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Transplantation of pluripotent stem cells and their differentiated progeny has the potential to preserve or
regenerate functional pathways and improve function after central nervous system injury. However, their
utility has been hampered by poor survival and the potential to form tumors. Peptide-modified bio-
materials influence cell adhesion, survival and differentiation in vitro, but their effectiveness in vivo
remains uncertain. We synthesized a peptide-modified, minimally invasive, injectable hydrogel
comprised of hyaluronan and methylcellulose to enhance the survival and differentiation of human
induced pluripotent stem cell-derived oligodendrocyte progenitor cells. Cells were transplanted sub-
acutely after a moderate clip compression rat spinal cord injury. The hydrogel, modified with the RGD
peptide and platelet-derived growth factor (PDGF-A), promoted early survival and integration of grafted
cells. However, prolific teratoma formation was evident when cells were transplanted in media at longer
survival times, indicating that either this cell line or the way in which it was cultured is unsuitable for
human use. Interestingly, teratoma formation was attenuated when cells were transplanted in the
hydrogel, where most cells differentiated to a glial phenotype. Thus, this hydrogel promoted cell survival
and integration, and attenuated teratoma formation by promoting cell differentiation.

Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Various cell types, including neural stem and progenitor cells
(NPCs) derived from embryonic, fetal and adult human tissue, and
more recently, from human induced pluripotent stem cells (hiPSC),
have been transplanted in models of spinal cord injury (SCI) and
have generated promising results [1e3]. Depending on the cell
type, cell transplantation has been shown to promote neuro-
protection via release of trophic factors, provide a growth-
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promoting matrix for regenerating axons, or replace lost cells.
Notwithstanding, cell fate of donor cells has been typically poorly
controlled, which has led to one of the major challenges in
pluripotent cell transplantation e the potential to form teratomas.

Many conceptually different strategies to block teratoma for-
mation have been pursued, including the introduction of suicide
genes [4,5], selection of the desired cell type to increase purity [6],
immunodepletion [7], cytotoxic antibodies [8] and selective abla-
tion of pluripotent cells with small molecules [9]. While several of
these strategies have been at least partially successful, guiding cell
fate and cell purity prior to and/or after transplantation are key to
success. For example, pre-differentiation into the oligodendroglial
lineage has been shown to be more efficient for remyelination-
mediated repair than grafting undifferentiated or uncommitted
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cells [10,11]. It has been demonstrated that human pluripotent stem
cell-derived oligodendrocyte progenitor cells (OPCs) are capable of
myelinating both axons in immunodeficient, dysmelinated shiverer
mice [12], and spared axons in rats after spinal cord injury [13,14].
Moreover, OPC transplantation is the focus of a clinical trial in
spinal cord injury [15].

One of the major challenges in cell transplantation to the central
nervous system is cell survival. Dead or dying cells can worsen the
outcome [16], necessitating delivery strategies that will improve
the survival and integration of grafted cells [17]. Hydrogels have
been shown to promote the survival of stem cells and their progeny
[18,19]. Furthermore, hydrogels can be modified with peptide se-
quences and growth factors to further increase survival and/or
promote differentiation. For example, the immobilization of both
the cell-adhesive RGD peptide and the platelet-derived growth
factor (PDGF-A) cytokine to a hydrogel increased the differentiation
of rat NPCs into oligodendrocytes in vitro [20]. Interestingly, while
the influence of extracellular matrix (ECM)-derived peptides on cell
adhesion, differentiation and survival in vitro are well established,
their effectiveness in vivo have been questioned [21e23].

We have previously demonstrated that a hyaluronan and
methylcellulose (HAMC) hydrogel can be modified with growth
factors and peptide sequences, and aid in cell transplantation of
rodent cells after grafting into the retina, brain and spinal cord
[19,20,24]. With a view towards enhancing survival of a clinically
relevant cell source, in the present study we transplanted hiPSCs-
derived OPCs in a rat model of spinal cord injury using HAMC
modified with both the cell-adhesive RGD peptide and the cell
survival and differentiation factor PDGF-A. We tested the effect of
the RGD and PDGF-A modified hydrogel on cell survival and
migration in vitro and in vivo, and its influences on cell fate in vivo.

2. Material & methods

2.1. Cell culture

Green fluorescent protein (GFP) positive hiPSCs were generated
using the Piggy Bac transposon system, as described earlier [25]
and differentiated into oligodendrocyte progenitor cells (OPCs)
according to published protocols with slight modifications [12,26].
Briefly, hiPSCs were differentiated into neural stem cells under
clonal (<10 cells/ml), serum free, minimal media conditions
[27e29]. To induce differentiation into the oligodendrocyte lineage,
neural stem cells were cultured as free-floating secondary neuro-
spheres in neurobasal medium (Life Technologies) supplemented
with 2% B27 without vitamin A (Life Technologies), 1 mg/ml
transferrin, 0.09625 mg/ml putrescine, 0.25 mg/ml insulin,
0.06289 mg/ml selenium, 0.0518 mg/ml progesterone, 0.6%
Glucose, 20 ng/ml of T3 (triiodothyronine), 100 ng/ml Biotin, 1 mM
cAMP (cyclic adenosine monophosphate, all Sigma), 20 ng/ml
PDGF-AA (platelet-derived growth factor), 20 ng/ml NT3 (neuro-
trophin-3, both Peprotech), and 1 mM Purmorphamine (EMD Mil-
lipore, OPC-media). Cells were cultured in a humidified incubator at
37 �C with 5% CO2, fed every other day and larger spheres me-
chanically triturated once a week. Four weeks after differentiation
of NPCs into OPCs, cells were tested for the expression of NKX2.2,
OLIG2, PDGF-Receptora and SOX10.

2.2. Flow cytometry and immunofluorescent staining

Eight well chamber slides (Thermo Scientific) were coated
overnight at 37 �C with fibronectin (10 mg/ml, from bovine plasma,
Sigma). The next day, fibronectin was removed and spheres (6e8/
well) in 200 ml of OPC-media added. Cells were allowed to adhere
overnight and fixed with ice cold 4% paraformaldehyde (PFA,
Sigma) for 15 min. For flow cytometry spheres were incubated in
Accutase (Sigma) for 10 min and mechanically dissociated into
single cells [30], fixed in 4% PFA, subjected to immunocytochem-
istry and analysed using a BD Accuri C6 flow cytometer using
excitationwavelengths of 488 and 640 with the following emission
filter 533/30 nm (GFP) and 675/25 nm (Alexa647). Data was ana-
lysed using FlowJo (FlowJo, LLC) and the combined results of three
independent experiments were plotted (n ¼ 3, 1x104 cells per
antibody/experiment). To estimate the percentage of positively
expressing cells, a gatewas set based on the negative control so that
only 1% are considered within this gate [31]. Cells and spinal cord
sections were stained according to standard protocols [32,33]. For a
complete overview of all antibodies/counterstains used, see
supplemental Table 1. Primary antibodies were diluted in PBS-T
(Phosphate Buffered Saline with 0.05% Tween 20) and incubated
with the samples overnight at room temperature. Primary anti-
bodies were detected by incubation with fluorescence secondary
antibodies for 2.5 h at room temperature. Cell nuclei were coun-
terstained with 4,6-diamidino-2-phenylindole dihydrochloride
(DAPI; 1 mg/ml, Invitrogen). Samples were covered with a coverslip
using ProlongGold (Life Technologies) and visualized using a
confocal microscope (Olympus FV1000) at 20X (NA 0.75) magnifi-
cation to create overviews or at 40X (NA 0.6) magnification for
demonstration of cell fate.

2.3. PCR

RNA was extracted from OPCs and NPCs using Trizol (n ¼ 3 for
NPC, n ¼ 5 for OPC), according to the manufacturer's protocol (Life
Technologies) and stored at �80 �C. Samples were treated with
enzyme Turbo DNase for 30 min in a water bath at 37 �C to elim-
inate genomic DNA contamination of the RNA samples, re-
suspended in deactivation buffer, shaken for 5 min and centri-
fuged at 4 �C at 10,000 g for 1.5 min. The supernatant was collected
and total RNA estimated using Nanodrop. Pure RNA was reverse
transcribed into cDNA using SuperScript Vilo cDNA Synthesis Kit
according to the manufacturer's protocol. Subsequently, the PCR
product was diluted with RNase-free water and 2 mL (2.5 ng/mL)
were used for each reaction. Primers used were: OLIG2, PDGF-
Receptora, NKX2.2, SOX10, and GAPDH (housekeeping gene, see
supplemental Table 2 for primer sequences). For quantitative real
time PCR (qPCR) the Roche lightcycler 480 SYBR Green I Master mix
was used following the manufacturer's instructions using an ABI
7900 HT machine (Applied Biosystems).

2.4. Hydrogel

Methyl cellulose (MC, Mw 310 kDa, Shin-Etsu Metolose SM-
4000, Japan) conjugated with peptide and PDGF-A was prepared
as previously described [20]. Briefly, MC was first chemically-
modified to introduce a reactive thiol that was then sequentially
reacted with maleimideestreptavidin and maleimideepeptide by
Michael-type addition. Biotin-modified recombinant PDGF-A,
expressed in E. coli and biotinylated according to established
methods [20], was then immobilized to the streptavidin portion of
the modified MC polymer. Maleimide-peptides were synthesized
using an automated peptide synthesizer. Since it has been
demonstrated that longer peptide sequences have greater bio-
logical activity/binding capacity than shorter sequences [34], we
used the peptide sequence Ac-GRGDS-PASSK-G4-SR-L6-R2KK(Ma-
leimide)G, where RGD is the fibronectin-derived adhesion
sequence. To enable the conjugation of multiple peptide/protein
components to the same polysaccharide chain, limiting amounts
of streptavidin relative to reactive thiols present in methyl cellu-
lose (~1 mol maleimide (bound to streptavidin)/100 mol free thiols
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bound to MC) were used. Unreacted free thiols were then reacted
with a second desired maleimide-containing component in a
subsequent step (i.e. Maleimide-RGD peptide). Hyaluronan (HA,
MW 1500 kDa, Dramen, Norway) and MC or MC-PDGF-A/-RGD
were dissolved in double distilled, deionized water, sterile
filtered, lyophilized and stored at �20 �C under sterile conditions.
HA and MC, MC-RGD/PDGF-A or MC-RGD were weighed on an
analytical balance in a biosafety cabinet under sterile conditions.
Media was added to HA and MC, MC-RGD/PDGF-A or MC-RGD (1%
w/v), and gently agitated overnight at 4 �C. The dissolved hydrogel
was mixed in a speedmixer for 20 s at 3500 RPM, followed by
centrifugation at 14,400 RPM for 45 s and cooled on ice until cell
addition. HAMC was mixed with the cell solution at a ratio of 1:1
to achieve a final concentration of 0.5%/0.5% (HA/MC, w/v),
resulting in a physical blend of HA and MC in media. As MC forms
a loosely crosslinked network through hydrophobic interactions,
no crosslinker was added.
2.5. In vitro investigations

The OPCs were cultured as spheres within peptide-modified
HAMC (0.5%/0.5% w/v) gels at a MC to MC-peptide ratio of 3:1
(6e8 spheres/well using 8 well chamber slides). OPCs were
cultured for 7 days without media changes and tested for cell
adhesion/migration and viability. Cell viability was characterized
by calculating the percentage of live cells using the GFP signal for
viable cells and ethidium homodimer for dead cells (1:250, Life
Technologies). Z-stacks were taken using a live cell incubation
chamber (10x objective, 37 �C, 5% CO2) attached to an inverted
Olympus confocal laser scanning microscope and ImageJ.
Migration was quantified by counting the numbers of cells that
detached from the seeded sphere and changed their morphology
from the rounded, process-less, phenotype to a flattened cell
morphology with extending processes. Cell-substrate in-
teractions were determined by the number of cells migrating
away from the spheres. OPCs cultured in HAMC-RGD were
compared to unmodified HAMC and normal tissue culture plastic
(uncoated; n ¼ 3, 4 gels for each replicate). Cells in all conditions
were cultured in OPC-media including PDGF-A to determine the
effect of MC-RGD on cell survival and migration. PDGF-A was
necessary to ensure at least minimal cell survival in all groups.
Previous results demonstrated that conjugated and soluble
PDGF-A had similar effects on cell survival and differentiation
[20,24,35], therefore only soluble PDGF-A was used in these
in vitro studies.
2.6. Spinal cord injury

All animal procedures were performed in accordance with the
Guide to the Care and Use of Experimental Animals (Canadian
Council on Animal Care) and protocols were approved by the Ani-
mal Care Committee of the Research Institute of the University
Health Network. 54 Female Sprague Dawley rats (300 g, Charles
River, Montreal, QC) were used to assess the effects of cell trans-
plantation in terms of cell survival, integration and fate, and animal
behavioural function. Three groups were compared: (I) artificial
cerebrospinal fluid (aCSF); (II) OPCs in media; and (III) OPCs in
HAMC-RGD/PDGF-A. Clip compression injury was performed as
described previously [36]. Briefly, animals were anaesthetized and
subjected to a laminectomy at level T2. The spinal cord was injured
by cord compression with a 24 g modified aneurysm clip for 1 min,
resulting in a moderate SCI [37]. After closing the overlying mus-
cles, fascia and skin, rats were placed under a heating lamp and
allowed to recover.
2.7. Artificial cerebrospinal fluid

To mimick the physiological ion concentrations of the CSF we
used artificial CSF comprised of: 148 mM NaCl, 3 mM KCl, 0.8 mM
MgCl2, 1.4 mM CaCl2, 1.5 mM Na2HPO4, 0.2 mM NaH2PO4, and
0.1 mg/ml bovine serum albumin [38].

2.8. Cell transplantation and sacrifice

All rats underwent a second operative procedure 7 days after
injury. Rats were anaesthetised as described above, and the pre-
vious operative site re-exposed. Injections were made stereotacti-
cally through the intact dura with the aid of an operating
microscope using a motorized microinjector at a rate of 1 ml/min. A
total of 4 injections were made using a 10 ml Hamilton syringe with
a customized 32 gauge needle: 2 injections, 1 mm rostral and 2
injections,1 mm caudal from the lesion site, each 1mm lateral from
the midline, containing 2 ml of aCSF (control) or cells in media or
HAMC-RGD/PDGF-A (1 � 105 cells/ml). Hydrogels were prepared as
described above. The needle was left in place for an additional
2 min after injection to prevent cell leakage. To aid transplant
survival, all animals (including the non-cell controls) were given
cyclosporine A (Sandimmune, Novartis Pharma, Canada Inc, Dorval,
Quebec, Canada) via subcutaneous implanted osmotic pumps
(Alzet) starting one day prior to transplantation until sacrifice. For
the two week survival time point, pump model 2ML1 was used,
which delivered cyclosporine A at a rate of 10 ml/h for 1 week. For
the 8 week survival time point, pumpmodel 2ML4was used, which
delivered cyclosporine A at a rate of 2.5 ml/h for 4 weeks. Both
pumps delivered cyclosporine A at a final concentration of 10 mg/
kg/day. To aid in cell survival for the entire duration of the long
term study pumps were replaced with new pumps after 4 weeks.
Animals were sacrificed and transcardially perfused with 4% PFA in
0.1 M phosphate buffer (PB, pH 7.4) at 2 weeks and 9 weeks post
injury (wpi), the spinal cords removed, cut into blocks of 1.5 cm
encompassing the site of injury/injection and processed for serial
longitudinal cryosectioning (20 mm) to investigate cell survival, cell
fate and tissue repair (n ¼ 6 per group at 2 wpi, n ¼ 3, 4, 6 for OPC-
media, OPC-HAMC-RGD/PDGF-A, and the control group, respec-
tively at 9 wpi).

2.9. Housing and post-operative care

Buprenorphine (0.05 mg/kg) was administered twice daily
every 12 h for 48 h after surgery. One animal was housed per cage in
a temperature-controlled roomwith a 12 h light/dark cycle for 2 or
9 weeks after injury. Clavamox was added to the water for 1 d pre-
operatively and for 5 d post-operatively to prevent urinary tract
infections. The bladders were manually expressed 3 times per day
until bladder function returned. Water and food were provided ad
libitum. Skin clips were removed 10e14 d post-operatively.

2.10. Morphological investigations

Image overviews encompassing the lesion site/transplanted
cells were taken using a motorised stage and the same settings for
all groups. At 9 wpi some grafted cells had spread out so far that
complete overviews could no longer be taken, instead smaller
overviews from different regions of the sections were taken. Lon-
gitudinal sections evenly distributed throughout the entire thick-
ness of each rat spinal cord were used for analysis by a user blinded
to the treatment. Due to the high density, the number of trans-
planted cells found at 2 wpi was estimated by dividing the total
number of the GFPþ area by the average size of a transplanted cell
(calculated from >1000 cells). Cell survival as a percentage was
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estimated by dividing the amount of cells observed by the number
of cells injected and the result multiplied by 100% (n � 19 sections/
animal). Ki67 was used to identify proliferating cells. For compar-
ison between the two cell transplant groups, the total number of
Ki67 and GFP double positive cells in three overviews per animal
was counted. The average number of Ki67/GFP double positive cells
was plotted. The extent of migration at 2 wpi was estimated by
measuring the length of the perimeter of the area enclosing the
GFPþ cells for the individual injections (continuous cell cluster)
(n � 19 sections/animal) [39]. Multiple overlays of the GFPþ cells
were converted to black and white and combined to create an
image depicting the overall spread of cells. Lesion size at 9 wpi for
the control groupwas estimated according to the GFAP staining and
plotted as cystic cavitation. Cells transplanted in media created
multiple cystic-like epithelial structures. The area covered by these
cysts was added up and counted towards the cystic cavitation
(n � 3 sections/animal). To quantify how many animals had tera-
tomas, sections were stained for mesodermal (a-smooth muscle
actin (SMA)-positive) and endodermal (alpha-fetoprotein (AFP)-
positive) marker. Furthermore, to estimate the amount of cells
differentiating into non-neural tissue, we identified four morpho-
logically distinct structures usually not found in the spinal cord,
even after injury: (1) elongated cells, possibly muscle cells, (2) very
dense clusters of small cells, possibly cartilage, (3) thick square
cells, forming a tubular structure within the cord, possibly liver or
gut, and (4) thinner square cells, forming larger hollow structures,
possibly endothelial cells and counted them using a standard
fluorescence microscope (200x magnification, Olympus, n � 8
sections/animal) [5,9,40].

2.11. Behavioural test

For animals surviving 9 weeks, motor behaviour was evaluated
weekly by two blinded observers using the Basso, Beattie and
Bresnahan (BBB) locomotor rating scale [41] (n ¼ 8, 8, and 10 for
OPC-media, OPC-HAMC-RGD/PDGF-A, and the control group,
respectively).

2.12. Statistical analysis

Data are plotted as mean ± standard error of the mean (SEM).
For comparison between the two cell groups at 2 wpi, data were
compared by a t-test. For multiple comparisons between pairs of
means for in vitro investigations, behavioural analyses and size of
cystic cavitations at 9 wpi, data were compared by an analysis of
variance (ANOVA) followed by a Bonferroni's test. p values of <0.05
were regarded as significant (*p < 0.05, **p < 0.01, ***p < 0.001). All
tests were performed using the statistical software GraphPad Prism
version 5.0.

3. Results

3.1. Cell characterisation

Human iPS-derived NPCs were differentiated for 4 weeks as
spheres, which appeared as large, tightly bound clusters of cells.
When plated onto fibronectin-coated substrates, spheres rapidly
adhered and flattened, and cells with a bipolar morphology
migrated away in a radial pattern. The combined expression of
Olig2, NKX2.2, PDGF-Ra and SOX10 identified the cells as OPCs.
While iPS-cells demonstrated a nuclear expression of Nanog, OPCs
were Nanog-negative (supplemental Fig. S1A, B). Immunocyto-
chemistry of the OPCs demonstrated that only PDGF-Ra was
distributed at the cell membrane, whereas SOX10, NKX2.2 and
Olig2 were nuclear, with Olig2 visible in fine processes as well
(Fig. 1AeD, red). Interestingly, NKX2.2 demonstrated variable
staining intensity (Fig. 1C). The bipolar morphology was most
clearly visible in cells farther away from the centre of the sphere
(e.g. cells at the top of Fig. 1D). Quantification using flow cytometry
showed the average number of cells expressing SOX10 (90%), PDGF-
Ra (77.4%), NKX2.2 (84.1%) and Olig2 (98.3%, Fig. 1EeH). qPCR
showed the corresponding mRNA upregulation (compared to
NPCs), demonstrating that the cells expressed all four markers and
that the corresponding genes were significantly upregulated
(Fig. 1JeM).

3.2. Influence of RGD on cell survival in vitro

To investigate the role of the RGD peptide on cell survival, OPCs
were cultured in vitrowithin HAMC-RGD, HAMC and on non-coated
tissue culture plastic (TCP) controls for 1 week in media supple-
mented with PDGF-AA. OPCs grown in HAMC-RGD migrated away
from the seeded spheres, which were embedded within the
hydrogel, indicating excellent cellesubstrate interactions. In stark
contrast OPCs grown in unmodified HAMC remained predomi-
nantly as spheres, with low survival of single cells, indicating
greater cellecell vs. cellesubstrate interaction (Fig. 2A, B). OPCs on
TCP showed poor survival, with the remaining surviving cells
adhering to the bottom of the plate and migrating away from the
spheres (Fig. 2C). RGD peptide modification of the hydrogel led to
significantly greater cell survival compared to HAMC and TCP
(p < 0.001), but there was no difference between cells cultured in
HAMC vs. TCP (Fig. 2D). Furthermore, cells grown within HAMC-
RGD and on TCP had significantly more migrating cells than cells
grown in HAMC (Fig. 2E).

3.3. Cell survival and migration in vivo at 2 weeks post injury

Next, we compared the ability of the RGD and PDGF-A modified
HAMC to promote cell survival and integration in vivo compared to
cells transplanted in media at 2 wpi (7 days after grafting). Fluo-
rescence microscopy showed many viable cells in both groups,
most of which expressed the OPC marker SOX10 (Fig. 3A, B).
However, some of the cells also expressed the proliferation marker
Ki67 (Fig. 3C, D), but not Oct4 (supplemental Fig. S1C, D). Signifi-
cantly more cells were found when transplanted in HAMC-RGD/
PDGF-A (Fig. 3E), with approximately 46% of the initial cell num-
ber compared to 29% of the initial cells transplanted in media
(Fig. 3F). Interestingly, significantly more proliferating cells were
found in cells transplanted in media than in the hydrogel (Fig. 3G),
indicating that the number of viable cells in the media could be
attributed to proliferation whereas the higher number of viable
cells in the hydrogel could be attributed to survival.

The majority of cells in both groups migrated away from the
injection site (asterisk) towards the injury site, where they formed
large clusters (Fig. 4A, B). As expected, migration was seen pre-
dominantly in the white matter (Fig. 4C). This was especially visible
when the injection occurred partly in the grey matter (GM) and the
cells only migrated in the white matter (arrow, Fig. 4C). The
migrating cells indicate cellesubstrate interactions, although evi-
dence for migration was lacking in 1/3 of the injections sites in the
OPC-media group (Fig. 4A, circle). Interestingly, migration away
from the injection site was significantly greater in the OPC-HAMC-
RGD/PDGF-A group (Fig. 4D, p < 0.001). There was extended
migration rostral and caudal to the injury/injection site (Fig. 4E),
where cells were found in close proximity to ED1þ immune cells
(Fig. 4F). The enhanced migration was reflected in better integra-
tion as determined by the intermingling of the grafted cells with
host astrocytes and axons; however, this difference was not sig-
nificant (p > 0.05, supplemental Fig. S2A-F).



Fig. 1. Flow cytometry and qPCR demonstrate the successful differentiation of NPCs into OPCs. Immunofluorescence images of representative examples of differentiated cells
(GFP, green), stained (A) SOX10 (red), (B) PDGF-Receptora (red), (C) NKX2.2 (red), and (D) Olig2 (red). Insert in (D) demonstrate the bipolar morphology. (EeF) Quantification with
flow cytometry demonstrates the amount of positive cells (%) for the respective marker (n ¼ 3, 1 � 104 cells per antibody/experiment). qPCR demonstrates the upregulation of (J)
SOX10, (K) PDGF-Receptora, (L) NKX2.2, and (M) Olig2 compared to undifferentiated NPCs (n ¼ 3 for NPC, n ¼ 5 for OPC). Data represents mean ± SEM, ***p < 0.001. Scale bar in (D)
for (AeD). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Cell distribution, fate and cystic cavitation at 9 weeks post
injury

Animals receiving aCSF demonstrated large cavitations at 9 wpi
with clearly delineated GFAP-positive astrocytes lining the glial
scar (Fig. 5A). Cell-free hydrogel controls showed similar cystic
cavitation and scar formation as aCSF controls (supplemental
Fig. S3A-C). Cells transplanted in media filled the lesion site and
surrounding tissue completely, but demonstrated heterogeneous
cell morphology (Fig. 5B). Furthermore, multiple small cavitations
were observed in the tissue. Cells transplanted with HAMC-RGD/
PDGF-A showed a more homogeneous cell morphology in most
animals and filled the lesion site completely (Fig. 5C). On average
this group had significantly smaller cystic cavitation compared to
the non-cell control group (Fig. 5D, p < 0.01). Higher magnification
revealed that cells at the host-graft border differentiated into
GFAPþ astrocytes and that there was limited (if any) glial scarring
in the OPC-HAMC-RGD/PGDF-A group (Fig. 5E, dashed line).
Although cells in the OPC-media group also differentiated into and/
or intermingled with host astrocytes, there was a recognisable
segregation (Fig. 5F), albeit not as clear cut as the glial scar in the
non-cell groups (Fig 5A). The majority of cells grafted within the
hydrogel still expressed markers associated with astrocytes (GFAP,
Fig. 5E) or OPCs (e.g. SOX10, Fig. 6A), with only few cells expressing
MBP, SOX2, SMA or AFP (Fig. 6A, B, C). Cells transplanted in media
were more heterogeneous, with only rare occurrence of OPCs
(Fig. 6D). Themajority de-differentiated into large, polygonal CD44-
positive, vimentin-positive, and GFAP-negative cells, possibly



Fig. 2. RGD promotes the survival of OPCs in vitro. Representative images of OPCs (green) cultured in (A) HAMC-RGD, (B) unmodified HAMC, and (C) tissue culture plastic (TCP).
(D) Analysis of the cell viability with GFP (green) for live cells and ethidium homodimer (EthD-1, red) for dead cells demonstrated increased cell survival within HAMC-RGD
compared to HAMC and TCP. (E) Furthermore, the RGD peptide promoted greater migration than HAMC, but not significantly more than TCP. Media was supplemented with
PDGF-AA in all groups. Data represents mean ± SEM, n ¼ 3, 4 gels for each replicate ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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fibroblasts (Fig. 6E, supplemental Fig. S4A, B), and also differenti-
ated into cells of other germ layers, as indicated by AFP- and SMA-
positive immunostaining (Fig. 6F). All animals receiving cells in
media (100%) vs 50% of those receiving cells in HAMC-RGD/PDGF-A
demonstrated signs of teratoma formation. Cells transplanted in
media demonstrated a high occurrence of non-spinal cord struc-
tures, which were all derived from the grafted cells (GFP-positive,
Fig. 7A). While structures with epithelial cellular characteristics in
the OPC-HAMC-RGD/PDGF-A group were found, their occurrence
was significantly lower than that in animals receiving cells in media
(Fig. 7B, C), neither muscle nor cartilage tissue was observed.
3.5. Behavioural outcome at 9 weeks post injury

Animals demonstrated normal locomotor behaviour prior to the
injury (BBB score of 21), with a significant drop after clip
compression spinal cord injury, where animals were only able to
partly move their hindlimbs (average BBB score of 4, prior to cell
injections). Animals recovered to an average BBB score of 10.8 for
the OPC-HAMC-RGD/PDGF-A group, 10.2 for the aCSF control
group, and 7.9 for the OPC-media group. Interestingly, animals that
received cells in media demonstrated a decline in motor function at
6 wpi andwere significantly worse than animals in the OPC-HAMC-
RGD/PDGF-A group at 8 and 9 wpi (Fig. 7D, p < 0.05), but only
worse than the aCSF group at week 8 (p < 0.05). Animals injected
with cell-free hydrogel controls demonstrated a similar behav-
ioural outcome to those injected with aCSF (average BBB: 9.9,
supplemental Fig. S5A).
4. Discussion

We demonstrate that HAMC-RGD/PDGF-A promotes the early
survival of human iPS-derived OPCs after transplantation into the
injured spinal cord and attenuates teratoma formation of hiPS cells
by promoting their differentiation compared to cells transplanted
in media. We attribute the beneficial effects of the hydrogel to the



Fig. 3. HAMC-RGD/PDGF-A promotes early cell survival in rat spinal cord injury model. Cells transplanted in (A) media and (B) HAMC-RGD/PDGF-A expressed the OPC marker
SOX10; and the proliferation marker Ki67 (C, D) at 2 wpi. Significantly more cells were found when they were grafted in the hydrogel as shown for both (E) numbers and (F) % of
injected GFPþ cells, although (G) more proliferating cells were found when grafted in media. Inserts represent higher magnification images of the staining presented. Images shown
were taken at the lesion site. Data are plotted as mean ± SEM, n ¼ 6 animals/group **p < 0.01, ***p < 0.001. Scale bar in (D) for (AeD).
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peptide and growth factor modification of HAMC, based on our
previous observations where only cell survival and not cell differ-
entiation were observed with rodent cells in HAMC [20,24,42] and
the in vitro results presented herein of enhanced migration and
survival in RGD-modified HAMC.

While a number of protocols for the differentiation of human
induced pluripotent stem cells to oligodendrocyte progenitor cells
have been published [12,26,43], the process is lengthy, usually
taking more than 3 months. This might hinder their clinical utility
as a treatment for spinal cord injury, especially if the goal is to use
autologous cell transplants, since the time window for beneficial
cell transplantation might be shorter than the differentiation pro-
tocols [14]. Here, cells were characterised after four weeks in dif-
ferentiation media, when they started to express NKX2.2, Olig2,
SOX10 and PDGF-Ra, which identified them as OPCs similar to
previous reports [12,26,43]. Longer differentiation times are
needed for greater lineage commitment or to generate mature ol-
igodendrocytes, which lose the ability to migrate and remyelinate
spared axons [14,44]. Our immature OPCs maintained the ability to
myelinate spared axons, as we observed, but this was at the cost of



Fig. 4. HAMC-RGD/PDGF-A promotes cell migration at 2 wpi. Injected cells in (A) media and (B) HAMC-RGD/PDGF-A migrated away from the injection (asterisk) towards the
lesion site (arrows). No migration was observed in 1/3 of the injections for cells grafted in media (A, circle). (C) As expected, most migration occurred in the white matter (WM). This
was especially visible when the injection occurred partly in the grey matter (GM) and the cells only migrated in the white matter (arrow). (D) Interestingly, cells migrated further
when transplanted in HAMC-RGD/PDGF-A, which appears to be due, in part, to (E) migration along the midline rostral and caudal to the injury site, in close proximity to (F) ED1þ
cells. (E) Multiple overlays of the GFPþ cells were converted to black and white and combined to create an image depicting the overall spread of cells. Data are plotted as
mean ± SEM, n ¼ 6 animals/group ***p < 0.001.
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teratoma formation in 100% of animals with OPCs delivered in
media, yet only 50% of animals with OPCs delivered in HAMC-RGD/
PDGF-A.

A critical challenge for the success of any cell-based therapy is
the enormous degree of cell death following transplantation
[45,46] and human stem cell transplantation into the injured spinal
cord of immunocompetent animals has resulted in only limited cell
survival [17]. Cyclosporine A was used to minimize the rejection
response by the host immune system and to allow successful
engraftment and survival of the transplanted cells. A rejection
response itself may alter the efficacy and safety profile of the
grafted cells. In the absence of good engraftment conditions, a valid
analysis of the tumorigenic potential of pluripotent-derived cells
may not be possible [17,47].

Biomaterials can positively influence cell survival and earlier
studies demonstrated anti-inflammatory and pro-survival effects of
HA [48e50]. Furthermore, HAMC was able to improve the survival
of rodent NPCs both in vitro during their storage on ice prior to
transplantation and in vivo after acute injections [19]. In particular
interactions through CD44, a receptor for HA, have been shown to
be critical to cell survival, growth, migration, and differentiation
[19,51,52]. However, CD44 is thought to identify astrocyte restricted
precursor cells within neural progenitor cell populations and is not
expressed on OPCs [53,54]. Furthermore, rodent NPCs within
HAMC-PDGF-A did not demonstrate increased survival compared
to unmodified HAMC in vitro or compared to media in vivo in an
experimental animal model of SCI [24]. Therefore, neither HAMC-
PDGF-A nor HAMC alone seems to be sufficient to promote OPC
survival. In contrast, we observed significant survival of OPCs at 2
wpi in HAMC-RGD/PDGF-A vs. media and attribute this to RGD.
RGD promotes cell adhesion which is critical to cell survival, pro-
liferation, differentiation and migration [55]. The lack of an adhe-
sive substrate leads to anoikis e programmed cell death due to a
lack of extracellular matrix [56,57]. Short, cell adhesive peptides,
like RGD, mimic the extracellular microenvironment and increase
cell adhesion and survival [58,59]. This biomimicry is enhanced
with longer amino acid sequences, such as the RGD-sequence that
we used: Ac-GRGDS-PASSK-G4-SR-L6-R2KK(maleimide)G. The
RGD-modified hydrogel promoted not only greater survival of
OPCs, but also their migration (compared to cells grafted in media),
which mirrors our observations in vivo, demonstrating the benefi-
cial effect of the peptide sequence in vitro and in vivo.

We observed enhanced migration from the injection site to the
lesion site of the OPCs delivered in HAMC-RGD/PDGF-A compared
to cells in media at 2 wpi. This is consistent with the positive effect
of fibronectin on cell migration that has been demonstrated



Fig. 5. Cells in HAMC-RGD/PDGF-A reduce cystic cavitation at 9 wpi. (A) Cavity and scar formation in animals receiving aCSF (control). OPCs (green) transplanted in (B) media and
(C) HAMC-RGD/PDGF-A were found throughout the tissue. (B) Cells in media formed cystic-like epithelial structures (arrows), which were counted towards cystic cavitation. (D)
Only cells transplanted in HAMC-RGD/PDGF-A significantly reduced cystic cavitation. Data are plotted as mean ± SEM, n � 3 sections/animal, *p < 0.05, **p < 0.01. (E) Higher
magnification at the graft-host border (dashed line) revealed that OPCs differentiated into GFAP-positive astrocytes (yellow) in the OPC-HAMC-RGD/PDGF-A group. (F) There was a
more visible segregation between transplanted cells and host tissue. (E, F) Axons (red, NF200) were able to extend processes into the graft (arrows). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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previously [60,61]. Interestingly, migrating OPCs were associated
with ED1-positive cells. While it has been demonstrated previously
that inflammatory cells can promote the migration of OPCs [62,63],
it is unclear which cell type attracted the OPCs, as factors secreted
by host cells, which attracted the immune cells, might have
attracted the OPCs as well. Regardless of the initial attraction, this
might have implication for remyelination-based repair after spinal
cord injury. Migration of OPCs to spared axons of demyelinating
lesions enables them to remyelinate the axons; however, here the
majority migrated into the lesion site, which lacks axons. While it
has been demonstrated that NG2-positive OPCs can support axonal
outgrowth [64], other substrates might promote greater axonal
regeneration. Nonetheless, the cells would be able to remyelinate
regenerating axons crossing the lesion site.

The enhanced migration of cells delivered in HAMC-RGD/PDGF-
Avs. mediawas reflected in better integration as determined by the
intermingling of the grafted cells with host astrocytes and axons;
however, this difference was not significant (p > 0.05). Grafted cells
had not differentiated into astrocytes or neurons at this time point
(2 wpi). Typically, OPCs would integrate through the mechanism of
remyelination of spared axons; however, we also observed axonal
growth along OPCs into the lesion site, similar to what others
observed with NG2-positive oligodendrocyte progenitor cells,
which provided a substrate for regenerating axons [64]. MBP
expressionwas increased in the HAMC-RGD/PDGF-A group, but this
was mostly associated with host cells rather than grafted cells and
similar to previous observations [24]. This suggests that the
immobilized PDGF-A can also interact with host cells to promote
their survival and maturation, as has been suggested previously
[24]. No differences between the groups were observed in terms of



Fig. 6. HAMC-RGD/PDGF-A promotes glial differentiation. (A) Cells transplanted in HAMC-RGD/PDGF-A mostly co-localized with markers of the glial lineage (MBP, red; SOX10,
yellow), but not with (B) CD44 (red) or SOX2 (yellow). Asterisk in (A) indicates endogenous MBP whereas arrow indicates area of grafted cell myelination. (C) Few, if any SMA (red,
mesodermal marker) or AFP (yellow, endodermal marker) positive cells could be found. (D) Most cells transplanted in media did not express MBP or SOX10, but (E) rather CD44,
possibly de-differentiating into fibroblasts (Vimetin-positive, GFAP-negative, Fig. S2). (F) Additionally, many cells expressed SMA (red) or AFP (yellow). Scale bar in F for A-E. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. HAMC-RGD/PDGF-A attenuates tumour formation. (A) Morphology and immunohistochemistry of spinal cord tissue suggests: (1) muscle, (2) cartilage, (3) intestinal-like
epithelium, and (4) epithelium (arrow). (B) Limited number of epithelial structures are found in the OPC-HAMC-RGD/PDGF-A group. (C) Quantification of these structures dem-
onstrates that the hydrogel attenuates teratoma formation of the remaining/undifferentiated iPS-derived transplanted cells. Only epithelial tissue is found in animals receiving OPCs
in HAMC-RGD/PDGF-A. (D) BBB locomotor rating scale for animals receiving aCSF, OPC-media, or OPC-HAMC-RGD/PDGF-A. Data are plotted as mean ± SEM, n � 8 sections/animal,
*,#p < 0.05, ***p < 0.001 (* OPC-media vs. OPC-HAMC-RGD/PDGF-A, # OPC-media vs. aCSF). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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the immune reaction. At 9 wpi, there was evidence of teratoma
formation, which complicated the tissue analysis.

Cells transplanted in HAMC-RGD/PDGF-A were more morpho-
logically homogenous and the majority of cells expressed markers
associated with astrocytes (GFAP) or OPCs (SOX10) at 9 wpi,
whereas cells transplanted in media appeared more heterogeneous
and, while some cells still expressed SOX10, the majority de-
differentiated into fibroblasts or differentiated into cells of meso-
dermal and endodermal origin. Although half of the animals in the
OPC-HAMC-RGD/PDGF-A group also showed signs of tumor
formation, this was not as extensive as that in the OPC-media
group. The increased glial differentiation in the OPC-HAMC-RGD/
PDGF-A group is probably due to the continued presentation of
differentiation cues (PDGF-A and RGD), which was also shown to
promote the differentiation of rodent NPCs in vitro [20]. While
unmodified HAMC had no effect on oligodendroglial differentiation
of rodent NPCs in vitro, HAMC-PDGF-A was sufficient to promote
their differentiation into RIP-positive cells [20,24]. Interestingly,
HAMC-PDGF-A did not promote the differentiation of grafted NPCs
in vivo [24].
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The ultimate goal in cell transplantation is tissue regeneration
and functional repair. While several studies correlated improved
functional recovery of animals receiving NPC to their differentiation
into oligodendrocytes, recent studies in rodents demonstrated that
newly generated host oligodendrocytes remyelinate spared axons
[14,65]. Even in shiverer mice (which do not have endogenous
myelin), only a small percentage of transplanted human iPS-
derived OPCs contributed to the myelination of nude axons [12].
Similar to the shiverer mouse model, we found only a few cells that
fully differentiated into mature oligodendrocytes and myelinated
axons at the rim of the lesion.

Interestingly, after an initial phase of recovery similar to that
observed for the aCSF control group, we observed a decline in
motor function starting at 6 weeks. This is consistent with other
studies, where unsafe mouse iPS-derived secondary neurospheres
led to a decline in motor function 6weeks after transplantation into
an experimental mouse model of SCI [66]. Although HAMC-RGD/
PDGF-A attenuated teratoma formation, this did not lead to an
improvement in motor function over aCSF controls. This might be
due to an insufficient number of cells that either differentiated into
mature oligodendrocytes or integrated into the nervous system, or
to the teratoma formation (albeit reduced) that was observed in
this group. Animals that had OPCs injected in HAMC-RGD/PDGF-A
had higher BBB scores at 8 and 9 weeks after injury compared to
those animals that had OPCs injected in media, which likely reflects
the decline in function of the latter due to teratoma formation. For a
similar reason, animals that had simply aCSF injected showed
better locomotor function than those with OPCs in media at 8 wpi.

Given that Wang et al. did not observe evidence of tumorigen-
esis from implanted hiPSC-derived OPCs at time points as long as 9
months after transplantation [12], we attribute the tendency of our
OPCs to form teratomas to the shorter differentiation period. In
Wang et al., the prolonged differentiation protocols may have
effectively eliminated any residual undifferentiated cells prior to
transplantation. Alternatively, the difference in teratoma formation
may simply reflect the different cell lines and their respective po-
tential for tumor formation [67]. Furthermore, a difference in tumor
formation was observed between mouse embryonic stem cell-
derived cells grown as spheres or as monolayers. Cells grown as
spheres demonstrated tumor formation while adherent cells did
not [68,69]. High-density culture conditions, as used for the OPCs
after clonal generation from the neurospheres, has the potential to
carryover teratoma-forming ES cells to the transplantable popula-
tion [27]. Unfortunately, even a few undifferentiated cells, which
are difficult to detect, can have a negative impact.

While HAMC-RGD/PDGF-A promoted the differentiation of
transplanted OPCs in vivo, tumor formation was not completely
eliminated and the presented data indicates that the either cell line
or its culture as spheres is unsuitable for human use. Cell sorting of
the OPCs prior to transplantation [70] or treating them with quer-
cetin or YM155 may eliminate pluripotent cells and decrease the
risk of tumorigenesis [9]. The strategy to combine sorting or
chemical treatment of pluripotent stem cell-derived cultures with
transplantation in peptide modified hydrogels might be one way to
greatly reduce the potential of tumorigenesis in addition to influ-
encing cell survival, integration and fate. Furthermore, the hydrogel
used in this study degrades relatively quickly, with only ~3% of HA
and ~20% ofMC still present after 7 days [71,72]. WemodifiedMC of
HAMC due to its slower degradation time, and suggest that longer
exposure to PDGF-A might have further reduced teratoma
formation.

5. Conclusion

In conclusion, we demonstrate that the HAMC hydrogel,
modified with a RGD peptide and PDGF-A, promoted early survival
and integration of grafted cells. While the cells formed teratomas in
all animals when injected in traditional media, only half of the
animals had teratomas when cells were injected in HAMC-RGD/
PDGF-A, demonstrating that the hydrogel attenuated tumour for-
mation. This indicates that either the cells or their in vitro culture as
spheres are unsuitable for human translation. Not only did we find
fewer animals with teratomas when injected with OPCs in HAMC-
RGD/PDGF-A, the ones that did have teratomas, had fewer struc-
tures with epithelial cellular characteristics, and no muscle or
cartilage tissue. Most cells transplanted in the hydrogel differenti-
ated to a glial phenotype. Thus, this hydrogel promoted cell survival
and integration, and attenuated teratoma formation by promoting
cell differentiation. Minimally invasive materials that can address
transplantation barriers in a multifaceted approach, as shown here
with peptide and growth factor modified HAMC, have great po-
tential for future cell therapies. Further understanding the interplay
of cell survival along with integration and differentiation signals
can lead to new designs of clinically relevant strategies for treating
CNS diseases for which no regenerative strategies currently exist.
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