injury epicenter. AxioVi-
sion image analysis software (AxioVS 40 V 4.6.3.0, 
Carl Zeiss Imaging Solutions) was used to measure the 
maximum rostrocaudal length of spinal cord between 
hNUC-positive cells. The rostrocaudal extent of AST-
OPC1 intraparenchymal distribution increased with 
time post-transplant, with distances of 15–17 mm 
observed between the most rostral and caudal migrating 
cells at the 180-day time point. AST-OPC1 migrated 
within the gray and white matter of the parenchyma 
and did not appear isolated by glial scarring or other 
anatomical barriers. Further analysis showed that, while 
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Figure 4. Quantification of human cell survival in the CNS in AST-OPC1-treated spinal cord injured rats. (A) Quantification of human 
DNA in rat spinal cord and cerebellum tissue as measured by quantitative human Alu sequence PCR. The graph depicts the mean pg 
of human DNA per microgram of rat DNA in the thoracic spinal cord, cervical spinal cord and in the cerebellum at 2, 14 and 180 days 
post-transplant of AST-OPC1 at the low (2.4 × 105 cells) and high (2.4 × 106cells) dose. For each treatment group at each time point, 
n = 5. Error bars denote standard deviation. (B) Histological assessment of the presence of human cells at and rostral to the injury site 
at 180 days post-administration as determined by immunohistochemistry using antibodies against human nuclear antigen (hNUC). 
The human cell nuclei appear brown in pink eosin-counterstained tissue. Magnification = 100×.
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greater numbers of AST-OPC1 migrated away from the 
injury epicenter in the animals that received the high 
dose of cells, the extent of migration was independent 
of the cell dose administered in this study.

Toxicology assessments of AST-OPC1
Three toxicology studies were conducted in accordance 
with Good Laboratory Practices (GLP) to investigate 

the potential toxicity of AST-OPC1 in the injured 
spi  nal cord. These studies specifically addressed 
potential toxicity issues of AST-OPC1 related to its 
delivery to the thoracic spinal cord, impact on organ 
function, induction of allodynia and tumorigenicity. 
For the toxicology studies, a rat spinal cord contusion 
injury was utilized to mimic as closely as possible the 
conditions that would be encountered in patients with 
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Figure 5. Measurement of allodynia 9 months after administration of AST-OPC1 in spinal cord injured rats. 
At 9 months post-transplantation, rats receiving vehicle or the low or high dose of AST-OPC1 were assessed 
for hypersensitivity to normally non-noxious mechanical (blunt probe) or cold (point application of acetone) 
stimuli. Up to ten randomly selected animals per sex per treatment group were examined for the development of 
allodynia. The percentage of rats with positive responses to a stimulus is shown, with error bars showing standard 
error of the mean (high-dose AST-OPC1, n = 2 male/8 female; low dose AST-OPC1, n = 9 male/8 female; vehicle, 
n = 4 male/6 female). The percentage of positive responses was compared across treatment groups using the 
Kruskal–Wallis test, a nonparametric version of a one-way ANOVA. No significant differences were observed. 
Horizontal dotted gray lines indicate the mean values of uninjured (laminectomy only) vehicle-treated animals 
9 months postinjection for each stimulus type (cold stimulus = 1%, mechanical stimulus = 2%).

18

16

14

12

10

8

6

4

2

0
Above
level

Below
level

At level Above
level

Below
level

At level

Cold Mechanical

%
 R

at
s 

w
it

h
 p

o
si

ti
ve

 r
es

p
o

n
se

High dose
Low dose

Vehicle

future science group

Preclinical safety testing of hESC-derived OPCs for spinal cord injury    Research Article

nonlacerating spinal cord crush injuries. In each study, 
rats were given a moderate 200 kdyne contusion injury 
and transplanted with either cryopreserved AST-OPC1 
or HBSS vehicle. For transplantation, cryopreserved, 
thawed and prepared AST-OPC1 was injected approxi-
mately 6–9 days postinjury into the lesion site of these 
animals using the same delivery methodology intended 
for use in the proposed clinical trial. The three toxicol-
ogy studies examined contused male and female rats, of 
which a total of 299 and 285 were injected with vehi-
cle and AST-OPC1, respectively. AST-OPC1 doses of 
2.4 × 105 and 2.4 × 106 cells were assessed.

Vehicle and AST-OPC1 transplanted rats were 
examined at 2, 6, 9 and 12 months postinjury for 
any negative impact on systemic organ function 
as measured by testing blood and urine analytes. 
Supplementary Table 3 describes the metabolic and 
hematologic parameters examined to assess the poten-
tial systemic toxicity of AST-OPC1. The collective 
data from these studies suggested that AST-OPC1 did 
not induce any significant alterations in hematology, 
coagulation, urinalysis or clinical chemistry param-

eters compared with injured vehicle control animals. 
Some elevation in individual parameters, especially in 
liver enzymes and urea nitrogen were observed occa-
sionally in animals receiving either AST-OPC1 or 
vehicle, likely due to the spinal cord injury itself or to 
the prolonged use of immunosuppression. There were 
no statistically significant differences in the mortality, 
body weights or clinical observations including behav-
ioral activity, excretion, external appearance or skin 
condition between the AST-OPC1 and vehicle-treated 
contused rats. Mortality was relatively high across 
treatment groups (AST-OPC1 = 47%; vehicle = 49%), 
and was observed throughout the ‘in-life’ phase of the 
studies. A common cause of death in all groups was sep-
ticemia/inflammation, not related to AST-OPC1 but 
likely a reflection of the immunocompromised state of 
the animals and their spinal cord injury. Many deaths 
were also related to urogenital dysfunction, inflamma-
tion, obstruction and/or calculi. The occurrence or 
frequency of these urogenital events was not consid-
ered related to AST-OPC1, as they were observed with 
similar frequency in the vehicle group.
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Many individuals with SCI report musculoskeletal, 
neuropathic and visceral pain. To investigate this, all 
animals that received SCI were monitored for auto-
phagia, and other general behavioral indicators of 
pain. Across the three toxicology studies, only seven 
of 584 injured rats (three vehicle and four AST-OPC1) 
showed signs of autophagia.

Additional behavioral tests were performed to assess 
if AST-OPC1 impacted the frequency of allodynia in 
rats with SCI. At approximately 3, 6 and 9 months 
post-transplantation, animals in the largest toxicology 
study were evaluated for allodynia, hypersensitivity in 
response to normally non-noxious mechanical (blunt 
probe) or cold (point application of acetone) stimuli. 
To assure that the mechanical probe and cold (acetone) 
stimuli were nonaversive, the methods were initially 
used on the dorsal skin surface of 18 random male and 
20 random female healthy rats from the study prior 
to laminectomy to establish baseline responses. Each 
animal tested was observed for supraspinal responses 
to the stimuli according to the following parameters: 
three anatomical levels of assessment (at, above and 
below the level of injury), two modalities (applica-
tion of mechanical stimulation or cold stimulation) 
and two assay sites (dorsal skin surface of the trunk 
and glabrous tissue of the paws). At 9 months post-
administration, animals treated with AST-OPC1 did 
not show significant changes in their response profile, 
relative to vehicle controls, for either modality or at 
any anatomical sites, and did not display signs of allo-
dynia (Figure 5). Data are expressed as percent positive 
responses.

Tumorigenicity assessment of AST-OPC1
In the toxicology studies described above, macro-
scopic and microscopic examinations were performed 
by an independent veterinary pathologist who was 
blinded to the animals’ treatment groups to ascertain 
whether AST-OPC1 administration resulted in any 
particular pathology either within or outside the CNS. 
Such analysis also included assessments for teratoma 
or ectopic tissue formation. For this analysis, terato-
mas were defined as expansile proliferations or masses 
which appeared to have arisen from at least two dif-
ferent embryonic germ layers (endodermal, mesoder-
mal and/or ectodermal). Ectopic tissue was defined as 
tissue not normally occurring in the tissue or organ 
examined. For these analyses, over 50 tissues were 
examined from each animal including the longitudi-
nal extent of the spinal cord and five levels of the brain. 
There were no macroscopic or microscopic pathologic 
findings outside the spinal cord that were associated 
with AST-OPC1 in either male or female rats from the 
2-, 6- or 9-month termination groups.

The entire length of the thoracic and cervical spinal 
cords and five levels of the brain (medulla/pons, cer-
ebellum, midbrain, forebrain and olfactory bulbs) were 
examined for teratomas and ectopic tissue. Teratomas 
were not observed in the spinal cord or brain in any 
of the 252 animals examined 2, 6 or 9 months post-
administration. In agreement with this, cells within 
the injury/graft site exhibited very low positivity for the 
proliferation marker, Ki-67, at 9 months post-admin-
istration (Supplementary Figure 1). Furthermore, ISH 
labeling with an hAlu probe indicated robust graft sur-
vival in the thoracic spinal cord of 239 out of the 252 
assessed animals (95%) examined 2, 6 or 9 months 
post-administration (Supplementary Figure 1).

In six of the 252 animals injected with AST-OPC1, 
microscopic ‘cystic-like epithelial structures’ were 
observed. Out of the six observed instances of cyst for-
mation, two were observed in animals that received a 
dose of 2.4 × 105 AST-OPC1 and four were observed in 
animals that received a dose of 2.4 × 106 AST-OPC1. 
These cystic structures were confined to the lesion 
site, ranged in size from 34 to 980 μm in diameter 
and were smaller than typical parenchymal cavitation 
seen in vehicle controls. In three of these six animals, 
two to three separate cystic structures were observed 
in close proximity to one another in the histological 
sections and may have represented lobules of a single 
structure. A thoracic spinal cord tissue section contain-
ing one of these cystic structures is shown in Figure 6. 
Cystic structures were lined with cells exhibiting epi-
thelial morphology (Figure 6B), were of human origin 
(Figure 6C) and were not highly proliferative given 
that very few cells were positive for the proliferative 
marker, Ki-67 (Figure 6D). Cystic structures were never 
observed in healthy tissue or in the cervical spinal cord 
or brain of any animal in the study. There were no 
apparent clinical symptoms in the animals in which 
cystic structures were observed.

Additional teratoma assessments of AST-OPC1
The potential for teratoma formation by AST-OPC1 
was also tested in the spinal cord of CB-17/IcrCrl-
PrkdcscidLystbgBR (SCID/bg) mice at 12 months post-
administration for two different lots of AST-OPC1. In 
these studies, 2 × 106 AST-OPC1 were administered 
to the intact, uninjured T10 thoracic spinal cord of 
the immunodeficient mice. A positive control group 
received undifferentiated hESCs, and a negative con-
trol group received HBSS vehicle alone. Additional 
treatment groups received a total of 2 × 106 cells con-
taining AST-OPC1 spiked with 1, 5, 10 or 50% undif-
ferentiated hESCs. Treatment groups comprised an 
equal number of males and females and were followed 
for 12 months to assess tissues for teratoma formation. 
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Figure 6. Presence of a cystic-like epithelial structure of human origin within the injury/graft site 9 months after 
contusion injury and AST-OPC1 treatment. (A & B) Low and high magnification hematoxylin and eosin staining 
of thoracic spinal cord from an animal treated with AST-OPC1 in which a cystic structure was observed 9 months 
post-treatment. In a photographic montage of the contused spinal cord (A), brackets indicate the approximate 
boundaries of the highest graft density, and the cystic structure is indicated with a black arrow. To the left of 
the cystic structure, just caudal to the indicated graft boundary, residual cavitation is apparent. (C) The cystic 
structure was comprised of human cells based on positive labeling with a human Alu DNA repeat sequence probe 
(brown nuclear signal, eosin counterstain). (D) Few Ki-67-positive cells were detectable by immunohistochemistry 
within the injury/graft site or within the cystic structure. (E) Myelinated fibers labeled with Eriochrome cyanine 
(blue) were detectable within the injury/graft site and immediately adjacent to the cystic structure. Magnification: 
(B–E) = 200×.
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Animals euthanized prior to 12 months of follow-up 
were also examined at termination for teratoma for-
mation. ISH with hAlu probes was performed for all 
recovered spinal cords and confirmed that human 
AST-OPC1 persisted in >97% of animals.

No teratomas were observed in mice that were 
injected in the uninjured spinal cord with vehicle 
alone. Nine of 20 (45%) of these vehicle control ani-
mals survived to the 12-month termination point. By 
contrast, teratomas were observed in the majority of 
animals injected with 100% undifferentiated hESCs. 
In these animals, 20 of the 30 (67%) mice injected 
with 2 × 106 undifferentiated hESCs developed tera-
tomas in the spinal cord (Figure 7). Only six of the 30 
(20%) animals survived to the 12-month termination 
point. None of the 128 mice injected with 2 × 106 
AST-OPC1 and examined histologically showed any 
evidence of teratomas and 51% survived throughout 
the 12-month in-life phase. In addition, AST-OPC1 
spiked with 50% undifferentiated hESCs produced 
teratomas in approximately 70% of mice. With lower 
numbers of undifferentiated hESCs, the frequency of 
teratoma formation decreased. Only 13% (four of 31) 

mice receiving AST-OPC1 spiked with 10% hESCs 
produced teratomas, whereas AST-OPC1 spiked with 
5 and 1% undifferentiated hESC did not lead to tera-
toma formation (0 of 12 and 0 of 36, respectively, 
Figure 7). Summaries of the design and key findings 
of this tumorigenicity study, as well as the toxicol-
ogy studies and biodistribution study are presented in 
Table 1.

Discussion
The damage that results from traumatic SCI is complex 
and will likely require multiple mechanisms for repair. 
Use of single agents has thus far failed to demonstrate 
efficacy in spite of a large number of human clinical 
trials. To address this, investigators have explored the 
use of combinatorial therapies in animal models of 
SCI, while others have explored administration of mul-
tifunctional progenitor cells, and preclinical results 
have been encouraging. Combined use of such treat-
ments as neurotransmitter agonists, neurotrophin-
secreting cells, antigrowth inhibitors and exercise have 
been shown to increase axonal outgrowth and synaptic 
plasticity, suppress muscle atrophy and improve func-
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Figure 7. Frequency of teratoma formation in mice treated with AST-OPC1or AST-OPC1 spiked with increasing 
levels of H1 undifferentiated human embryonic stem cells. (A) Frequency of teratoma formation is plotted against 
the percent of undifferentiated hESCs spiked into AST-OPC1. (B) For each treatment group, number of cells 
administered and sample size are shown. 
hESC: Human embryonic stem cell.
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tional recovery in a synergistic manner  [25,26]. Several 
groups have shown that transplantation of neural/glial 
progenitor cells in SCI models can augment multiple 
mechanisms of repair, including trophic support, 
cavity reduction, axon outgrowth, synaptic plastic-
ity, remyelination and immunomodulation  [6,12,27–29]. 
Because neural/glial progenitor cells typically possess 
the capacity for migration, proliferation and multipo-
tent differentiation, they have the added potential to 
impact large areas of injured tissue and replace endog-

enous populations of neurons, astrocytes and oligo-
dendrocytes  [30–32]. Given these promising preclinical 
results, use of neural/glial progenitors may prove more 
effective than other approaches to stimulate repair 
after SCI.

AST-OPC1 is an oligodendrocyte progenitor cell 
therapy product derived from hESCs and developed 
as a treatment for SCI. Based on molecular profiling 
of more than 75 manufactured AST-OPC1 lots, the 
AST-OPC1 differentiation process produces a cellular 
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phenotype consistent with early-stage oligodendrocyte 
progenitors [9], with minimal levels of mature neurons 
or glia. This contrasts with alternative hESC-based 
OPC protocols that use small molecules, additional 
growth factors or longer differentiation processes to 
stimulate further OPC maturation [9,33–34].

Prior studies and results presented here indicate that 
AST-OPC1, when administered during the subacute 
phase of SCI, can act via multiple repair pathways that 
are relevant to SCI, including trophic factor signaling, 
cavity reduction and stimulation of axon outgrowth 
and myelination  [7,10,35]. Furthermore, recent stud-
ies have shown that immature OPCs, but not mature 
oligodendrocytes, promote functional recovery when 
administered subacutely post-SCI and the lack of ben-
efit with mature oligodendrocytes may be partly due 
to their expression of surface proteins that are inhibi-
tory to axonal outgrowth  [36]. Finally, it is likely that 
AST-OPC1’s capacity for robust engraftment and sub-
sequent migration is a result of its relatively immature 
state  [9], thus allowing for preservation and repair of 
tissue beyond the initial injury/graft site. Collectively, 
these phenotypic and functional data support the 
continued development of AST-OPC1 as a subacute 
treatment for SCI, while also identifying key safety 
concerns prior to clinical testing.

The majority of safety testing was conducted in 
nude rats subjected to thoracic SCI, providing a 
well-established model of the target clinical popula-
tion [37–39], and additional tumorigenicity studies were 
conducted in uninjured SCID/bg mice. Importantly, 
these rodent models enabled testing of AST-OPC1 in 
a large number of subjects and in an immunocompro-
mised environment that was permissive to human cell 
survival. both of these attributes facilitated assessment 
of key safety concerns associated with AST-OPC1 
administration, including the resultant biodistribution, 
toxicity and tumorigenic potential of the transplanted 
cells. As one limitation of these preclinical studies, rats 
subjected to an incomplete midline contusion injury 
were used to support clinical testing in sensorimotor 
complete thoracic SCI. Although it is critically impor-
tant for preclinical studies to model the target clinical 
population as accurately as possible, use of an incom-
plete injury model in this case was instead based on the 
need to maximize animal survival and allow for assess-
ment of long-term cell persistence.

To address the migratory capacity of AST-OPC1, 
we performed biodistribution studies in injured nude 
rats and asked whether AST-OPC1 migration was 
restricted to the spinal cord or also extended into 
the brain or peripheral tissues. That such long dis-
tance migration poses a potential safety concern has 
been demonstrated clinically, with recent reports of 

other cell therapy products, including fetal-derived 
tissue grafts, migrating to unintended locations and 
even causing remote tumors  [40,41]. In the case of 
AST-OPC1, it was particularly important to use 
injured rats given the potential for increased exchange 
between the spinal cord parenchyma, CSF and circu-
latory system during the subacute phase of SCI  [1–3]. 
To detect human cells, we performed PCR-based 
quantification of human microsatellite DNA, provid-
ing the highest level of sensitivity currently available 
(1 human cell/1 × 106 rat cells), coupled with histo-
logical labeling of human cells by ISH. Based on these 
approaches, AST-OPC1 exhibited robust persistence 
and limited migration within the thoracic and cervi-
cal spinal cord, and was either extremely rare, register-
ing below quantifiable levels of human DNA in a few 
animals, or altogether absent from peripheral tissues. 
In addition, detection of human DNA in the cerebel-
lum of four animals may have reflected human DNA 
contamination during sample processing, as very few 
human cells were detected in the animal’s adjacent 
cervical spinal cord, a site more proximal to the injec-
tion site and false-positive values were also detected in 
a small number of vehicle-treated animals. Further, it 
was unclear whether the observed increase in human 
DNA in the thoracic spinal cord from 2 to 180 days 
was indicative of human cell proliferation or was due 
to loss of human cells during tissue collection at the 
earlier time points due to tissue fragility. Overall, 
these findings support the general safety of adminis-
tering AST-OPC1 into the spinal cord parenchyma 
subacutely post-SCI and indicate minimal risk of the 
transplanted cells reaching unintended locations.

Perhaps the greatest theoretical safety concern asso-
ciated with hESC-derived and progenitor cell therapies 
is their potential for tumor formation resulting either 
from incomplete removal of the starting hESC popu-
lation or overactive proliferation by the progenitors 
themselves. We characterized the tumorigenic poten-
tial of AST-OPC1 in both injured adult nude rats and 
uninjured adult SCID/bg mice, assessing large cohorts 
of male and female animals for up to 12 months. 
Within both of these systems, we observed robust 
survival of AST-OPC1 in almost all assessed animals 
(i.e.,  95% of assessed rats) and detected no signs of 
tumor or teratoma formation. These findings likely 
reflect the minimal presence of Oct4-positive cells in 
AST-OPC1. While flow cytometry indicated < 0.2% 
Oct4 positivity in AST-OPC1 (lower limit of detec-
tion), a high-content imaging assay under develop-
ment at Asterias indicates that the actual level of Oct4-
positive cells in AST-OPC1 is much lower than 0.2% 
(data not shown). Based on our hESC spiking study 
in SCID/bg mice, hESC levels as high as 5% (corre-
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sponding to 50,000 undifferentiated hESCs) did not 
result in teratoma formation. The results of this hESC 
spiking study contrasts with prior reports, in which far 
fewer hESCs implanted within different anatomical 
locations of immunodeficient mice were sufficient to 
induce teratoma formation [42–44]. Our findings likely 
reflect a decrease in tumorigenic potential of hESCs 
following the AST-OPC1 harvest and dose preparation 
method (including enzymatic dissociation to single 
cells), as well as their administration into the spinal 
cord, both of which model the intended clinical use of 
AST-OPC1.

In addition to the lack of tumorigenic potential 
observed for AST-OPC1, administration of these cells 
into the injured spinal cord was not associated with 
any adverse clinical observations, systemic or local 
toxicities up to 12 months post-transplant. However, 
AST-OPC1 did exhibit a low frequency of ectopic 
tissue formation, in the form of cystic-like epithelial 
structures present within the injury/graft site of six of 
252 assessed rats. In all cases, cystic structures were 
rare (1–3 cysts/rat), microscopic in size (980 μm max-
imum diameter), exhibited little to no proliferative 
capacity and were clinically asymptomatic.

It remains unclear as to whether AST-OPC1’s low 
capacity for ectopic tissue formation was intrinsic to 
the cells themselves or also resulted from regenerative 
signaling in the host tissue post-injury, as it is known 
that ectopic tissue, in the form of fibrosis, gliosis and 
dystrophic calcification, is observed in clinical SCI [3]. 
While these findings identify an important safety con-
sideration for AST-OPC1, its small capacity for non-
proliferative ectopic tissue formation is in stark contrast 
to the more aggressive tumorigenic profiles reported 
with other cell types, including hESC-derived neural 
cells  [45–47], fetal-derived neural cells  [40], adult stem 
cells [41] and mesenchymal stromal cells [48]. Going for-
ward, it will be important to understand the origin of 
these rare ectopic tissues and to modify the production 
process of AST-OPC1 to reduce their frequency.

In addition, it will be important for future preclinical 
studies to explore in greater detail the potential mecha-
nisms by which AST-OPC1 can improve outcome fol-
lowing SCI. As a key component of this understanding, 
it will be necessary to characterize the kinetics and rela-
tive proportion of transplanted cells that become mature 
oligodendrocytes or differentiate into other cell types. 
In addition, future studies must determine the extent 
to which repair mechanisms such as trophic support, 
extracellular matrix remodeling, cavity reduction and 
remyelination drive AST-OPC1’s capacity to improve 
functional recovery, as this will help guide future 
improvements to the AST-OPC1 production process.

These collective preclinical safety studies provided 

valuable information that directly contributed to the 
design of the first-in-human study. For instance, the 
highest feasible dose that was injected into the injured 
rat, 2.4 × 106 cells, provided rationale for the dose of 
2 × 106 cells as the starting dose in humans. A single 
injection site at the lesion was selected for initial clinical 
testing given the observed migration of AST-OPC1 in 
the preclinical biodistribution study. In addition, since 
cell migration was not detected outside of the CNS, 
safety assessments in the clinical trial were primarily 
focused on the spinal cord and brain. The toxicology 
studies also informed the initial clinical dosing window, 
as delivery of AST-OPC1 in the subacute period post-
injury was found to promote long-term engraftment 
without significant toxicity. However, one notewor-
thy difference between the rodent toxicology studies 
and the subsequent thoracic SCI clinical trial was the 
volume used for AST-OPC1 administration. For the 
rodent studies, large volumes (24 μl/rat, 10 μl/mouse) 
were used to administer maximal doses of AST-OPC1 
and thereby increase the likelihood of detecting any side 
effects associated with AST-OPC1, particularly with 
respect to its capacity to form tumors or ectopic tissue. 
In contrast, the highest planned dose for clinical test-
ing (2 × 107 cells/patient) will require an administra-
tion volume that is approximately 12-fold lower than 
the volume administered to rats. As such, it will be 
important for future preclinical studies to identify the 
optimal cell administration parameters for SCI, includ-
ing injection volume and injection rate, as this will help 
guide and refine the clinical use of AST-OPC1.

Conclusion
Based on the safety data presented here and prior effi-
cacy studies of AST-OPC1, the risk/benefit assessment 
of this cell therapy product was considered favorable, 
and AST-OPC1 was cleared by the FDA for Phase I 
clinical testing in patients with thoracic SCI. The trial 
includes plans to collect extensive patient safety data 
for up to 15 years, and therefore is expected to provide 
valuable information regarding the clinical suitability 
of AST-OPC1 and related cell therapy products. Fol-
lowing the acquisition of the AST-OPC1 program by 
Asterias, an IND amendment was filed with the FDA 
that cleared AST-OPC1 for clinical testing in patients 
with complete cervical SCI. A manuscript detailing 
the results of the preclinical safety and efficacy stud-
ies that supported advancement into cervical SCI is in 
preparation.

Future perspective
This manuscript describes the preclinical safety stud-
ies that were required to enable the first hESC-based 
therapy (AST-OPC1) to be tested clinically in patients 
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with complete thoracic spinal cord injuries. The 
results from these preclinical studies provided funda-
mental information about the cell therapy that guided 
the choice of clinical injection parameters and specific 
follow-up assessments that were important to estab-
lish the overall behavior and safety of AST-OPC1. It 
is information from these types of preclinical inves-
tigations that will also enable expansion of the clini-
cal trials into patients with cervical spinal cord injury 
and ultimately other CNS diseases. The importance 
of preclinical studies will remain high for all stem cell-
based therapies with increasing need for representative 
and predictive models of human disease.
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Executive summary

Description of AST-OPC1
•	 AST-OPC1 is a cell therapy product that is produced through differentiation of human embryonic stem cells 

into early oligodendrocyte progenitor cells (OPCs) that are positive for Nestin, NG2, Olig1 and PDGFR-α.
•	 Based on flow cytometry- and ICC-based analyses of over 75 manufactured lots, AST-OPC1 contained minimal 

levels of other unwanted cell types, such as human embryonic stem cells and endoderm/mesoderm lineage 
cells and also lacked mature neurons and astrocytes.

Biological activities of AST-OPC1
•	 AST-OPC1 conditioned medium contained multiple secreted factors relevant to brain and spinal cord repair, 

including clusterin, MCP-1, TIMP-1 and 2 and ApoE, and promoted neurite outgrowth in cultured primary 
cortical neurons and myelination in shiverer mice.

Biodistribution of AST-OPC1
•	 AST-OPC1 cells administered into the injured thoracic spinal cord of nude rats exhibited robust survival for up 

to 1 year post-transplant and limited migration within the spinal cord (approximately 1 cm rostral and caudal 
of the injury/graft site), and little to no cells were detected in the brain and peripheral organs up to 9 months 
post-transplant.

Toxicology & tumorigenicity assessments of AST-OPC1
•	 Administration of AST-OPC1 into the rodent spinal cord did not cause adverse clinical observations, systemic 

toxicities or allodynia, and transplanted cells showed no evidence of tumor or teratoma formation.
•	 A low frequency (2%) of treated animals exhibited one to three microscopic cystic-like epithelial structures of 

human origin within the injury/graft site that were nonproliferative and clinically asymptomatic.
Conclusion
•	 A clinical trial of AST-OPC1 administration in patients with sensorimotor complete spinal cord injury was 

initiated, and it is expected that ongoing collection of the clinical safety data up to 15 years post-treatment 
will provide critical information with regard to the clinical use of AST-OPC1 and related cell therapies.
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