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SUMMARY

The utility of stem cells and their progeny in adult transplantation models has been limited by poor survival and integration. We designed
an injectable and bioresorbable hydrogel blend of hyaluronan and methylcellulose (HAMC) and tested it with two cell types in two
animal models, thereby gaining an understanding of its general applicability for enhanced cell distribution, survival, integration, and
functional repair relative to conventional cell delivery in saline. HAMC improves cell survival and integration of retinal stem cell
(RSC)-derived rods in the retina. The pro-survival mechanism of HAMC is ascribed to the interaction of the CD44 receptor with HA. Tran-
sient disruption of the retinal outer limiting membrane, combined with HAMC delivery, results in significantly improved rod survival
and visual function. HAMC also improves the distribution, viability, and functional repair of neural stem and progenitor cells (NSCs).

The HAMC delivery system improves cell transplantation efficacy in two CNS models, suggesting broad applicability.

INTRODUCTION

Cell transplantation in the central nervous system (CNS) re-
quires exogenous cells to survive and integrate into the neu-
ral circuitry, thereby restoring function. The three major
barriers to successful cell transplantation in adult tissue are
distribution, survival, and integration of donor cells. The
co-dependency of cell survival and cell integration on trans-
plantation efficacy has been described (Ma et al., 2011).

Targets for cell therapy in the CNS, including retina and
brain, have tissue-specific challenges that must be over-
come for successful treatment. In conditions such as
age-related macular degeneration and retinitis pigmen-
tosa, transplanted outer retinal cells may be able to use
the remaining inner retinal circuitry, and thus photore-
ceptor replacement is a feasible strategy to promote func-
tional repair of the retina (Klassen et al., 2004). Although
functional restoration after subretinal cell transplantation
of neonatal or embryonic stem cell (ES)-derived post-
mitotic rods into adult hosts has been demonstrated
(Pearson et al., 2012; Lamba et al.,, 2009), the majority
of studies have reported relatively low survival, from
0.04% to 8% on average. Similarly, in the brain,
transplanted stem cells typically show low survival of
2%-8% (Nakagomi et al., 2009). Biomaterial approaches
show promise in improving the efficiency of cell
transplantation.
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The hyaluronan (HA) and methylcellulose (MC) (HAMC)
hydrogel is injectable, minimally swelling, bioresorbable,
and fast gelling (Gupta et al.,, 2006; Baumann et al.,
2010). It was shown to be superior to a number of different
natural polymers in terms of physical and biological prop-
erties, including support of stem cell progeny survival and
proliferation (Mothe et al., 2013; Ballios et al., 2010). The
fast-gelling properties of HAMC are key to the more uni-
form distribution of cells in the retina and brain compared
to conventional saline delivery techniques.

The intimate relationship between cell survival and inte-
gration is investigated here with transplants of retinal stem
cell (RSC)-derived rod photoreceptors. The development
and characterization of adult RSC-derived rods in vitro (Bal-
lios et al., 2012) closely resemble newborn post-mitotic rod
photoreceptors in vivo (Akimoto et al., 2006), with expres-
sion of first immature (Nrl+ [Neural retina leucine zipper+])
and then mature (Rhodopsin+) rod markers in RSC progeny
treated with taurine and retinoic acid (taurine/RA). Twelve-
day in vitro differentiated rods (“immature” RSC-derived
rods) express high levels of Nrl and low levels of
Rhodopsin, whereas 28-day in vitro differentiated rods
(“mature” RSC-derived rods) express high levels of both
Nrl and Rhodopsin. Importantly, RSC-derived rods display
electrophysiologic and functional light responsiveness
in vitro that is similar to immature rod photoreceptors
(Demontis et al., 2012). Transplantation of RSC-derived
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photoreceptors has demonstrated functional repair in early
post-natal mouse models of disease (Inoue et al., 2010).

The role of HAMC in cell survival, integration, and, ulti-
mately, functional repair was investigated in the retina
with RSC-derived rods and in the brain with neural stem
and progenitor cells (NSCs). In both tissues, cells delivered
in HAMC survived significantly better than those delivered
in conventional buffered saline vehicles. This survival
effect was mediated by cell-material interactions through
CD44, the putative HA receptor, and confirmed in vivo
when transplanted CD44—/— RSC-derived rods no longer
responded to the pro-survival effect previously observed
with HAMC. In the retina, disruption of the outer limiting
membrane (OLM) with pL-a-aminoadipic acid (AAA) (West
et al.,, 2008) enhanced migration/integration of cells
into the host outer nuclear layer (ONL). When delivered
in HAMC, these integrated cells adopted mature rod
morphology, expressed mature rod markers, and improved
visual function in genetically blind mice. Unexpectedly,
optimization of the delivery vehicle and host environment
is sufficient to promote integration of mature rods, a popu-
lation of cells previously considered unsuitable for trans-
plantation (Pearson et al., 2012; MacLaren et al., 2006).

To gain greater insight into the broad applicability for cell
delivery, HAMC was investigated for the delivery of adult
mouse NSCs (Morshead et al., 1994) to the brain. Signifi-
cantly more cells were observed when delivered in HAMC
versus artificial cerebrospinal fluid (aCSF) controls. More-
over, the depth of penetration and cell distribution were
superior when NSCs were delivered in HAMC, underlining
the benefit of HAMC for cell-host tissue interaction. Most
important, the enhanced cell survival observed for cells
delivered in HAMC versus aCSF correlated with significant
behavioral recovery in the endothelin-1 (Et-1) model of
stroke: only animals that had cells delivered in HAMC
showed functional repair.

This study underscores the importance of the biomaterial
to successful cell transplantation, where HA promotes cell
survival and MC promotes cell distribution. An injectable
hydrogel delivery strategy that promotes cell survival and
integration of transplanted adult stem cell progeny shows
promise as a strategy for cell replacement in the retina
and brain for functional repair.

RESULTS

HAMC Improves Overall Survival of RSC-Derived Post-
Mitotic Rods following Transplantation

RSC-derived rods at various stages of maturation were
transplanted into the subretinal space of adult albino
CD10 mice (Figure 1) and evaluated for survival 3 weeks
post-transplantation. The survival of undifferentiated

(0O-day) RSCs delivered in saline and fully differentiated
(44-day) RSC-derived rods showed the poorest survival (Fig-
ure 1A), whereas the differentiated progeny (between 12
and 28 days) showed improved survival. The greatest sur-
vival was observed for the mature (28-day) RSC-derived
rods transplanted in HAMC. This survival rate was signifi-
cantly greater than delivery in saline, suggesting a stage-
specific interaction between mature RSC-derived rods and
HAMC (two-way ANOVA, vehicle and differentiation
time interaction, F(5,40) = 3.37, p < 0.05). Compartmental
analysis of cell distribution in host retinal tissue (Figures
1B-1D for neural retina, subretinal space, and retinal
pigment epithelium [RPE] layer, respectively) using three-
way ANOVA revealed a three-way interaction among
differentiation time, delivery vehicle, and compartment
on cell survival (F(10,120) = 6.19, p < 0.05). Committed
immature RSC-derived rods (12-day differentiated) showed
a greater percentage of integrated cells into neural retina
compared to mature rods, regardless of delivery vehicle
(post hoc analysis, p < 0.05) (Figure 1B). Significantly fewer
cells remained in the subretinal space among immature
rods (12 days) transplanted in HAMC versus saline (p <
0.05) (Figure 1C), demonstrating their ability to migrate
into retinal tissue. Interestingly, independent of the num-
ber of days of taurine/RA differentiation, a large fraction
of transplanted cells were adherent to, rather than inte-
grated in, the RPE layer of the retina (Figure 1D), where cells
were counted in the RPE compartment if they were in con-
tact and adherent to this layer. Transplants of immature
rods extended short processes following integration (Fig-
ures 1E and 1F), whereas those with mature rods in
HAMC integrated into the ONL and extended processes
toward the outer plexiform layer and subretinal space,
compared to saline (Figures 1G and 1H). When completely
undifferentiated (0-day) cells were transplanted, most cells
were located in the RPE layer, and almost no cells were in
the subretinal space or neural retina (Figures 1B-1D). These
data are consistent with previous studies (Ballios et al.,
2010).

To determine whether fusion with host cells occurred with
transplanted RSC progeny, undifferentiated GFP-positive
(Actin.gfp) RSC progeny were transplanted into adult trans-
genic mice that ubiquitously express mRFP (Actin.mrfpI).
Confocal image analysis showed that GFP and mRFP signals
did not overlap (n = 4 independent transplants; Figure S1).
In addition, transplants of undifferentiated Pax6«-Cre RSC
progeny into Z/EG pups (P2) showed strong expression of
the lacZ reporter in the host retina. In the case of cell fusion,
GFP expression due to Cre-mediated recombination would
have been expected; however, no GFP-positive cells were
observed (n = 4 independent transplants; data not shown).
On the basis of this evidence, it is unlikely that transplanted
RSC progeny fused with host cells.
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To understand factors that might account for the locali-
zation of cells to the RPE layer, we performed qRT-PCR
analysis for the expression of photoreceptor-specific cad-
herin (Pr-cad) and P-cadherin (P-cad) (Figure S2). Pr-cad is
expressed only in the outer segments of retinal photo-
receptors (Rattner et al., 2001), whereas P-cad is typical of
pigmented populations in the retina (pigmented ciliary
epithelial cells, undifferentiated RSCs, and RPE cells).
While immature and mature RSC-derived rods showed
increased levels of Pr-cad expression in vitro relative to

Stem Cell Reports | Vol. 4 | 1031-1045 | June 9, 2015 | ©2015 The Authors

HAMC + AAA

Figure 1. HAMC, an Injectable Hydrogel
Matrix, Improves RSC-Derived Rod Photo-
receptor Survival after Transplantation
(A-D) The absolute numbers of cells sur-
viving in the retina of adult mice 3 weeks
post-transplantation in saline versus HAMC
vehicle (A). HAMC encourages the post-
transplant survival of RSC-derived rods
compared to saline as the maturity of the
rods increases. Quantification was per-
formed on the percentage of integrating
cells (as a fraction of total cells counted in
the whole eye) (B) in the neural retina, (C)
in the subretinal space, and (D) adherent to
the RPE layer. Immature RSC-derived rods
show an ability to integrate into host neural
retina independent of delivery vehicle.
Mean = SEM of n = 4-8 independent trans-
plants are plotted; *p < 0.05.

(E-H) Inverted epifluorescent image of
immature RSC-derived rods transplanted in
saline (E) and HAMC alone (F) both show
sparse integration into the ONL and exten-
sion of short processes but fail to show
extensive integration and mature rod
morphology (arrows). Compared to cells
injected in saline+AAA (G), mature RSC-
derived rods in HAMC (28-day RSC-derived
rods in HAMC+AAA) (H) show patches of
extensive integration into the ONL and
mature rod morphology, including the
extension of processes toward the outer
plexiform layer and outer segments (ar-
rows), compared to cells injected in saline.
Scale bars represent 50 um. GCL, ganglion
cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer; RPE, retinal pigment
epithelium layer; SRS, subretinal space.
See also Figures S1-S3.

28

44

21 28 44

undifferentiated RSCs, they did not downregulate P-cad
upon differentiation and showed higher levels of P-cad
expression than adult neural retina or sorted Nrl.gfp
committed rods did. Integrated rods did not express
P-cad, and cells adhering to the RPE layer did not
express RPE6S yet did express P-cad (Figure S2). Together,
these data suggested that these donor cells were not
RPE cells, but maintained expression of P-cad post-trans-
plantation, which limited their integration into the neural
retina.
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We sought to determine whether tissue immune
response in the retina varied depending on the cell delivery
vehicle. Injections of immature and mature cells showed a
higher immune response in saline than in HAMC (Fig-
ure S3), as measured by the number of CD68-positive
activated macrophages within the neural retina following
injection. Mature (28-day) cells delivered in HAMC had
significantly fewer CD68+ cells/retina than immature (12-
day) cells delivered in saline. Post hoc analysis revealed
that 28-day differentiated cells in saline showed signifi-
cantly fewer CD68+ cells/retina compared to 12-day differ-
entiated cells in saline (Figure S3) (p < 0.05), suggesting that
tissue immune response is correlated with differentiation
stage of the transplanted cells. Interestingly, HAMC has
also been previously shown to attenuate the inflammatory
response in the CNS (Austin et al., 2012), and thus we
ascribed the trend toward decreased number of CD68+ cells
present after cell transplantation in HAMC versus saline to
the HA in the HAMC hydrogel.

Disruption of the Outer Limiting Membrane

Enhances Integration of Immature and Mature
RSC-Derived Rods

Adult retinal tissue poses significant barriers to integration
of donor rods. One of these barriers is the presence of the
OLM, which restricts the ability of donor cells to migrate
into the retina following subretinal transplantation. Phar-
macological disruption of the OLM is achieved using a
transiently acting gliotoxin (i.e., AAA) (West et al., 2008).
This disruption is reversible, with re-establishment of the
OLM and normal retinal cytoarchitecture. Pre-treatment
with AAA combined with transplantation of immature

(Figures 2A-2D) or mature (Figures 2E-2H) RSC-derived
rods in HAMC resulted in higher survival and integration
of cells into the neural retina than delivery of cells in either
saline or HAMC in the absence of AAA. Total cell survival
analysis showed a differentiation stage-specific positive
interaction of mature RSC-derived rods with HAMC
(three-way ANOVA, interaction between vehicle and differ-
entiation time, F(1,36) =8.08, p <0.05) (Figures 2A and 2E).
The effect of AAA on cell survival was independent of the
effects of vehicle or differentiation time (statistical interac-
tion, p > 0.05). Thus, AAA acted specifically on removing
barriers to neural retinal integration rather than overall
cell survival. Of note, mature cell survival in HAMC (with
or without AAA) was significantly greater than immature
cell survival in HAMC (p < 0.05) (compare Figures 2A and
2E). Overall, our analyses demonstrated that the more
mature cells delivered in HAMC+AAA showed the greatest
survival relative to other delivery conditions (p < 0.05).
Analysis of cell survival reinforced the hypothesis that
cell survival factors, such as differentiation stage or delivery
in HAMC, can act with integration-promoting factors to
improve survival specifically in the neural retina (four-
way ANOVA, interaction of time, vehicle, AAA treatment,
and compartment; F(2,69) = 7.28; p < 0.05) (Figures 2B-
2D and 2F-2H). Multiple group comparison revealed
that survival in the neural retina was significantly higher
for mature versus immature cells for saline+AAA or
HAMC+AAA delivery (p < 0.05) (compare Figures 2B and
2F). Post hoc analysis showed that more mature (28-day)
cells delivered in HAMC+AAA had the greatest potential
for integration into the neural retina across all conditions
(p < 0.05) (Figure 2F). In the case of mature RSC-derived

Figure 2. Disruption of the Outer Limiting Membrane Combined with HAMC Delivery Reveals the Integration Potential of Mature
RSC-Derived Rod Precursors

(A-H) Compartmental analysis of (A-D) immature (12-day differentiation) or (E-H) mature (28-day differentiation) RSC-derived rod
precursors surviving 3 weeks post-transplantation following delivery in saline, HAMC, saline+AAA, and HAMC+AAA. The absolute numbers
of surviving cells are stratified depending on whether they localize to neural retina, subretinal space, or the RPE layer. Application of AAA
to modify the host retina significantly increases the number of surviving RSC-derived rod progeny when combined with delivery in HAMC.
(I) Confocal image analysis shows mature RSC-derived rods transplanted in optimum conditions (HAMC+AAA) extend Rhodopsin-positive
outer segments (yellow, arrowheads in left panel) toward the subretinal space similar to previous reports of integrated photoreceptors
(Pearson et al., 2012). Cell bodies completely surrounded by GFP were counted (arrows, right panel).

(J) Endogenous rod outer segments (red) are separately identified from the outer segments of integrated cells (yellow, arrows). Nuclei/
GFP/Rhodopsin merge is shown on the left, and GFP/Rhodopsin merge is shown on the right.

(K) The majority of rod photoreceptors integrated as clusters of cells; however, rare single cells elaborate processes into the subretinal
space (arrowheads).

(L) Transplants of dissociated retinal cells from P4 Nrl.gfp(+/+) mice into wild-type adult retina (n = 6) demonstrate rod integration
consistent with previous reports (MacLaren et al., 2006). Where clusters of cells integrate into the ONL, morphology is strikingly similar to
integrated mature RSC-derived rods, including the extension of Rhodopsin-positive outer segments (yellow, arrowheads).

(M) A single integrated Nrl.gfp(+/+) rod photoreceptor showing elongated morphology similar to single mature RSC-derived rods (nucleus,
arrowhead and inset).

Scale bars represent (I-J) 20 um, (K) 5 um, (L) 10 um, and (M) 20 um (inset 5 um). OS, outer segments; GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium layer; SRS, subretinal space. Mean + SEM of n = 4-6 independent
transplants; *p < 0.05.
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rods, the application of AAA resulted in more cells in the
desired neural retina at the expense of cells in the RPE layer
(p < 0.05) (Figures 2F and 2H).

The highest numbers of cells integrating into the neural
retina were mature rods delivered in HAMC to mouse
retinae pre-treated with AAA (380 + 80, or 2.4%-4.3% of
cells injected). This result is surprising because, previously,
early post-mitotic rods isolated from P4 Nrl.gfp mice
showed integration at a lower survival rate (0.04%-
0.13%) (MacLaren et al., 2006). We have shown that by
modifying the host retinal environment to remove barriers
to migration, mature rod precursors have greater potential
to achieve more efficient integration. Transplants of inte-
grated mature rods adopt typical rod photoreceptor
morphology (Figure 1H), including the extension of
Rhodopsin-positive outer segments (Figures 2I-2K). These
cells also appear to extend processes toward the outer plex-
iform layer, where rods typically form connections with
bipolar interneurons (Figure 1H). The morphology
observed with mature RSC-derived rod transplants was
strikingly similar to transplants of P4 Nrl.gfp rod precursors
into adult retina (n = 4 independent transplants; Figures 2L
and 2M). Interestingly, our RSC-derived rod transplants ex-
hibited similar patch-like integration pattern and staining
to those of integrated post-mitotic rods, despite having
different relative intensities of cell body versus process im-
munostaining (Pearson et al., 2012; MacLaren et al., 2006).
Our images also show the extension of a GFP-bright,
mature, Rhodopsin-positive outer segment “brush border,”
an essential element of mature rod photoreceptor
morphology. The data suggest that physical integration
barriers, such as the OLM, are critical factors limiting
integration.

HAMC Directly Promotes RSC-Derived Rod Survival
through CD44-Mediated Inhibition of Apoptosis

Cell survival and phenotype in HAMC were studied using
mature RSC-derived post-mitotic rods. RSC progeny were
differentiated either in the presence of taurine/RA (rod-
induction) or 1% fetal bovine serum (FBS) (pan-retinal dif-
ferentiation). At 28 days, induction factors were removed,
and the cells were exposed either to HAMC reconstituted
in serum free media (SFM) or to SFM alone for 7 days.
Post-mitotic rods showed significantly higher survival
over 7 days when cultured in HAMC relative to SFM alone
(Figure 3A). No change in mature photoreceptor pheno-
type, as determined by Rhodopsin expression, was noted
over 7 days of culture (Figure 3B). The observation that
RSC-derived rods maintained their post-mitotic phenotype
in the absence of taurine/RA suggests that they are termi-
nally differentiated (Figure 3C). By contrast, pan-retinal
cultures derived in 1% FBS, which include a significant
number of multipotent proliferative progenitors (Ballios

et al., 2012), showed similar overall in vitro survival in
both HAMC and SFM alone (Figure S4). There was no
difference in the proportions of the Rhodopsin-positive
population. Thus, the direct effect of HAMC on cell sur-
vival appears specific to the population of post-mitotic
RSC-derived rods.

In order to determine the component of HAMC respon-
sible for the survival effect noted in the post-mitotic rods,
cells were cultured in HA and MC separately. HA and
HAMC had pro-survival effects, whereas cells cultured in
MC and SFM showed similar cell death rates (Figure 4A).
We hypothesized that HA supports cell survival through a
direct CD44-mediated interaction with donor cells. CD44
is the putative HA receptor, and its activation is important
in cell survival pathways in other tissues. Mature RSC-
derived rods were found to express CD44 both by immuno-
cytochemistry (ICC) and qRT-PCR (Figures 4B and 4C). Just
as RSC-derived rods maintain progenitor levels of P-cad
expression during differentiation in vitro, they continue
to express high expression of CD44, unlike mature rod
photoreceptors in adult retina (Sarthy et al., 2007; Chaitin
et al., 1994). The levels of CD44 gene expression were
maintained over more than 7 days in HA or MC-containing
mixtures, demonstrating that the medium itself did not
affect gene expression. Additional evidence for the pro-sur-
vival effect of HA in HAMC was achieved by quantification
of activated caspase-3 levels in these cultures. Significantly
greater levels of apoptosis were observed with RSC-derived
rods cultured in non-HA-containing, compared to HA-con-
taining, hydrogels (p < 0.05) (Figure 4D).

To test the hypothesis that the pro-survival action of HA
was through the CD44 receptor, we cultured RSC-derived
rods from CD44 '~ mice. The pro-survival effect observed
with HAMC for CD44** rods was lost with CD44 '~ rods
over 7 days. Cell death rates were not significantly different
from those of cells cultured in MC and SFM only (Figure 4E).
Importantly, the CD44 /- cells were identical to wild-type
RSC-derived rods in terms of their Rhodopsin-positive
phenotype (Figure 4F) and differed only in their expression
of CD44.

Factors Enhancing Integration Are Dependent on
Pro-Survival Signals In Vivo for Improvement of
Transplant Efficacy

To probe the interplay between survival and integration of
the RSC-derived rod donor population in the adult retina, it
was necessary to dissociate these two effects. Transplants of
immature and mature RSC-derived rods in optimal cell
survival or integration conditions (HAMC+AAA) were per-
formed using cells derived from CD44~/~ mice. On the ba-
sis of the in vitro studies, the loss of CD44 should eliminate
the pro-survival effect of HAMC on the transplanted cells
in vivo. Significantly fewer CD44~/~ RSC-derived rods
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A * * " B
3500 1 * - 100 i
— 3000 - =0 90
S 80 2 80
i 2500 1 (70 o % 0
8 2000 - (60 8 . & 60
S F 50 @ == Media only % 50
2 1500 I 2 m 4
3 40 R *aﬁmgonly _§' 40 “*Media only
g 1000 1 r 30 -‘-HAMC -g 30 "'HAMC
Z 500 e 20
10
0 - 0

0 1 3 5 7
Days of culture

0 1 3 5 7

Days of culture

Figure 3. HAMC Promotes the Survival of Mature RSC-Derived Rods In Vitro

(A) Absolute numbers (bars) and percentage survival (line plot) of mature RSC-derived rods (28-day differentiated, > 95% Nrl+/
Rhodopsin+) maintained for 7 days in culture in either HAMC reconstituted in serum-free medium (SFM) or SFM alone. Percentage survival
in HAMC is significantly greater than in media (two-way ANOVA, interaction between mixture composition and culture time, F(4,25) =

3.44, p < 0.05; Tukey-Kramer post hoc, p < 0.05).

(B) Rhodopsin expression is maintained in the absence of taurine/RA induction factors regardless of culture in HAMC or SFM alone
(interaction of mixture composition and culture time was not significant, F(4,25) = 0.18, p > 0.05; no main effect of mixture composition).
(C) Mature RSC-derived rods express Nrl (cytoplasmic GFP) and Rhodopsin. Scale bar represents 50 um. Mean + SEM of n = 3 independent

transplants are plotted; *p < 0.05.
See also Figure S4.

survived in the retina when injected with HAMC+AAA—
our optimized condition that showed the greatest level of
CD44*/* cell survival (two-way ANOVA, vehicle and differ-
entiation time interaction, F(4,45) = 10.53, p < 0.05) (Fig-
ures 5A and 5E).

The decreased survival of CD44 '~ cells was observed in
the neural retina, subretinal space, and RPE layer (Figures
5B-5D and 5F-5H). In the absence of functional CD44,
cell integration into neural retina or RPE layers—despite
removal of the OLM by AAA—followed the same profiles
for transplantation in saline without AAA (p > 0.05; Figures
5B, 5D, SE and SH). Analysis of cell integration across all
retinal compartments (Figures 5B-5D and SF-5H) shows
that the three-way interaction of vehicle, differentiation
time, and compartment was significant (F(8,111) = 27.49,
p <0.05). Of note, multiple comparisons demonstrate a sig-
nificant reduction in overall survival of both immature
(Figures 5B-5D) and mature (Figures SF-5H) CD44~/~
RSC-derived rods compared to CD44*/* RSC-derived rods
transplanted in HAMC+AAA (p < 0.05). This experiment
separates the roles of survival and integration on overall
transplant efficacy. While the OLM barrier is a ceiling to
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maximum cell survival, pro-survival signals are critical to
long-term cell viability in vivo, independent of the
compartment in which cells localize after transplantation.

Transplantation of RSC-Derived Rod Photoreceptors

Improves Visual Function in Genetically Blind Mice

To test the ability of RSC-derived rod photoreceptors to
enhance visual function, we transplanted our optimal
mature RSC-derived rods in HAMC in host animals that
have an intact retina similar to wild-type animals but
that fail to show pupillary light reflex, do not entrain
light/dark cycles, and do not respond to light (Gnatl /",
CngAS_/ -, Opn4_/ 7) (triple knockout, TKO mice) (Hattar
et al., 2003). Any response from these retinae would only
arise from a transplanted cell population, and outcomes
related to effective tissue integration and donor cell func-
tion could be evaluated without the complication of a de-
generating host environment. The pupil responses of
uninjected wild-type mice and TKO mice that had received
28-day differentiated RSC-derived rods in HAMC+AAA
into one eye and sham injections (HAMC+AAA without
cells) into the other (n = 16) were examined at various
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Figure 4. CD44 Mediates the Direct Survival Effect of HAMC on RSC-Derived Rods In Vitro

(A) Percentage survival of mature RSC-derived rods (assayed with ethidium homodimer-1) cultured in HAMC and its individual components
(HA and MC) demonstrates that only those mixtures containing HA show a significant pro-survival effect compared to non-HA-containing
mixtures (two-way ANOVA, interaction effect of culture time and mixture composition on rod survival, F(12,102) = 10.33, p < 0.05; Tukey-
Kramer post hoc, p < 0.05).

(B) CD44 expression by qRT-PCR remains constant regardless of culture in HA- or MC-containing mixtures.

(C) Mature RSC-derived rods express CD44 by immunocytochemistry, which co-localizes with GFP consistent with surface localization.
(D) Staining for activated caspase III suggests cell death occurs primarily through apoptosis without HA-CD44 interaction in non-HA-
containing mixtures (interaction of culture time and mixture on rod numbers, F(12,96) = 37.78, p < 0.05).

(E) When mature CD44~/~ RSC-derived rods are cultured for 7 days, cell survival is decreased by the same proportion compared to day 0,
independent of mixture composition. Two-way ANOVA showed a main effect of culture time (F(1,40) = 258.92, p < 0.05), but no effect of
mixture composition (F(3,40) = 0.71, p > 0.05) and no interaction effect (F(3,40) = 2.12, p > 0.05) on rod survival.

(F) CD44~/~ RSC-derived rods maintain Rhodopsin expression, suggesting that the absence of CD44 does not affect cell phenotype
(nointeraction effect, F(3,40) =0.58, p>0.05; no main effects of time or mixture composition) Scale bar represents 100 um. Mean+ SEM of
n = 3 independent transplants are plotted; *p < 0.05.

light intensities. Wild-type pupils showed responses consis-  light response, while those that received RSC-derived rods

tent with previous studies (Figures 5I and S5) (MacLaren showed a significant improvement in pupillary constriction
et al., 2006). Sham-injected TKO eyes showed no pupillary at higher intensities (p < 0.05), to a maximum response
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Figure 5. HAMC-CD44 Interaction Is Critical for
RSC-Derived Rod Survival and Integration Abil-
ity In Vivo, and RSC-Derived Rods Show Func-
tional Visual Recovery in Genetically Blind Mice
(A-H) Compartmental analysis of (A-D) immature
(12-day differentiation) and (E-H) mature (28-day
differentiation) RSC-derived rod precursors fol-
lowing delivery in various conditions. Immature or
mature CD44~/~ RSC-derived rod precursor trans-
plantation in HAMC+AAA shows significantly
decreased cell survival and suggests the pro-sur-
vival effect of HAMC on donor cells is necessary for
their ultimate survival and ability to integrate into
host retina. Mean + SEM of n = 4-6 independent
transplants are plotted; *p < 0.05.

(I) Wild-type pupillary light response is consistent
with previous reports (Maclaren et al., 2006) and
shows 80% constriction in pupillary area over the
entire range of irradiances tested. Pupillary light
response was measured in TKO mice that received
28-day CD44™/* RSC-derived rods in HAMC+AAA in
one eye and a sham injection (HAMC+AAA without
cells) into the other. Note the pupillary response
identified at high effective irradiances in the cell-
injected eye compared with no response in sham-
injected eyes at any intensity (F(13,420) = 3.48,
p < 0.05). Mean + SEM of n = 16 mice; *p < 0.05.
See also Figure S5.
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Figure 6. HAMC Increases the Number of
Live NSCs Transplanted into Uninjured
Mouse Brain
HHAMC (A) Prior to transplantation, the effect of
storing the cells on ice was monitored over
time and compared to time 0. After 8 hr,
‘ there were significantly more live YFP+ NSCs
; in HAMC than in aCSF (p = 0.04, n = 7). This
trend persisted to 24 hr but was not
significantly different (p = 0.06, n = 7).
(B) Mice transplanted with NSCs in HAMC
have significantly more YFP+ live NSCs in
the brain at time 0 compared to those
transplanted with cells in aCSF (p < 0.05,
n = 7). This trend of more NSCs in the brain
. when delivered in HAMC than in aCSF per-
sists to 7 days; however, the difference is
j‘—l—‘ not significant at 7 days (n = 4-6).
| (C) Representative images of transplanted
7 YFP cells show more NSCs in the mouse brain
when injected in HAMC versus aCSF. Scale
bar represents 200 um.
(D) Quantification demonstrates more GFP+
live NSCs in the stroke site versus the un-
injured tissue at both 0 and 7 days; how-
ever, the difference is only significant at
| 7 days (p < 0.05, n = 6).
(E) Representative images show that ani-
mals transplanted with cells suspended in
HAMC directly into the stroke site (4 days
after stroke injury) appear to have a greater
number of cells compared to those trans-
planted with cells in HAMC 1 mm caudal to
the injury (n = 6). Scale bar represents
100 pm.

m aCSF
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(F) NSCs injected in HAMC directly into the stroke lesion penetrate to greater depths than those transplanted 1 mm caudal to the injury
site; however, there is only a significant difference 7 days after transplantation (p < 0.05, n = 6).

For all graphs, mean + SEM are plotted, n independent transplants.

See also Figure S6.

of approximately 10% constriction, demonstrating vision
improvement (Figure 5I). Our results are similar in mag-
nitude to the 10%-20% improvement seen after cell
transplantation into models of active retinal degeneration
(MacLaren et al., 2006), thereby validating the benefit
of RSC-derived rod photoreceptor transplantation in
HAMC+AAA in the TKO model.

HAMC Improves NSC Viability

To understand the benefit for cell transplantation more
generally, we investigated HAMC delivery of NSCs into
non-injured and stroke-injured adult mouse brain. As
with RSC progeny, NSCs also express CD44 at both the
mRNA and protein levels (Figure S6A), suggesting that
the direct pro-survival effect of HAMC would also be
observed with NSCs. We evaluated NSC survival in vitro

at 8 and 24 hr. After 8 hr, 60% of NSCs in aCSF were viable
compared to 90% in HAMC, demonstrating a significant
pro-survival effect of HAMC (p < 0.05; Figure 6A). At
24 hr, there was a trend toward greater cell survival in
HAMC versus aCSF, but no significant difference. Since all
NSCs were injected within 8 hr of preparation, the number
of transplanted cells in HAMC (~126,000) was significantly
greater than those transplanted in aCSF (~87,000). Thus,
the beneficial pro-survival effect of HAMC in vitro likely
affects in vivo results.

In vivo survival was quantified immediately after trans-
plantation into uninjured mouse brains (0 days) and at
7 days for equal numbers of NSCs suspended in aCSF or
HAMC. Immediately after injection, mice transplanted
with NSCs in HAMC had significantly more cells than
those transplanted in aCSF (p < 0.05; Figure 6B). After

1040 Stem Cell Reports | Vol. 4 | 1031-1045 | June 9, 2015 | ©2015 The Authors



7 days, we observed more cells after delivery in HAMC
versus aCSF, but the difference was not significant (p =
0.12). Notably, 86% of mice (i.e., 6 of 7) transplanted
with NSCs in HAMC had cells present after 7 days, whereas
only 57% (4 of 7) had cells present at 7 days when trans-
planted in aCSF (Figure S6B). Immediately after injection,
cells transplanted in HAMC appeared to be distributed
throughout the injection site, whereas cells in aCSF ap-
peared localized mainly dorsally, possibly due to backflow
following injection (Figure 6C). Quantification of the injec-
tion depth showed that NSCs delivered in HAMC remained
deeper within the brain tissue than did cells delivered in
aCSF, although this difference was insignificant (data not
shown). Thus, HAMC had a pro-survival effect on NSCs
in vitro and promoted greater cell distribution in vivo.

Transplantation Directly into the Stroke Injury
Increases Cell Survival

To test transplantation efficacy, the Et-1 mouse model of
stroke was employed. Et-1 is a chemically induced stroke
previously described in the literature (Wang et al., 2013).
Cells were transplanted 4 days after injury to ensure neuron
cell death in the resulting tissue cavity while at the same
time providing a sub-acute model, which has clinical rele-
vance. NSCs delivered in HAMC were injected either at
the site of the injury or 1 mm caudal to the injury site.
Interestingly, significantly more cells were observed in
the brain when injected into the injury site versus caudal
at 7 days post-transplantation (p < 0.05) (Figures 6D, 6E,
and S6B). This greater number of cells in the injury site
correlated with greater depth of tissue penetration when
NSCs were delivered into the injury site than caudal to
the site at 7 days (p < 0.05; Figure 6F). The greater number
and deeper penetration observed may be due to the greater
tissue volume available for NSCs in the stroke-injury site.

NSCs Show Improved Survival in the Adult Brain after
Stroke Injury when Delivered in HAMC and
Contribute to Functional Motor Recovery

To test functional efficacy, behavioral recovery of Et-1
stroke-injured mice was evaluated for NSCs delivered into
the stroke lesion site in either HAMC or aCSF versus
vehicle-alone and uninjured controls. Animals were evalu-
ated by foot-fault assay 3 days prior to stroke to establish a
baseline and 3 days after Et-1-induced stroke to examine
the functional deficit. In mice that displayed a functional
deficit, NSCs were transplanted 1 day later (i.e., 4 days after
stroke), and behavior was evaluated biweekly for 4 weeks
(Figure 7A). Mice treated with either aCSF or HAMC alone
or NSCs suspended in aCSF showed some, but not signifi-
cant, recovery relative to the functional deficit observed
with stroke injury (at 3 days post-stroke). In contrast,
mice transplanted with NSCs delivered in HAMC showed
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significant recovery at both 2 and 4 weeks (p < 0.05; Fig-
ure 7B). Uninjured mice showed no significant difference
between time points. Following study completion, the
number of animals with surviving cells was evaluated.
When NSCs were transplanted in HAMC, 70% (7 of 10)
of the animals had surviving cells, whereas only 58%
(7 of 12) of the animals transplanted with NSCs in aCSF
had surviving cells (Figure S6D). Notwithstanding the
functional benefit observed, cells transplanted in HAMC
were mostly glial fibrillary acidic protein (GFAP)-positive
cells at 4 weeks. Few NeuN+ neurons (Sui et al., 2012) and
few Olig2+ oligodendrocytes (Menn et al.,, 2006) were
observed (Figure 7C). Notably, the maximal depth of
tissue penetration of NSCs delivered in HAMC was signifi-
cantly greater than that of NSCs delivered in aCSF both
immediately and 4 weeks after transplantation (p < 0.05;
Figure 7D).

DISCUSSION

In this study, we showed that HAMC delivery is critical to
both the survival of transplanted RSC-derived rods in
retinal dysfunction and NSCs in the stroke-injured brain,
demonstrating HAMC'’s broad applicability with multiple
cell types in multiple tissues. Compared to cells trans-
planted in buffered saline, cells in HAMC were better
distributed in the tissue and promoted cell survival and
integration—key components for improved behavioral re-
covery—reflecting remarkable material properties.

The enhanced distribution observed for NSCs delivered
in HAMC (versus aCSF) in the brain echoes those observed
of RSCs in the retina. This improved cell distribution corre-
lates with greater behavioral recovery, likely reflecting
greater cell survival and host tissue integration as a result
of improved tissue interaction. The NSC differentiation
toward GFAP-positive cells was likely driven by both
intrinsic cell properties and transplantation environment.
GFAP-positive progenitors have been shown to promote
behavioral recovery both in NSC transplantation (Smith
et al.,, 2012) and endogenous stem cell stimulation (Kolb
et al., 2007) studies.

The present data implicate the CD44 cell surface receptor
to be responsible for the pro-survival effect of HAMC on
NSCs and RSC-derived rod photoreceptors in vitro and
in vivo. Interactions through CD44 have been shown to
be critical to cell survival (Janiszewska et al., 2010), growth,
migration (Piao et al., 2013), and differentiation (Ponta
et al., 2003). Given the dual functions of CD44 in survival
and migration, HAMC may also contribute a pro-migratory
effect that dramatically increases RSC-derived rod photore-
ceptor cell survival in HAMC+AAA treatment in vivo. We
attribute the anti-inflammatory and pro-survival effects
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Figure 7. Mice Transplanted with Cells Suspended in HAMC Recover from Stroke Injury

(A) Experimental paradigm shows that mice are tested for the foot fault assay 3 days prior to stroke to establish a baseline and 3 days after
stroke to detect the behavioral deficit. At 4 days after stroke, cells are transplanted into the lesion site, and mice are tested 14 and 28 days
later (i.e., at 18 and 32 days after stroke, respectively).

(B) At 3 days after injury, foot fault increases significantly in all animal groups except uninjured controls (n = 8). At 18 and 32 days after
injury, foot fault significantly decreases to pre-injury, baseline values for mice that had NSCs delivered in HAMC (p < 0.05, n = 7). In
contrast, mice that had NSCs delivered in aCSF (n = 7) and control mice that had aCSF or HAMC injected without cells (n = 12) did not show a
significant recovery relative to the functional deficit (i.e., at 3 days). Only mice transplanted with NSCs in HAMC showed behavioral
recovery at 14 and 28 days relative to the functional deficit at 3 days.

(C) Representative images of immunohistochemical stained brain tissue, at 28 days after transplantation, show that most of the trans-
planted NSCs delivered in HAMC are GFAP+ astrocytes, with few NeuN+ neurons and few Olig2+ oligodendrocytes. The majority of
transplanted NSCs in HAMC have differentiated into GFAP-expressing astrocytes.

(D) NSCs delivered in HAMC have significantly greater tissue penetration than do those delivered in aCSF at both 0 and 28 days after
transplantation (n = 4, p < 0.05, p < 0.01, respectively).

For all graphs, mean = SEM are plotted, n independent transplants.

to HA, which is supported by previous studies in the brain
(Wang et al., 2013) and spinal cord (Austin et al., 2012) for
inflammation.

Previously, immature post-mitotic rod photoreceptors iso-
lated from the early post-natal mouse eye at P4 showed an
optimum ability to migrate and integrate into adult host
retina (MacLaren et al., 2006). Interestingly, we showed

that mature RSC-derived photoreceptors have the ability
to functionally integrate into adult retina. This is consistent
with another report suggesting that mature rods isolated
from adult mouse eyes can integrate into adult retina and
survive with low efficiency (0.16%-0.24%), primarily
limited by low cell survival (Gust and Reh, 2011). Our study
quantifies the distribution of surviving cells across multiple
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host tissue compartments. The engraftment potential of
mature rods becomes most noticeable after elimination of
specific integration barriers to the neural retina, such as
the OLM. The influence of a positive cell survival signal
provided by HAMC promotes mature rod survival, resulting
in the greatest absolute number of adult stem cell derived
rods integrated into neural retina reported to date. These
integrated cells demonstrate mature rod morphology and
express rod-specific markers in vivo as well as contribute
to the pupillary light response in this genetically blind
mouse model that shows no response to light at baseline.
Interestingly, these findings suggest that cell non-autono-
mous survival factors, provided by a bioactive material,
can act differently on cell populations at various develop-
mental stages to encourage integration of one population
over another. The mechanisms underpinning the ability
of differentiation-stage-specific post-mitotic rod photore-
ceptors to integrate have yet to be elucidated.

The data demonstrate the benefit of adult RSC- and NSC-
based therapies delivered in HAMC for CNS cell replace-
ment therapy. Using an injectable hydrogel delivery
strategy to interrogate the mechanism of cell survival, we
revealed factors important for successful cell transplanta-
tion in both retina and brain. Materials that can address
transplantation barriers in a multifaceted approach, as
shown with HAMC, will find utility in future cell therapies.
Further understanding the interplay of cell survival and
integration signals will lead to new designs of clinically
relevant strategies for treating CNS diseases for which no
regenerative strategies exist.

EXPERIMENTAL PROCEDURES

Animals, Cell Isolation, and Culture

The mice used for isolation and characterization of RSC-derived
rods include C57BL/6, Nrl.gfp (express GFP in post-mitotic rods),
Actin.gfp (express GFP in all cells), and Pax6a-Cre (Pax6 is enriched
in RSCs). Experimental procedures were approved by the Animal
Care Committee at the University of Toronto. RSCs were derived
from the ciliary epithelium (CE) of adult mice (minimum 6 weeks
old). Cells were plated in serum free media (SFM) on non-adherent
tissue culture plates (Nunc; Thermo Fisher Scientific) at a clonal
density of 20 cells/uL. Details on differentiation protocols, survival
studies, real-time qRT-PCR, and immunostaining are provided in
the Supplemental Experimental Procedures.

Retinal Cell Transplantation, Histology, and Pupillary
Light Response

Subretinal transplantation was performed using a trans-scleral
approach. Actin.gfp RSC-derived cells were chosen as the donor
population because of their high survival in vitro and the intensity
of the actin-driven transgene. Cells were counted (ImageJ) in each
of three compartments: neural retina, subretinal space, and RPE.
Details can be found in the Supplemental Experimental Procedures.
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Mouse NSC Isolation, Culture, and HAMC Preparation
NSCs were isolated from the forebrain subependyma of adult (6- to
8-week) eYFP mice. Details of cell preparation, culture, and HAMC
suspension can be found in the Supplemental Experimental
Procedures.

Cell Transplantation into Brain

All transplantations were carried out within a 6-hr time window of
cell preparation. Control animals were injected with aCSF or
HAMC alone without any cells. Two controls were done: (1)
stroke-injured animals had the identical volume of aCSF injected,
and (2) uninjured animals were left untreated. Details of transplan-
tation technique and histologic and immunocytologic analyses
can be found in the Supplemental Experimental Procedures.

Behavioral Analysis

Behavior testing occurred weekly, beginning 3 days prior to stroke.
Foot faults were reported as percentage slippage calculated by
[(contralateral slips — ipsilateral slips) / total forepaw steps] X
100. Foot fault was normalized for each mouse to its pre-stroke
value. Details can be found in the Supplemental Experimental
Procedures.

Cell Counts and Statistics

Actin.gfp+ RSC-derived rods were counted as “integrated” if the
whole cell body was correctly located within the neural retina or
the subretinal space or was adherent to the RPE layer. Cells were
counted if they displayed a nucleus completely surrounded by
GFP. All eyes that contained more than one GFP+ cell were
included in statistical analysis. All cell counts and pooled data
are presented as averages with SEM. Significance was noted for p
values less than 0.05. Details on statistical methods are provided
in the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures and six figures and can be found with this article online
at http://dx.doi.org/10.1016/j.stemcr.2015.04.008.
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