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Delivery of iPS-NPCs to the Stroke Cavity within a
Hyaluronic Acid Matrix Promotes the Differentiation of

Transplanted Cells

Jonathan Lam, William E. Lowry, S. Thomas Carmichael,* and Tatiana Segura*

Stroke is the leading cause of adult disability with ~80% being ischemic.
Stem cell transplantation has been shown to improve functional recovery.
However, the overall survival and differentiation of these cells is still low. The
infarct cavity is an ideal location for transplantation as it is directly adjacent
to the highly plastic peri-infarct region. Direct transplantation of cells near
the infarct cavity has resulted in low cell viability. Here, neural progenitor
cells derived from induce pluripotent stem cells (iPS-NPC) are delivered to
the infarct cavity of stroked mice encapsulated in a hyaluronic acid hydrogel
matrix to protect the cells. To improve the overall viability of transplanted
cells, each step of the transplantation process is optimized. Hydrogel
mechanics and cell injection parameters are investigated to determine their stem  cells  can
effects on the inflammatory response of the brain and cell viability, respec-
tively. Using parameters that balanced the desire to keep surgery invasive-
ness minimal and cell viability high, iPS-NPCs are transplanted to the stroke
cavity of mice encapsulated in buffer or the hydrogel. While the hydrogel
does not promote stem cell survival one week post-transplantation, it does
promote differentiation of the neural progenitor cells to neuroblasts.

1. Introduction

Stroke is the leading cause of long-term adult disability and the
number of stroke victims/survivors is expected to increase in
the future.'?l Ischemic stroke occurs when there is a decrease

in cerebral blood flow due to an embolus
or local thrombosis. This results in tissue
damage that includes the loss of neurons,
astrocytes, oligodendrocytes, and endothe-
lial cells. Recombinant tissue plasmi-
nogen activator (tPA) is the only approved
therapy for stroke. This drug, which tar-
gets cell death in stroke, must be admin-
istered in the first 3 hours and is clinically
applied to only 5% of stroke patients.
There is no clinically approved therapy to
promote stroke recovery.l

Studies have shown that transplanting
improve functional
behavior in stroke models.*= A variety of
approaches ranging from delivering stem/
progenitor cells adjacent to the infarct to
delivering them directly into the infarct
have been attempted. In the former
strategy, one study showed approximately
8% of transplanted cells survived 4 weeks
post-transplantation and this led to some
functional recovery in Mongolian ger-
bils.”) In the latter strategy, delivering cells
into the infarct cavity resulted in approximately 4% survival
2 weeks post-transplantation.®! This type of direct stem cell
transplantation to the infarct results in much lower cell viability
compared to cells grafted into the non-ischemic tissue.”! This is
likely due to the inflammatory environment and lack of blood
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vessels in and near the infarct.'%) However, the infarct cavity is
an ideal site to directly inject stem/progenitor cells because of
its compartmentalized nature and close vicinity to the area of
greatest neuroplasticity, the peri-infarct tissue.l'!l Furthermore,
the infarct represents a tissue cavity that can accept a cell injec-
tion without damage to normal or intact brain. An alternative
to direct transplantation is to deliver the cells encapsulated in a
protective scaffold. Previous studies have used Matrigel, parti-
cles and other scaffolds as matrices to support the survival and
differentiation of progenitor cells in the infarct cavity.®12-16
Delivering the cells via a scaffold significantly improved cell
viability (two-fold) versus cell only transplantation controls.(®!
Furthermore, this approach has been shown to reduce lesion
volume,['>16 and promote functional recovery.'*1%l Despite
these improvements, the transplanted cell survival and subse-
quent differentiation is still low. Functional recovery correlates
to the formation of new neuronal connections in the peri-infarct
tissue.'7] Thus, promoting differentiation of the precursor
cells to neurons is a major aim in transplantation studies.!'#1%
Proposed cell types for regeneration of the brain after stroke
include the use of neural stem/progenitor cells (NPCs), immor-
talized neural cell lines,?®?2l hematopoietic/endothelial pro-
genitor and stromal cells from bone marrow and other cell
sources.[?*2* The advantages and disadvantages of each cell type
have been nicely chronicled in a recent review.”) Some of the
potential pitfalls range from the ethical issues of NPCs derived
from embryonic stem cells to the potential of malignant trans-
formation from immortalized cell lines. An alternative source
of NPCs include induced pluripotent stem cells (iPSCs).[2*%]
These cells are created by reprogramming somatic cells to a
pluripotent state through the ectopic expression of specific tran-
scription factors. First generated in 2006, iPSCs have promise
for patient-specific cell therapies, but more characterization is
needed to take full advantage of their therapeutic potential.l2®!
Herein, we report on a hyaluronic acid based hydrogel modified
with the cell adhesion peptide RGD as a vehicle for iPS-NPCs
after stroke, which induces minimal inflammation and pro-
motes differentiation of the delivered cells in the infarct cavity.

2. Results and Discussion

2.1. Hydrogel Design

Hydrogel materials are ideal as a vehicle for stem cell transplan-
tation in vivo. Hydrogels can provide a protective environment
to enhance cell survival, while delivering bioactive signals to
aid in transplanted stem cell differentiation and recruit endog-
enous cells to aid in regeneration.’”) In particular, for stem
cell transplantation into the brain after ischemic stroke these
hydrogels must fit several criteria. First, they must be injectable
through a thin needle to cause the least amount of damage to
the brain and to allow delivery into the potentially deep brain
sites of ischemic stroke. Second, the hydrogel must gel slowly
such that sufficient time is available for slow injection speeds
(0.3-0.9 pL/min). Third, the hydrogel must not swell during or
after gelation to prevent further damage to the brain, and finally
these hydrogels must promote stem cell survival during injec-
tion and post transplantation. We propose to use hyaluronic
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acid hydrogel based hydrogels crosslinked through a Michael
Addition reaction of acrylates present in the HA backbone with
dicysteines present in a matrix metalloproteinase crosslinking
peptide. Hyaluronic acid (HA) is a unique hydrogel candidate
for neural applications due to its non-immunogenic properties
and ability to hydrate.?%3! It is a naturally occurring glycosa-
minoglycan and, when used as a polymer for hydrogels, has
shown an ability to effect neural differentiation.l3#33 Further-
more, the hydrogel formulations from this system can be pre-
cisely controlled with reproducibility unseen in other systems
like Matrigel.?) We have previously shown that a HA-based
hydrogel can support the growth of encapsulated stem cells
and that hydrogel properties (HA%, crosslinking density, bioac-
tive signal concentration/distribution) can be used to direct cell
spreading, migration and proliferation.’>3% For example, cells
in stiffer gels (higher HA% and/or higher crosslinking density)
had less spreading, migration and slower proliferation rates.
Whereas increasing concentrations of RGD produced earlier
and more abundant encapsulated cell spreading and migration.
Michael addition was chosen because this chemistry has been
extensively used for in situ cell encapsulation showing high cell
viability and can have slow reaction kinetics to allow for suf-
ficient time of injection.?”-3%

Hyaluronic acid based hydrogels were synthesized to contain
the adhesion peptide, RGD, and were crosslinked with either
matrix-metalloproteinase (MMP) degradable peptides or non-
MMP degradable peptides (Figure 1A). The same hydrogel for-
mulation could not be used with the two crosslinkers to obtain
the same mechanical properties because of different reac-
tion kinetics with the acrylated hyaluronic acid. The amount
of each crosslinker type was varied until the hydrogels had
similar storage modulus of =300 Pa (d, nd. “soft”, Figure 1B
and Supporting Information Figure S1). The hydrogels were
specifically engineered for this modulus because that is the
approximate stiffness of the brain.% A stiffer hydrogel was
also made with the non-degradable peptide with a storage
modulus greater than 1000 Pa. Hydrogel moduli were con-
firmed with a plate-to-plate rheometer using a constant strain
of 1% between 0.1 and 10 Hz (Figure 1C). The storage moduli
between gels “d” and “nd ‘soft” were not statistically different
(p> 0.05).

2.2. Inflammatory Response to Hydrogel

A large inflammatory response to the initial stroke is one of the
biggest problems facing stroke patients. The lack of blood flow
from the stroke ultimately leads to the activation and infiltration
of leukocytes, microglia/macrophages, and astrocytes.*!l These
inflammatory cells can further damage brain tissue directly
and secrete factors that stimulate an even larger response.[*?#4
Our approach is to deliver a cell containing hydrogel directly to
the stroke cavity when the acute reaction begins to subside to
give the cells the best chance of survival and differentiation. To
ensure that the injection of our hyaluronic acid does not itself
induce an inflammatory reaction that could further aggravate
the already injured stroked brain, our hydrogel formulations
were injected into the brain and the inflammatory response
around the implant analyzed.
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Figure 1. A) The hydrogel contains acrylated hyaluronic acid, peptide crosslinker, and an RGD-containing peptide. The crosslinker is MMP-degradable
(d.) or MMP-nondegradable (nd.). The hydrogel is made by pre-reacting the HA with the RGD peptide and then mixing in the cross-linker and cells.
B) Three hydrogel formulations were made with C) rheology confirming their mechanical properties.

The three hydrogel conditions tested enabled us to isolate
the effect of crosslinker degradability (d. vs nd. “soft”) and the
effect of mechanical stiffness (nd. “soft” vs nd. “stift”) on the
mouse’s inflammatory response. This response to different
hydrogel formulations was determined by transplanting the
hydrogels into the striatum of naive (non-stroke) C57BL/6
mice. While downstream in vivo experiments with encap-
sulated cells include the RGD-containing adhesion peptide,
these inflammatory response experiments did not. The adhe-
sion peptide has been shown to be mildly immunogenic and
could potentially cloud the effect of crosslinker degradability
and mechanical stiffness.*’! The main buffer component of the
hydrogel (0.3 M HEPES) was injected as a comparative control.
Two weeks after transplantation, the mice were sacrificed and
the brains fixed and sectioned for analysis. Parallel series of sec-
tions spanning the transplantation zone were stained for reac-
tive astrocytes (GFAP), a scar forming cell in the adult brain,
and microglia (IBA1), the brain's only endogenous inflamma-
tory cell (Figure 2A). Three images of the peri-infarct tissue
were taken for each section as well as one image for the con-
tralateral striatum of the section (Figure 2B-E). The GFAP and
IBAL1 ipsilateral signal from each image was normalized to the
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contralateral image for each corresponding section.*®l The reac-
tive astroctye signal in the nd. “stiff” condition was found to
be statistically higher than the HEPES control condition (p <
0.01), the d. condition (p < 0.001), and the nd. “soft” condition
(p < 0.05, Figure 2]). No significant IBA1 signal was observed
between any of the 4 injected conditions. These results indi-
cate that specific hyaluronic acid hydrogel formulations do not
cause more inflammation than buffer alone. While the degra-
dability of the crosslinker does not have an effect on the inflam-
matory response in the brain, the mechanical properties do
increase the inflammatory response to the hydrogel. However,
the naive brain has significantly less protease and hyaluroni-
dase expression than the stroke cavity and thus the inflamma-
tory response could be different when more significant gel deg-
radation occurred.*’]

To further investigate the inflammatory response to hydrogel
implantation, mice were given a cortical photothrombotic
stroke and the three different hydrogel formulations, along
with the HEPES control, were injected into the stroke cavity one
week later. The site of injection as well as the time of injection
was chosen in accordance with the proposed stem cell trans-
plantation site and time. The infarct cavity is a good location
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Figure 2. Four different conditions were injected into the striatum of naive or stroked mice: HEPES buffer, d. hydrogel, nd. “soft” hydrogel and nd.
“stiff” hydrogel. A) Overview of entire brain section showing contralateral and ipsilateral regions of interest. B—E) Images were taken on the contralateral
side of the brain as well as B'-E') the area directly adjacent to the injection site (ipsilateral) in naive mice. J) GFAP and K) IBA1 signal was quantified.
The same four conditions were then injected into the infarct cavity of stroked mice. Images were taken on the F-I) contralateral and F'-I') ipsilateral

of the brain for (L) GFAP and (M) IBAT quantification. Scale bar = 50 pm.

candidate for cell/biomaterial delivery because it contains loose
tissue and is adjacent to the area of greatest neuroplasticity, the
peri-infarct tissue.l'!l While previous studies have transplanted
their cell/hydrogel constructs at various time points after stroke
(i-e., 1 day, 1 week, 3 weeks), we chose to transplant one week
after stroke induction.'*1% Not only does the strong post-stroke
inflammatory response begin to subside, but brain tissue repair
in the form of angiogenesis and neurogenesis peaks at this
one week time point.l*8-% The mice were sacrificed two weeks
after implantation and the brains fixed, sectioned and stained
for GFAP and IBA1 for further analysis. Three images of the
peri-infarct tissue and one contralateral image were taken of
each section (Figure 2F-I). The contralateral images were used
to normalize ipsilateral images for each section. There was
no significant difference in reactive astrocyte signals between
conditions (Figure 2L). The microglia signal was significantly
higher in the nd. “stiff” condition versus the HEPES control
(p < 0.01), the d. condition (p < 0.001), and the nd. “soft” con-
dition (p < 0.05, Figure 2M). Whereas the nd. “stiff” hydrogel
had an increased GFAP signal in the naive model, it had an
increased IBA1 signal in the stroke model. These results indi-
cate that hydrogels with a storage modulus of =300 Pa is more
suitable for the brain.

The brain’'s response to injury and disease is complex and
involves multiple cell types. Reactive astrocytes play a key role
in several processes ranging from forming scars around the
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region of high inflammation to inhibiting axon regeneration to
protecting existing neurons and neural function.’**2 The reac-
tive astrocytes seen in the naive model injections are only due
to the hydrogels transplanted. Our results show that the “stiff”
hydrogel condition resulted in an increase in reactive astro-
cytes. Cell mechanosensitivity plays a key role in cell pathology.
Thus, implants that do not have similar mechanical proper-
ties to the native tissue may invoke a greater inflammatory
response.P’3 This finding agrees with other published reports
on the effect of mechanical stiffness on implants in the cen-
tral nervous system.’* However, the GFAP signal seen in the
stroke model is due to both the transplantation and the stroke
itself. The effect of the different hydrogel formulations on the
astrocyte response was likely masked by the extreme provoca-
tion of reactive astrocytosis from the initial stroke stimulus.
Thus, the hydrogel effect on astrocyte activation was more pro-
nounced in the naive stroke model.

Activated by brain ischemia, microglia are phagocytes that
remove damaged cells.*!>] Once activated, the microglia level
diminishes to control levels by 2-3 weeks. However, microglia
can be sensitized and have a molecular memory of this original
stimulation event.”®>”] The hydrogels in the stroke model were
superimposed on these sensitized microglia. Thus, the effect of
the hydrogels was more pronounced in the stroke model versus
the naive model and we observed the increased microglia signal
in the stiffest hydrogel condition. The results from the naive

Adv. Funct. Mater. 2014, 24, 70537062
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and stroke model experiments both confirm that the mechan-
ical properties of the “d.” and nd. “soft” hydrogels induced a
smaller inflammatory response.

2.3. Cell Viability

Transplanting stem cells directly to the infarct cavity via a
hydrogel carrier is a promising therapy, but a relatively new
approach. Improving transplanted cell viability is one of the
main motivations behind delivering cells via a biomaterial.
Existing studies using this approach have primarily used the
middle cerebral artery occlusion stroke model in rats.3-16 A
variety of materials (PLGA particles, Matrigel, Collagen) have
been utilized and show that biomaterials improve transplanted
cell survival. Another study utilizing a photothrombotic stroke
model in mice reports a two-fold increase in transplanted cell
survival. All of these studies focus on the biomaterial aspect of
the therapy. However, beyond the type of hydrogel carrier, pre-
vious research has also shown that the injection process itself
can have a large impact on cell viability.”® Ultimately, both of
these variables can play a role in the cell viability seen in vivo.
These parameters vary from group to group and the effect on
cell viability is likely biomaterial dependent as well. Rheological
properties and the viscous nature of the materials can provide
different protective effects against the sheer stress experiences
by the cells during the injection through the needle. Thus,
we wanted to thoroughly examine this injection process in
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vitro with our hydrogel system to look for additional ways of
improving the transplanted cell viability.

The injection parameters should balance the desire to keep
the surgery as minimally invasive as possible with the desire
to deliver as many viable cells as possible.”” While high needle
gauges and fast infusion speeds can increase the sheer stress
experienced by the cells as they pass through the needle, a vis-
cous hydrogel can provide a protective effect. Thus, a variety of
injection parameters (needle gauge, infusion speed, cell den-
sity) relevant to our in vivo injection setup were investigated in
vitro to determine their effect on iPS-NPC viability. Each param-
eter was tested by suspending the cells in buffer or the hydrogel
solution “d.” (300 Pa). The same Hamilton syringe/syringe
pump setup that was used for the in vivo hydrogel injections
described in 2.2. was used for these studies (Figure 3A). Via-
bility was measured by quantifying live/dead cells immediately
after the injection process through Trypan Blue staining. While
keeping the cell density (33k/pL) and needle gauge (30 gauge)
constant, there was no significant difference among the infu-
sion speeds tested (0.3, 0.6, 0.9 pL/min) for cells injected with
or without the hydrogel (Figure 3B). Additionally, encapsulating
cells in the viscous hydrogel solution did not improve viability
at any of the tested infusion speeds.

There was no significant difference between 28 and 30
gauge needles for iPS-NPCs (33k cells/pL) injected in buffer
at an infusion speed of 0.6 pL/min (Figure 3C). However, a 33
gauge needle significantly reduced cell viability compared to
both other needle types (p < 0.001), whereas cells encapsulated
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Figure 3. A) The effect of the injection process on iPS-NPC viability was tested using the same setup used on in vivo experiments. Viability of cells
encapsulated in media or hydrogel “d.” were tested at different B) infusion speeds, C) needle gauge, and D) cell concentration. +: between w/gel, *

between w/o gel, # between w/ and w/o gel.
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inside the hydrogel only had decreased viability between the 28
and 33 gauge needle (p < 0.05).

Cell density was also varied, while keeping the infusion
speed and needle gauge constant at 0.6 pL/min and 30 gauge,
respectively. For cells suspended in buffer, there was a signifi-
cant difference in cell viability between the 10k cells/uL con-
dition and the 60k cells/pL condition (p < 0.01) as well as the
90k cells/pL condition (p < 0.001). Additionally, there was a sig-
nificant decrease in viability between 33k cells/pL and 60k cells/
pL (p < 0.001) and 60k cells/pL and 90k cells/pL (p < 0.001).
However, there was no significant viability decrease across cell
densities when cells were encapsulated in a hydrogel. Addition-
ally, the hydrogel did significantly increase cell viability at 90k
cells/pL versus cells suspended in the buffer (p < 0.05). The
viscous nature of the hydrogel could be shielding the cells and
the reason behind the improved viability observed at the higher
needle gauge and cell densities. Based on these results, an
injection protocol utilizing a 30 gauge needle and 0.6 pL/min
infusion speed with 33 000 cells/pL in the hydrogel was chosen
to keep cell viability >90% with as minimally invasive a proce-
dure as possible.

With the hydrogel type (condition “d.”) and injection param-
eters (30 gauge, 0.6 mL/min, 33k cells/pL) finalized, immune-
compromised mice were chosen to complete the cell viability
studies. Alternative mouse models require immunosuppres-
sion via drugs like cyclosporine. However, the brain levels of
these drugs are variable due to the blood brain barrier and may
have an effect on the stroke.[*¢!l NSG mice were given a cor-
tical stroke and 100 000 iPS-NPCs were delivered to the stroke
cavity in 3 pL of buffer or “d.” hydrogel with 300 pm RGD one
week later. The hydrogel mechanical properties do not signifi-
cantly change with the addition of cells (Figure S2). Thus, the
same “d.” hydrogel formulation used in the naive model injec-
tions were used in these cell viability studies. The cells were
transplanted using a 30 gauge needle at an infusion speed of
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0.6 pL/min. One week after transplantation, the mice were
sacrificed and the brain isolated for further analysis. Serial sec-
tions covering the transplantation zone were mounted onto
slides and stained for GFAP and IBA1. Three ipsilateral images
of the peri-infarct tissue and one contralateral image were
taken for each section (Figure 4A,B). GFAP and IBA1 ipsilat-
eral image signal was normalized to the contralateral image
of each section. While there was no statistical significance in
GFAP signal between the cell only or cell + hydrogel condition,
there was a decrease in IBA1 signal for the cell + hydrogel con-
dition (p < 0.01, Figure 4C,D). This indicates that the hydrogel
decreases the inflammatory response to the transplantation by
acting to shield the endogenous tissue from recognizing the
transplanted human cells. This could play a potential role in
promoting transplanted cell viability.

Sections spanning the transplantation zone were stained
for human nuclei to investigate transplanted iPS-NPC via-
bility (Figure 4E,G). Nuclei in every 10 sections were manu-
ally counted and extrapolated to determine the total number of
viable cells. In the cell only group, an average of 30,000 cells
survived one week after transplantation compared to 38 000 for
the cell + hydrogel condition (Figure 4H). There was no statis-
tical difference between the two groups (p > 0.05). The nature
of the animal setup, NSG mice, could have played a role in
masking the protective capabilities of transplanting iPS-NPCs
encapsulated in a hydrogel matrix. The superior xenografting
ability of this immunodeficient mouse strain may have clouded
the protective effects of the hydrogel that have been previously
reported.[®263] While it was understood that the cell viability
in both conditions would be improved in immunodeficient
mice versus immunosuppressed mice, we thought the pro-
tective effect of the hydrogel would still be shown. Previous
studies comparing the effect of a polymer matrix to directly
transplanted cells used regular immunosuppressed mice and
rats.B14-161 Additionally, the distribution of transplanted cells

: ¥, 0
cell + [¥§ _ >y | cell cell +
— only hydrogel

Figure 4. 100 000 iPS-NPCs injected into the infarct cavity of stroked NSG mice suspended in buffer or hydrogel “d.” A,B) The inflammatory response
of the peri-infarct tissue was quantified and normalized to the contralateral side for C) GFAP and D) IBA1. E,G) Human nuclei were stained and H)

quantified for both conditions. Scale bar = 50 pm.
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was different between conditions. Qualitatively, cells trans-
planted in buffer were more compacted and denser, whereas
cells were more scattered throughout the transplantation area
in the cell + hydrogel condition. While the hydrogel did not
promote statistically significant increase in transplanted cell
viability, this cell distribution could potentially play a role in cell
differentiation.

2.4. Stem Cell Differentiation Post Transplantation

In addition to keeping transplanted cells alive, we aim to pro-
mote the differentiation of the NPCs to neurons in an effort to
help replace the damaged tissue. This would produce a positive
impact in stroke recovery through several mechanisms. First,
it would mean that the transplanted cells are integrating into
the host tissue. Second, the exogenous cells could help pro-
mote endogenous repair like axonal sproutingl® and angiogen-
esis.%! Various time points post-transplantation, ranging from
one to eight weeks, have been utilized to look at transplanted
cell differentiation in the infarct cavity. The majority of NPCs
delivered into the infarct via a collagen matrix began to adopt a
neuronal fate one week post-transplantation.'*! Another study,
utilizing Matrigel and an eight week timepoint, observed trans-
planted NPCs positive for neuroblasts (DOUBLECORTIN) and
a mature neuron marker (MAP2).[1%

We were interested in looking at the differentiation of the
viable transplanted cells at the one week time point used for
viability. Sections from both conditions were stained with three
different markers: SOX2, DOUBLECORTIN (DCX), and NF200
to assess the extent of differentiation. SOX2 is a transcription
factor associated with the multipotent progenitor fate.) DCX
is a microtubule associated protein that is found in immature
neurons and NF200 is an epitope on the neurofilament protein
in mature neurons.l” %8 Images were taken in the middle of
the transplantation zone for further analysis. In the cell only
condition, transplanted cells were positive for SOX2 and DOU-
BLECORTIN and negative for NF200 (Figure 5). Similar images
were taken for the cell + hydrogel condition and transplanted
cells were also positive for SOX2 and DOUBLECORTIN while
being negative for NF200 (Figure 5). To quantify these stains,
the level of signal in the desired stain (SOX2 or DCX) was nor-
malized to the number of human nuclei. The number of human
nuclei in the image was determined by looking at the DAPI
stained images, as human nuclei and mouse nuclei have a dif-
ferent nuclear morphology in this stain. While there was no dif-
ference in SOX2 signal between the two conditions (Figure 5Y,
p > 0.05), there was a significant increase in DOUBLECORTIN
signal in the cell + hydrogel condition (Figure 5Z, p < 0.05).
Colocalization analysis was done to determine whether the
DOUBLECORTIN signal observed was from our transplanted
GFP-positive cells or from the native tissue (Figure 6A-C). The
Manders coefficient of colocalization was significantly higher
for the cell + hydrogel condition (p < 0.0001), which indicates
several things. First, the DCX signal observed from the cell
only condition is not from the transplanted NPC’s but from the
mouse itself. Conversely, the majority of the DOUBLECORTIN
positive signal observed in the cell + hydrogel condition is from
the transplanted NPC’s differentiating to neuroblasts. This is
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Figure 5. Transplantation zone was stained for markers of the GFP-
labeled A-H) iPS-NPCs (SOX2), I-P) neuroblasts (DOUBLECORTIN,
DCX), and Q-X) mature neurons (NF200). Y) SOX2 and Z) DCX signal
was quantified and with an increased DOUBLECORTIN signal seen in the
cell + hydrogel condition. Scale bar = 100 pm.

important because the transplanted cells are not only able to
survive, but differentiate toward a neuronal phenotype. It was
easier for endogenous cells to migrate into the cell only infarct/
transplantation area because that condition did not have the
physical presence of the hydrogel. As the hydrogel degrades
over time, more endogenous cell infiltration could potentially
occur. Secondly, the increase in transplanted cell differentiation
in the hydrogel condition could be due to the mechanical sup-
port that the polymer matrix gives the cells. It has been previ-
ously shown that mechanics play a large role in the differen-
tiation of progenitor cells.[**®*71 In vitro, our hydrogel system
promotes the differentiation of iPS-NPC to a neuronal pheno-
type compared to cells plated in two dimensions (Figure S3,
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Figure 6. 3-dimensional reconstruction of A) cell only and B) cell +
hydrogel sections stained for GFP-labeled transplanted cells and DOU-
BLECORTIN. C) Colocalization analysis shows that the majority of DCX
positive signal seen in cell + hydrogel condition is from transplanted cell
differentiation.

Supporting Information). Additionally, the distribution of cells
in the implant zone, as seen in Figure 4, could play a role in
the increased DOUBLECORTIN signal. The transplanted cells
have more room to spread due to the increased space provided
within the hydrogel.

3. Conclusion

In this study, we investigated the different components involved
in transplanting neural progenitor cells into the brain post-
stroke in an effort to improve transplanted cell viability and dif-
ferentiation. First, we looked at the inflammatory response of
the brain due to the hydrogel itself and found that the mechan-
ical properties can affect the response. Second, the actual injec-
tion process was studied with large needle gauges and high cell
concentrations decreasing cell viability. After picking parame-
ters that balanced the desires to have a minimally invasive sur-
gery with maximum cell viability, we injected iPS-NPCs into the
infarct cavity of stroked NSG mice with or without a hydrogel.
While the hydrogel did not promote increased cell viability one
week after transplantation, it did promote the differentiation of
the viable cells. Our results indicate that the hydrogel can play
a role in promoting the neuronal differentiation of transplanted
NPCs in the brain of stroked mice.

4. Experimental Section

Cell Culture: hiPS-NPCs were cultured as previously described.’s A
self-inactivating lentivirus with GFP under the CMV promoter was used to
transduce the cells.[*! The cells were maintained in Dulbecco’s modified
eagle’s medium:F12 (DMEM:F12, Sigma-Aldrich) supplemented with 1x
B27 (Sigma-Aldrich, St. Louis, MO), 1x N2 (Sigma-Aldrich), epidermal
growth factor (50 ng/mL, EGF, Sigma-Aldrich), basic fibroblast growth
factor (20 ng/mL, bFGF, Sigma-Aldrich), 1% penicillin/streptomycin
(Invitrogen, Grand Island, NY), and 0.1% primocin (InVivoGen, San
Diego, CA). They were cultured at 37 °C with 5% CO, using standard
protocols.

Hyaluronic Acid Modification and Hydrogel Gelation: Hyaluronic
acid (60,000 Da, Genzyme, Cambridge, MA) was functionalized with
an acrylate group as previously described.Bl After dissolving the HA
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(2.0 g, 5.28 mmol) in water, it was reacted with adipic dihydrazide (ADH,
18.0 g, 105.5 mmol) in the presence of 1-ethyl-3-(dimethylaminopropyl)
carbodiimide hydrochloride (EDC, 4.0 g, 20 mmol) overnight at a
pH of 4.75. The hydrazide-modified hyaluronic acid (HA-ADH) was
purified with decreasing amounts of NaCl (100, 75, 50, 25 mmol) for
4 hours each via dialysis (8000 MWCO). After 2 days purifying against
deionized water, the HA-ADH was lyophilized. The HA-ADH was
re-suspended in 4-(2-hydroxyethyl)-1-piperazine ethane-sulfonic acid
(HEPES) buffer (10 mm HEPES, 150 mm NaCl, 10 mm EDTA, pH 7.4)
and reacted with N-acryloxysuccinimide (NHS-AC), 1.33 g, 4.4 mmol)
overnight. After purifying the acrylated HA (HA-AC) via dialysis as
described earlier via dialysis, it was lyophilized. The acrylate modification
was found to be 12.19% via TH NMR (D,O) by dividing the multplet
peak at § = 6.2 (cis and trans acrylate hydrogens) by the singlet peak
of § = 1.6 (singlet peak of acetyl methyl protons in HA). The hydrogel
was made by dissolving the lyophilized HA-AC in 0.3 m HEPES buffer
for 15 minutes at 37 °C. Studies with the immune-compromised mice
contained 500 pm of the adhesion peptide Ac-GCGYGRGDSPG-NH,
(RGD, Genscript, Piscataway, NJ). The peptide was dissolved in 0.3 M
HEPES and the appropriate amount was added to the dissolved HA-AC
and reacted for 20 min. To crosslink the gels, an aliquot of the desired
crosslinker  (Ac-GCREGPQGIWGQERCG-NH,, MMP-degradable or
Ac-GCREGDQGIAGFERCG-NH,, MMP-nondegradable) was dissolved in
0.3 m HEPES and added to the gel precursor solution. For rheometry,
40 pL of the hydrogel solution was pipetted onto, and sandwiched
between two Sigmacote (Sigma-Aldrich) functionalized glass coverslips
and allowed to gel at 37 °C for 30 min. For viability and animal injections,
the precursor was loaded into the Hamilton syringe directly after mixing
in the desired crosslinking peptide.

Rheometry: Hydrogels were made without cells and allowed to swell
overnight before being cut to size using an 8.0 mm biopsy punch. An
8 mm plate-to-plate rheometer (Physica MCR 301, Anton Paar, Ashland,
VA) with an evaporation blocker system was used to measure the
modulus with a frequency range of 0.1-10 rad/s under a 1% constrain
at 37 °C.

iPS-NPC Viability Injection: The iPS-NPCs were concentrated to the
desired final injection concentration (i.e., 10k, 33k, 60k, 90k cells/pL)
in media. For hydrogel conditions, the desired number of cells was
encapsulated in 5 pL of the hydrogel “d.” precursor solution. The
solution was loaded into a 25 pL Hamilton syringe (Hamilton, Reno,
NV) with a 28 gauge needle (Hamilton, Reno, NV) and connected to
a syringe pump. After swapping in the desired gauge needle (28, 30,
33), 3 pL of the solution was injected onto a 96 well non-tissue culture
treated plate at the desired infusion speed (0.3, 0.6, 0.9 pL/min). 50 pL
of media was added to the well to keep the cells/hydrogel hydrated. To
quantify the cell viability, the solution was incubated in Trypan Blue and
live/dead cells tabulated on a standard hemocytometer. For the hydrogel
conditions, the material was incubated in 1500 U/mL of collagenase |
(Worthington, Lakewood, NJ) for 15 minutes at 37 °C to degrade the
gel before Trypan Blue incubation. Each condition was performed in
triplicate with each sample counted three times.

Mouse Models: All procedures performed follow National Institutes
of Health Animal Protection Guidelines and are approved by the
UCLA Chancellor'as Animal Research Committee. Two different
mouse models were used in this study: naive mice and a cortical
photothrombotic stroke model. For the naive model, mice were initially
anesthetized with 5% isoflurane and placed in a stereotactic setup.
The mice were kept at 2.5% isoflurane in N,O:0, for the duration of
the surgery. A midline skin incision was made and a burr hole drilled
through the skull at 1.5 mm anterior and 2 mm lateral left of the
bregma. 5 pL of the hydrogel mixture was loaded into a 25 pL Hamilton
syringe and 3 pL was injected in liquid form at a depth of 2.8 mm at a
rate of 0.6 pL/min. The needle was withdrawn from the mouse 5 min
after the injection was complete. For the stroke model, the mice were
anesthetized and loaded onto a stereotactic setup as described above.
A midline incision was made and Rose Bengal (10 mg/mL, Sigma-
Aldrich) was injected intraperitoneally at 10 uL/g of mouse body weight.
After 5 min, a 2-mm diameter cold fiberoptic light source was centered
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at 0 mm anterior/1.5 mm lateral left of the bregma for 15 min.l’374
One week post-stroke, 100 000 iPS-NPCs were transplanted into the
stroke cavity with or without the hydrogel as described above. Two
different types of mice were used for the stroke models: C57BL/6
mice (Charles River Laboratories, Wilmington, MA) and NSG immune
compromised mice (Jackson Laboratories, Bar Harbor, ME). All mice
were given sulfamethoxazole and trimethoprim oral suspension (TMS,
303 mL TMS/250 mL H,0, Amityville, NY) every 5 days for the entire
length of the experiment.

Mouse Tissue Processing and Immunochemistry: Mice were sacrificed
one week after transplantation as described in Zhong et al.l®l Briefly,
each mouse was deeply anesthetized with isoflurane and perfused
with 50 mL of phosphate-buffered saline (PBS) and 20 mL of 4%
paraformaldehyde (PFA). After isolation, the brain was post-fixed in 4%
PFA for 2 h and then placed in 30% sucrose for 48 h. Next, the brains
were cut in parallel series at a thickness of 14 pm and mounted onto
coverglass. Slides not immediately stained were kept at =20 °C. To
begin staining, each slide was rinsed with 1x PBS for 10 min at room
temperature. Next, they were incubated in a blocking solution containing
1x PBS + 0.1% Triton X-100 and 2% normal donkey serum for one hour
at room temperature. The slides were then incubated in the primary
antibody at the appropriate dilution in 1x PBS + 0.1% Triton X-100
overnight at room temperature. After 3x 10 min washes in 1x PBS,
the slides were incubated in the appropriate secondary antibodies for
2 h at room temperature. The slides were then counterstained with the
nuclear marker 4’,6-diamidino-2-phenylindole (DAPI, 1:500, Invitrogen)
for 15 min at room temperature. After 3x 10 min washes in 1x PBS,
the slides were dehydrated in ascending ethanol baths, incubated in
xylene and coverslipped. Primary antibodies were used as follows: goat
anti-green fluorescent protein (GFP, 1:500, gift of Dr. Nathaniel Heinz,
Rockefeller University), rat anti-glial fibrillary acidic protein (GFAP,
1:500, Life Sciences), rabbit anti-IBA1 (1:500, Wako), rabbit anti-SOX2
(1:300, Cell Signaling), guinea pig anti-DOUBLECORTIN (DCX, 1:2000,
Milipore), rabbit anti-NF200 (1:500, Sigma), and mouse anti-human
nuclei (1:500, Milipore). Secondary antibodies, matching the desired
primary antibody host, conjugated to cyanine 2, cyanine 3, and cyanine 5
(1:200, Jackson Immuno Research, West Grove, PA) were used. To stain
viable transplanted cells, the same immunohistochemistry protocol as
described above was used, except for the following changes. Prior to the
serum blocking step, the slides were incubated in an avidin and biotin
block (Thermo Scientific) for 15 min each at room temperature with a
3% 10 min 1x PBS wash in between. Following PBS washes after primary
incubation, a Vectastain Elite ABC kit (Vector Laboratories) was used.
This composed of a biotinylated secondary antibody incubation for
30 min, 3x 10 min 1x PBS wash, ABC reagent incubation for 30 min,
and a 3x 10 min 1x PBS wash. Finally, the slides were incubated in a
ImmPACT Dab chromogen working solution for 10 min (ImmPACT DAB
Substrate kit, Vector Laboratories). To stain the biotynilated hyaluronic
acid hydrogel, a tyramide signal amplification kit (Molecular Probes) was
used.

Microscopy and Quantification: The numbers of positively stained
human nuclei were stained and manually counted. Six to twelve sections
spanning the entire transplantation zone were quantified per mouse.
For immune response quantification, three images around the peri-
infarct area were imaged per slide section. An additional contralateral
image was taken per section as well. Six sections spanning the entire
transplantation zone were quantified per mouse. Image] was used to
quantify the amount of positive signal by 1) converting the image to
an 8 bit image, 2) thresholding the positive signal, and 3) measuring
the area fraction of positive signal. Each image was normalized to the
corresponding thresholded contralateral image of that section. A similar
thresholding technique was used to analyze differentiation stain images.
Each image was normalized to the number of human nuclei in the
image.[*]

Statistics: Statistical analysis was performed using Prism (GraphPad,
San Diego, CA). Data was analyzed using either a 2-sample ¢ test or a
one way analysis of variance (ANOVA) test with a Tukey-Kramer post-
test and a 95% confidence interval.
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